INFORMATION TO USERS

This manuscript has been reproduced from the microfiim master. UMI films the
text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleedthrough, substandard margins, and improper alignment

can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript and
there are missing pages, these will be noted. Also, if unauthorized copyright
material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning
the original, beginning at the upper left-hand comer and continuing from left to
right in equal sections with small overlaps. Each original is also photographed in
one exposure and is included in reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white photographic
prints are available for any photographs or illustrations appearing in this copy for
an additional charge. Contact UMI directly to order.

®

UMI

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SPECTRAL ELLIPSOMETRY AND REFLECTION DIFFERENCE
ANISOTROPY STUDIES OF SEMICONDUCTORS: OPTICAL
PROPERTY MEASUREMENT AND MODELING

By

Todd Holden

A dissertation submitted to the Graduate Faculty in Physics
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy, The City University of New York

1999

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9946176

Copyright 1999 by
Holden, Todd Marshall

All rights reserved.

UMI Microform 9946176
Copyright 1999, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



© 1999
TODD HOLDEN

All Rights Reserved

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

i



iii

This Manuscript has been read and accepted for the Graduate Faculty in Physics in
satisfaction of the dissertation requirement for the degree of Doctor of Philosophy.

Ty, 15 (997 /o1yl 00k

Date Fréd H. Pollak
Chair of Examining Committee

(b, 22 1997 ?V/ 4/4/
Dﬁ d . /E&&éutlve Officer 4

John Freeouf

Ken Miyano

Maria Tamargo
Micha Tomkiewicz

Supervisory Committee

THE CITY UNIVERSITY OF NEW YORK

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v

Abstract

SPECTRAL ELLIPSOMETRY AND REFLECTION DIFFERENCE
ANISOTROPY STUDIES OF SEMICONDUCTORS: OPTICAL

PROPERTY MEASUREMENT AND MODELING

by

Todd Holden

Adviser: Professor Fred H. Pollak

To model spectral ellipsometry (SE) data, we introduced a new model of the dielectric
function for diamond and zincblende-type semiconductors. Our model is the first to
include discrete and band-to-band Coulomb enhanced (BBCE) effects, i.e., continuum
exciton at the fundamental bandgap, the spin orbit split gap, and the higher lying £,
E+A; doublet. Our analysis has yielded experimental evaluation of the 2D exciton
binding energies at the £, £1+A; CP’s, R;. We show that the features near the £, E|+A|
CP’s are actually due to the bound exciton, which can be several hundred meV below the
these CP’s. The extracted R; values using our model are in good agreement with

effective-mass kep theory.
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We have measured and modeled the optical constants of Zng s3Cdg47Se/InP in the range
0.8-5.5 eV. Because of the high quality of our samples, we have been able to extract a
number of imports materials parameters, including excitonic binding energies at Eo,

Eo+Ap and E}, E;+A,. We find the native oxide thickness to be =~ 20 A.

Using SE in the range 0.3-5.45 eV we have evaluated the dielectric function of a series
of n- and p-doped Ings6Gag 34As samples. The Burstein-Moss (BM) shift was taken into

account using a Fermi level filling factor in addition to the excitonic and BBCE terms at
the fundamental absorption edge. The n-type samples had pronounced nonparabolicity at

the highest doping level.

We used reflection difference anisotropy (RDA) spectroscopy to evaluate the sign and
magnitude of the near surface electric field [&(z)] in NID, s-type, and p-type LTG:GaAs
(001). We also have performed a self-consistent Poisson's calculation to determine &{(z)
since this material has a non-conventional space charge region. Even for the most heavily
p-doped samples the band-bending is still n-type, although near flatband. Our experiment

and calculation agree well with midgap surface Fermi level pinning and “effective

depletion widths” <22A.

We used RDA to study optical anisotropies induced by the difference of misfit (60°)
dislocation density along the [110] direction compared to the [110] direction in

InGaAs/AlGaAs/GaAs HEMT structures.
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vi

We performed an RDA study of ordered Gag sIng sP/GaAs and Ing 43(Ga;.cAl ) 52P/GaAs

grown by MOCVD.
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Introduction

Optical techniques are powerful methods for studying both isotropic and anisotropic
properties of semiconductors. In this thesis, we have investigated the electronic
properties of a number of new semiconductor materials and semiconductor interfaces
with two of the most useful optical techniques: spectroscopic ellipsometry (SE), which
probes primarily bulk optical properties as well as sample structure, and reflectance
difference anisotropy (RDA) spectroscopy, which is sensitive to optical anisotropies that
can be due to surfaces, near-surface electric fields, buried hetero interfaces, dislocations,

and ordering.

SE is a powerful method for determining the intrinsic optical functions (either the real
and imaginary index of refraction, n and k, or the real and imaginary dielectric function,
g1 and &;) of the material. The structure of these optical functions is primarily due to
direct and indirect interband transitions, exciton interactions, phonons (polar materials),
and free carrier effects. In the energy range of our measurements, the first two are the
most important, with most of the observed structure coming near interband critical points
(CP’s) (extrema of the interband energy levels of the band structure). In an interband
transition, an electron from a valence band is excited into a conduction band (also
scattering a phonon in the case of indirect transitions), leaving behind a positively
charged hole in the valence band. The electron-hole pair so formed interact via the

Coulomb potential with two main effects on the optical function: (1) peaks occur below
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interband CP’s due to discrete bound two-particle states formed by the Coulomb
attraction called bound excitons (BE’s) and (2) an enhancement of interband transition
probability for transition energies at or above the CP’s called band to band Coulomb
enhancement (BBCE) or sometimes continuum exciton (CE). Both of these effects vary
depending on the nature of the CP. The importance of the excitonic effects grows with

increasing exciton binding energy, R.

In this thesis, we present the first correct modeling of the dielectric function for diamond
and zincblende-type semiconductors' including discrete as well as band-to-band
Coulomb enhanced (BBCE) effects, i.e., continuum exciton at the several interband
critical points (CPs), including the fundamental bandgap, the spin orbit split gap, and the
higher lying E;, E;+A; doublet (transitions along the <111> directions of the Brioullin
zone), which are two dimensional (2D) in nature since the effective mass for these CP’s
in the <111>-type direction is much greater than that in the other two directions. Because
of the inclusion of these effects, we are able to obtain an excellent fit to the experimental
data for Zng 53Cdg.47Se/InP and 0.6 eV bandgap IngesGag 34As yielding several physically
important parameters such as energy gaps, oscillator strength, broadening and exciton
binding energies. In particular, our analysis has yielded the only experimental evaluation
of the exciton binding energies at the £}, £+A; CP’s, R}, except for one study based on
low temperature (10 K) reflectivity which measured R, for CdTe and ZnTe? Our
analysis shows that the features in the vicinity of the E|, E;+A; CP’s are actually due to
the bound exciton, which can be several hundred meV below the these CP’s. Although

the excitonic nature of the E;, E;+A; CP’s is well established,?” all but a few papers label
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the main BE features as the £, E;+A; CP energies rather than as the exciton energy. The
extracted R; values for Zngs3Cdo4Se and IngesGapisAs and those of GaSb,®
Ga,.InAs,Sby., (x~0.15, =~0.15),” CdTe,'® and CdS' determined by others using our
model are in good agreement with effective-mass kep theory. Our results, particularly for
exciton continuum effects at £, have considerable implications for recent first-principles

band structure calculations which include exciton effects.'"!?

For this work we have set up two ellipsometers, including facilities for etching samples
and taking measurements under N, purge in order to eliminate effects due to the native
oxides on the semiconductor surfaces. One of the ellipsometers operates in the near
infra-red (NIR), visible, and ultraviolet (UV) (0.8-5.3 eV), while a Fourier transform
infra-red (FTIR) ellipsometer operates in the mid infrared (MIR) and NIR (0.1-1.1 eV).
The overlap of the two systems in the NIR gives use the unique ability to measure
continuously over the range 0.1-5.3 eV. This allowed us to make the first near-bandgap
ellipsometric measurements on 0.6 eV bandgap Ing¢sGag34As and study the pronounced
Burstien-Moss (BM) shift of the bandgap to higher energies due to band filling in highly
doped materials. Both the material and its BM shift have uses in thermo-photovoltaic

applications.

SE is also quite sensitive to sample structure, and has been used to study extremely thin
layers within a structure. We have used this sensitivity to determine native oxide

thickness on the semiconductors we studied.
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While SE measures isotropic properties of materials, RDA is used to detect in-plane
optical anisotropies by measuring the difference in near normal reflectivity between light
polarized along the [110] and [110] principal axes in the plane of the (001) surface of
zincblende- and diamond-type semiconductors. Since materials with full cubic symmetry
have no RDA signal (that is the [110] and [110] directions are equivalent in the bulk of a
perfect cubic crystal), RDA signals come only from regions that do not have full cubic

symmetry, such as surfaces, ">\ near-surface electric fields (NSEF) (zincblende),'*”

26-29 30,31

ordering, strain fields (including those arising from dislocations), and buried

heterojunctions.’>3*

We have used RDA to investigate the nature of the space charge region (SCR) in a series
of undoped and »- and p-doped low temperature grown (LTG) GaAs. The SCR plays an
important role in semiconductor devices. RDA measures a linear electro-optic induced
anisotropy and can measure even high near surface electric fields (NSEFs) well. The
NSEFs in these materials is dominated by a high concentration (= 10%° cm™) of deep
donors (= 0.45 eV from the conduction band) associated with arsenic antisite defects.
This creates an electric field distribution for which the analytic expressions found in the
literature for uniform field and conventional (linear) SCR? do not apply. We developed
a new analysis for these samples based on a self-consistent Poisson’s, continuity
simulation of the electric field. Our results show that the surface Fermi level is pinned
near midgap as in normal GaAs and that the space charge region is very narrow (= 20 A).
These results are important for understanding device applications such as using

LTG:GaAs as an ohmic contact to GaAs.
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We have also studied misfit dislocation related RDA  signal in
Gag 75Al025A5/Gag 79Ing 21 As/GaAs high electron mobility transistor (HEMT) structures.
In these structures misfit (60°) dislocations form in the Gag 79Ing2;As quantum well (QW)
region due to strain relaxation and propagate somewhat into the GaAs and Gag 75Alg25As
regions when the QW is thicker than some critical thickness. The theory of how such
dislocations near the surface create a RDA signal has been recently worked out.’® We
present the first RDA study of such misfit dislocations caused by strain relaxation. By
comparing the RDA signal of partially strain relieved HEMT structures to a
psuedomorphic one, we see RDA signals near the fundamental bandgaps of both GaAs
and Gag7sAlg2sAs which increase with increasing misfit dislocation density. The

performance of HEMT devices is greatly degraded by the presence of misfit dislocations.

Finally, we measured the RDA signal due to ordering along the [L11] direction in
Gag sIng sP/GaAs and Ing 43(Gaj-xAl)o52P/GaAs. In both materials, we observed signal at
the fundamental bandgap of the ordered material due to an order induced valence band
splitting. For the Ing43(Gai Al )os;P material, we observed strong signal at E; in
addition to the signal at the fundamental bandgap, neither of which were present in
disordered material. For the Gag sIngsP material we also observed a transition probably

related to order induced changes of the Brioullin zone.
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Chapter 1. Ellipsometry

1.1 Historical Overview

SE is an optical technique that measures the change in polarization state of light upon
non-normal reflection. Paul Drude was the first to study optical properties using
ellipsometry, publishing the equations of ellipsometry in 1887°° and the first
experimental results in 1888.’° Using Maxwell’s equations, he showed that the
polarization dependence of non-normal incidence reflectance could be used to determine
both real and imaginary component of the dielectric function. Figure 1 shows light
reflecting from a sample surface at an angle of incidence, ¢. The incident light is linearly
polarized with electric field components &, and & in the directions parallel and
perpendicular to the plane of propagation, respectively. The reflected light is elliptically
polarized with electric field components &, and &, in the directions parallel and
perpendicular to the plane of propagation, respectively, V\.rhich are in general out of phase
with each other. This illustrates the basic principle of ellipsometry, that both the
magnitude and phase of light reflected from a surface depend on the polarization of light,
converting linearly polarized light into elliptically polarized light based on the dielectric

function of the reflector.
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Figure 1. Light reflecting from a sample surface at angle ¢. The incident light is linearly
polarized with electric field components &, and & in the directions parallel and
perpendicular to the plane of propagation, respectively. The reflected light is elliptically
polarized with electric field components &, and &, in the directions parallel and
perpendicular to the plane of propagation, respectively, which are in general out of phase
with each other. This illustrates the basic principle of ellipsometry, that both the
magnitude and phase of light reflected from a surface depend on the polarization of light,
converting linearly polarized light into elliptically polarized light based on the dielectric
function of the reflector
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Drude studied several metals’’ and Sb,S;, an orthorhombic (optically biaxial) crystal,
obtaining results in reasonable agreement with present day accepted values.**° He also
realized the importance of even a thin surface oxide and studied oxide growth on freshly
cleaved surfaces. Drude went on to develop the exact generalized theory of ellipsometry
of absorbing materials covered by inhomogenous films, but the limited computational
facilities of the time necessitated approximations to simplify the interpretation. For 75
years following Drude’s pioneering work, only a handful of ellipsometric studies were

done, and little improvement was made in experimental technique.

In the late 1960s, ellipsometry experienced a renaissance thanks to the availability of
computers for numeric processing. This allowed automation of data acquisition, leading
to the invention of spectral ellipsometry (SE), the acquisition of ellipsometric data for an

entire spectrum (hundreds of wavelengths). For example by 1975, Aspnes and Studna

41

had developed a system that could measure 200 wavelengths in 1 hour.” The two most

important types of automated ellipsometers are those using a rotation polarizer [rotating
analyzer ellipsometry (RAE) or rotating polarizer ellipsometry (RPE)] and those using a
photoelastic modulator to change the phase of one polarization of the incident light
[phase modulated ellipsometry (PME)].*> In either case data can be taken quickly and
without any feedback adjustments, using a computer to extract the required parameters
from the raw data. In 1980, Aspnes reported that the imaginary part of the pseudo
dielectric function (that is the dielectric function inferred in the presence of but
neglecting surface roughness and oxide) is strongly affected by surface quality and is

maximized at the £, peak (due to electronic interband transitions along [110] () or near

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

the X point of the Brioullin Zone) for an oxide free smooth surface.” This observation

allowed perfection of polishing and etching techniques to greatly improve experimental
determination of dielectric functions. The sensitivity of the E> peak to the condition of

the surface is not surprising since the light penetration depth is very small in this region.

A more complete history of ellipsometry can be found in the work by K. Vedam.*

1.2 Overview of the Measurement Technique

To illustrate its principle of ellipsometry, consider linearly polarized light reflected under
non-normal incidence onto a sample (as shown in Fig. 1). If the light is neither s nor p
polarized (i.e. perpendicular or parallel to the plane of incidence), the Fresnel Equations
tell us that the s and p components will experience a different (1) phase shift and (2)
attenuation upon reflection. Thus the reflected light will be elliptically polarized. The
polarization ellipse can be determined, for example, by monitoring the sinusoidal
intensity variation of the light after passing a rotating polarizer (a.k.a. analyzer). With the
azimuth angle of the ellipse and its ellipticity two independent quantities are determined,
which in turn allow one to solve the Fresnel Equations for both the real and imaginary

parts of the dielectric function. In SE, one extracts the following two experimental

parameters:

1. The ratio of the magnitude of reflectivities for the two eigenpolarizations.
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2. The relative phase shift upon reflection for the two eigenpolarizations.

These two parameters are expressed as the complex ratio

r, .
p=-L=tanwe®
rS
~ ~ |
r, = rple s ¢y
7o = [ile™
A=8p-—6s

Where (= ?’i in Fig.1) is the complex reflection coefficient for light polarized parallel
p

[
to the plane of incidence, 7 (= i) is the complex reflection coefficient for light
Ay

polarized perpendicular to the plane of incidence, and ¥ and A are the traditional

ellipsometric angles. tan ¥ = l?'pl/ [?';[ is the amplitude of this ratio and A=5,-9; is the
phase difference between the p and s polarized light, §, and &, being the phase of the

parallel and perpendicular reflected light respectively. l?pl, ]?;l , Op, and & are shown in

Fig. 2 for reflection from a semi-infinite material with real dielectric of &, = 8 and
imaginary dielectric of €; = 1.8 (values for Zng s3Cdg47Se at 2.5 eV). From the diagram,
one can see why ellipsometry is usually carried out at high angles of incidence, since at
the pseudo-Brewster’s angle (about 71° in Fig. 2), one gets the maximum difference

between the two magnitudes and the most change in the phase difference.
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Figure 2. ,?’pl, |7S[ , 8, and &;, the magnitude and phase of the reflection coefficient as a

function of angle of incidence for the p- and s-eigenpolarizations, for g; = 8 and.ez = 1.8.
Maximum sensitivity is achieved at the pseudo-Brewster’s angle (about 71° in this case).
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¥ and A as a function of angle of incidence for gy = 8 and & = 1.8 (values for

Zng 53Cdg 47Se at 2.5 eV) are shown in Fig. 3.

Although ¥ and A were chosen because they are the output of the original null
ellipsometer, they do have important physical meaning. ‘¥ is sensitive to the angle of
incidence compared to the pseudo-Brewster’s angle (the angle of minimum intensity for p
polarized light), being minimum at this angle. ¥ is 45° for ¢=0° and ¢=90°. A is
somewhat related to the absorptivity of the sample. For a transparent sample, A is either
180° (below Brewster’s angle) or 0° (above Brewster’s angle). For an absorbing sample,
A will be between these values and will approach 90° as absorptivity increases. In either
case A=90° at the (pseudo-)Brewster’s angle, A=180° for ¢$=0°, and A=0° for $=90°. The
data shown in Fig. 3, the rapid decline in A near the pseudo-Brewster’s angle indicates
that the material is not very absorptive (g, = 1.8), while the fairly large pseudo-Brewster’s

angle (at about 71°) indicates a large real dielectric (g; = 8).

SE is a powerful technique, since it overcomes two major problems that plague normal
incidence reflectance measurements: the phase problem (in ellipsometry the phase is
measured and does not have to be calculated by Kramers-Kronig transform technique
which involve extrapolations) and the reference problem (ellipsometry measures relative,

not absolute, intensities).
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Figure 3. ¥ and A as a function of angle of incidence for €, = 8 and &, = 1.8 (values for
Zngo53Cdg47Se at 2.5 eV).
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Once p is known, the dielectric constants can be determined based on Maxwell’s
equations and the correct model for the sample structure. Several models are discussed
later in section 1.5, the simplest being the two phase model for a single interface between

two semi-infinite media, a and b, in which case

—\2
8y =€1p +i6y, = ,| sin® ¢ +sin® ¢ tan? ¢)UI—§J (2)

Where ¢ is the incidence angle of the light (in medium a), €, and ¢, are the real and

imaginary parts of the dielectric function of the sample, respectively, and €, is the

complex dielectric function of the ambient (=1 for air).

Often one must consider a multilayer structure in order to measure the dielectric function
of a material for various reasons. Most materials have native oxide layers. Even an
oxide layer of only 20A can cause errors of 10% or more in the extracted dielectric
function if ignored. Surface roughness will cause similar errors (as explained in section
1.5.2). In addition, many new materials can only be grown as thin films thus requiring
one to take the bottom interface and the substrate material into account. In these cases,
computer iteration as well as some knowledge of the sample structure is required in order
to extract the dielectric function. The advantage of measuring this type of sample is that
other parameters beside the dielectric function, such as layer thicknesses and oxide

properties, can be determined. This is especially true when additional information is
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obtained through multiple angle of incidence measurements and etching studies. Details

on calculating the ellipsometric angles for a layered stack can be found in section 1.5.

1.3 Experimental Technique (Phase Modulated

Ellipsometry)

The setup for phase modulated ellipsometry (PME) (used in the UV, Visible, and NIR for
this thesis) is shown in Fig. 4. Light from a 125-W xenon arc lamp was passed through
an optical fiber to a Glan-type polarizer made of two calcite precision prisms then to a
rectangular-shaped fused silica photoelastic modulator, which introduces a time
dependent phase difference between the s- and p-polarized light exiting the modulator.
The light is then reflected from the sample surface, after which the light passes through a
second fixed polarizer (called the analyzer) then a second optical fiber, and then to a
monochromator. For data above 1.5 eV, a double monochromator was used with a
photomultiplier detector mounted on the monochromator exit slit, as shown in Fig. 4(a).
For data from 0.75 to 1.5 eV, a different monochromator was placed immediately after
the xenon arc lamp and the monochromatic light exiting the analyzer was passed through
an optical fiber to an In,Ga;.«As detector, as shown in Fig. 4(b). The signal output from

the detector was then sent to a spectralink controller then to a computer to collect the data

and calculate ¥ and A.
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Figure 4. Experimental setup for PME. (a) shows normal configuration for energies
above 1.5 eV. (b) shows a second configuration with the monochromator before the
sample in order to avoid signal from sample photoluminescence. (b) has an extra fiber
optic cable in the light path.
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Spectroscopic data acquisition was controlled through a (Spectralink) electronic
controller box interfaced to a computer. This controller box was left on at all times as it
also maintained the constant temperature of the modulator, which is necessary for stable
modulation and thus accurate measurement. This setup allowed the automation of all
aspects of measurement including movement of various positioning motors, movement of
the monochromator, regulation of the modulation voltage at each wavelength of light,
polarizer and modulator positioning during calibration, insertion of a mirror to change
detectors, and insertion of mirrors in various spectral ranges to reduce parasitic signals
and noise. Although the controller box generally functioned well, after several years it
began to suffer random errors due to a degenerating power supply. This lead us to first
move the autocolumnation lamp to a separate power supply, and finally to replace the

power supply module.

Besides the change in detector mentioned above, there were several minor changes made
during the measurement to accommodate the different measured spectral ranges. As
there are no available optical fibers that are transparent over the entire measured energy
spectrum, one set of optical fibers was used in the infrared and another in visible and
ultraviolet regimes. In addition, a filter was put into the light path just before the
monochromator for the wavelength range below 530 nm in order to cut unwanted high
frequency light which would be transmitted as the second order reflection from the
monochromator gratings. In addition two band-pass filters were used to eliminate
unwanted light for measurements in specific wavelength ranges: one was used for

wavelengths greater that 1130 nm and the other for wavelengths less than 350 nm. All of
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these changes were handeled automatically by the computer controlling the measurement,
with the exception of the changing of the optical fibers. Automatic changes used during
data acquisition were set in the Miscellaneous/Equipment menu, but these could be

overridden for single wavelength measurement using the Views menu.

1.3.1 Basic Theory of PME

The photoelastic modulator is the key to this type of ellipsometer. It is usually oriented
with its axis rotated 45° from that of the polarizer. Thus, half the light is oriented along
the modulator’s fast axis, and half along the slow axis. The modulator introduces a time
dependent phase shift 6(¢) between its two eigenmodes. This creates a time dependent
intensity at the detector from which the ellipsometric parameters (¥ and A) of the sample
can be determined. This is worked out in Appendix A using both the Jone’s Matrix
formalism and Mueller matrix formalism, with the result given in Eqs. (A14) and (A15).
Most measurements were made in the particularly convenient configuration of polarizer
angle=P=45°, modulator angle=M=0°, analyzer angle=4=45° (all angles referenced to the
normal to the light path included in the plane of incidence). In this case the final light

intensity at the detector, given by Eqs. (A14) and (A15), takes the form:

I=Ipc + I sin 8(F) + I cos 8(¢) (3a)

Where
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IS/IDC= sin 2%¥ sin A (3b)
Io/Ipc=sin 2% cos A

From which the ellipsometric parameters (A and ‘¥) can be extracted. However, in a few
cases where W 245° (such as some layered structures and very reflective metals), this

configuration does not allow an accurate determination of ¥. In these cases, an
alternative configuration is used with P=90°, M=45° and A=45°, in which case one

instead obtains

[S/]DC =sin 2¥ sin A (30)

IC/]DC =cos 2%

so that ‘¥ can be determined accurately. In these cases it is often useful to measure in
both configurations since accurate values of A near A=0°,180° can only be obtained with

the first configuration.

An ideal photoelastic modulator (PEM) produces a phase difference of

8(2) = A4, sin(wt) ©))

where @ is the frequency of modulation (about 55kHz) and A, is the modulation

amplitude which is proportional to /*E, V being the amplitude of the voltage applied to
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the PEM, E the photon energy of the light. Using this form, the phase shift terms in Eq.

(3a) can be evaluated as

sin 6(¢) = 2J1(Au) sin ot + 2J3(A ) sin 3ot + ... (5)
cos O(t) = Jo(Aur) + 2J2(Aar) cos 20t + 2Js(A ) cos 4ot + ...

where J,(A4;s) is the n™" order Bessel function of Ay. Combining Egs. (1) and (3c), the

measured light can be related to Iy, s, and Ic:

So 1 0 Jo(Apr) X Lo
S, =0 217,4,) 0 I ©)
Sry) 0 0 2T, T (A ) \ I

where S is the DC light intensity, S, and S, are the measured light intensities at the first
and second harmonics of modulation frequency respectively, and 7; and 7, are
attenuation coefficients of the detection system (near unity).45 In the calibration

procedure, the modulation amplitude is chosen so that Jo(4xr) = 0.

The matrix of Eq. (6) could be expanded to cover terms of higher order harmonics to
possibly obtain additional real time calibration information; however, this seemed neither

necessary nor simple with the current system:.

In the presence of higher order harmonics in the phase modulation, we follow the

presentation of Drévillon.*® In this case, we must replace Eq. (4) with
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n
Then we replace Eq. (6) by

So 1 ceg  Jo(dp)+ceeep ) Lo

So |=|0 l+ccg, cCo Ig (8a)

S 0 cciap l+cc. o Ic

where
' —_ So)
® 21Jy(4
1 1(, M) (8b)

! S2a)

S5, =—=0
20 2T5J5(Ayy)

and the coefficients cc;; can be considered as second order corrections. The modulation

was chosen for:
)

JO(AM)+CCC,0 =0

using the procedure given in section 1.3.2.4.
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This leaves only the determination of the various constants. For this, we define 7 running
configurations defined by the orientation of the optical elements (4, M, and P). For our

setup, P-M =45° always. The configurations are:

a:4=0°M =45° e:4d=-45°M =0°
b:A=45°M =45° JiA=-45°M =90° (10)
c:A =—45° M =45° g:A=45°M =90°

d:A=45°,M =0°

We further define the ratios
Rl=— Do
2J1(A4p1)S
(11)
i SZa)

Ry, =—=2
T 25 (4y0)S
where the superscript / refers to one of the seven configurations given in Eq. (10).

Then all of the remaining parameters in Eq. (8a) can be determined from
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ccsq = Ry
I, = Rgm
b c
cos2¥ = Rz—“’;Rﬁ
2
RS, +R]
COSA = w (12)
2T, sin2¥
d
S Ry, + RS,
=@ 25in2W¥sinA
o o RS +RE,
72 - 3 -
e 275 sin® 2¥sin Acos A
__RO+RS
L™ 2sin2¥sinA

These parameters must be calculated and stored for each wavelength measured during the

automated procedure described in section 1.3.2.4.

1.3.2 Alignment of the Apparatus

Accurate ellipsometry requires precise alignment of all components including the angle

of incidence; the polarizer, analyzer, and modulator angles; and the sample. The

following three sections detail the alignment of these components of the ellipsometer.
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1.3.2.1 Sample alignment

Sample tilt alignment is achieved using an autocolumnator [Fig. 5(a)]. An image of
crosshairs is created from a light path which includes a reflection from the sample and
focused to the viewport by a lens at the bottom of the columnator. This image was
compared to the reference of the fixed crosshairs viewed directly. The image seen upon
looking through the viewport is shown in Fig. 5(b). The reflected crosshairs appear
lighter and rotated by about 30° relative to the fixed crosshairs. When the sample is flat
the origins of the two sets of crosshairs should coincide; however, this could be changed
even by small inadvertent bumps to the columnator. Thus to insure that the sample was
not tilted it was necessary to rotate the sample stand and watch for movement of the
reflected crosshairs. The sample was aligned without tilt when the reflected crosshairs
did not move when the sample was rotated. In addition to aligning the tilt of the sample,
the intensity and movement of the reflected crosshairs gave a qualitative assessment of

the sample surface quality.

Before measurement, the sample height also needed adjusted. This was done by rotating
the height adjustment at the base of the sample stand. The height was assumed correct

when the DC intensity (So on the active view screen) was maximized.

Different parts of the sample were sometimes measured without realignment by using the
scanning motors at the base of the sample stand (accessed through the move motors

command (alt-m) on the active view screen. This feature was particularly useful for
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Figure 5. Autocollimator for adjusting sample tilt. (a) Schematic of the collimator. An
image of crosshairs is created from a light path which includes a reflection from the
sample and focused to the viewport by a lens at the bottom of the collimator. This image
was compared to the reference of the fixed crosshairs viewed directly. (b) The image seen
upon looking through the viewport. The sample stand level was adjusted until the
reflected crosshairs did not move when the sample stand was rotated.
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small samples as it allowed for positioning of the light spot on the center of the sample

without moving the sample relative to the sample stand (and thus changing the tilt).

1.3.2.2 Angle of Incidence Calibration

Initial angle of incidence calibration was performed according to the method specified in
the ISA ellipsometer manual. The sample stand was lowered and the analyzer and
polarizer heads were adjusted 180° apart measured by maximizing DC intensity (So on
the active view screen) for the direct light path. Care was taken so that the cutoff
switches on the analyzer and polarizer heads were not activated and thus did not need to
be removed. After this, the polarizer and analyzer heads were moved to 70° and an
aluminum sample was mounted and aligned as described in the previous section. Then
the analyzer head was moved to obtain maximum intensity. The polarizer and analyzer
angles of incidence were then set to their average through the calibration/goniometer

menu. This appeared to determine the angle of incidence to within about 0.5°.

The final determination of the angle of incidence was obtained by measuring a high
quality silicon sample with only a native oxide on a smooth surface after all other
calibrations and alignments had been done. This data was then analyzed using a model of
reference silicon*” with a thin layer (initial guess of 30A) of native oxide (Si02)* to
extract the angle of incidence and oxide thickness from a least squares fit.** This

determined the angle of incidence to within about 0.1°.
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1.3.2.3 Alignment of Polarizer, Modulator, and Analyzer Angles

The accuracy of W and A cannot be expected to be any better than the accuracy of the
polarizer, modulator, and analyzer angles. With this in mind it was important to insure
the accuracy of these. The polarizer was attached to the modulator at an angle of 45°
from the factory, so it was only necessary to determine the modulator and analyzer
angles. Initial alignment of these was done by looking at the direct readouts on the
analyzer and modulator (this was necessary only in very rare cases). It can be seen from
the general form of the equations for PME [Eqs. (A 14) and (A15) appendix A] that the
modulator angle (M) and the analyzer angle (4) affect the measured intensities.
Specifically, Is is 0 for 4 = 0° and that /- is 0 when M =4 = 0°. Thus M and 4 can be
calibrated to 0° simply by the first and second harmonic intensities of the modulation

frequencies (S, and S», respectively on the view menu) to 0.

1.3.2.4 Modulation Amplitude Calibration

The modulation amplitude is another crucial parameter for accurate determination of
ellipsometric data. The actual modulation required varies slightly over time. In addition,
changes in temperature and humidity can affect the modulation. In the past it was
necessary to perform the modulator calibration (after alignment of the modulator and
analyzer angles) about once every 2 weeks for best results. However, the shifts in
modulation amplitudes were usually restricted to energies above 4 eV. The modulation

calibration was checked daily by measuring a known silicon sample with a native oxide
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to insure that the system gave consistent results. Modulation calibration also needed to
be done whenever the electronic controller box was turned off and whenever the power
failed because the temperature of the modulator was not maintained constant in these

cases.

The automated calibration procedure proceeded as follows. An aluminum sample was
mounted and aligned. The modulator and analyzer were calibrated and moved to 0° as
described in section 1.3.2.3. The modulation voltage was determined at serveral
wavelengths, such that /c does not affect the DC intensity, Sp [that is, Jo(4s) = O in the
first approximation as shown by Eq. (4)]. First the analyzer position was set to 0° to
insure that /s = 0 [see Eq. (A15)] so that it could not affect the calibration (even
considering higher order corrections). Next, So [=l+{Jo(4)+cc.o}lc(M) from Eq. (8a)]
was measured for several different modulation amplitudes for M = +45° and M = -45°.
The desired amplitude was that for which Sp was the same for the two modulator
positions. This can be seen from Egs. (Al14) and (Al5) appendix A for A=0°

[{c(M=+45°) = -Io(M=-45°), also ¥ =~ 45° for aluminum making /¢ large].

Ic = sin 2M (cos 2¥ - 1) = -sin 2M (13)

Thus there is a change is sign of I for the two modulator positions and So(M=+45°) =

So(M=-45°) only for the desired modulator amplitude. The modulation final amplitudes

were stored in three files (JOIR.DAT, JOVIS.DAT, and JOUV.DAT) for interpolation and

use during the data runs.
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1.3.2.5 Monochromator Calibration

The actual monochromator position can be set like the goniometer positions using the
view menu of the elli software. It was often necessary to reset the position of the DH10
monochromator for the first run of the day. This was always done so that 3eV in the
view menu corresponded to 413.3 nm on the monochromator readout. Also, the
monochromator would usually be off by about 1 nm whenever the units of light were

switched from energy to wavelength in the Miscellaneous/Equipment menu.

The calibration of the monochromators was tested using a mercury vapor line source.
The line source was used as input light for the monochromator/detector assembly. A
maximum in intensity was obtained for each of the lines in the mercury spectrum and
compared to the accepted values. The monochromators were found to be accurate to

within 1 meV in this manner.

1.3.3 Etching Procedures

Several etchants were used for this study for various lengths of time, summarized in

Table I. A number of other etchants as well as polishing procedures for bulk cut samples

can be found in Aspnes’ papers. ¥’
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Table I. Etchants for Various Materials

Material Etchant Result
Zng53Cdg 47Se 10% HF in DIW Clean smooth surface after
about 1 minute
Zny 53Cdg 47Se 0.05% Br/Methanol Rough surface after about 5
seconds
Ing 66Gag 34As 1:1 HCI (concentrated Smooth surface after 5 one
solution):Methanol second sprays
GaSb 3:1 HCI (concentrated Smooth surface after 10 one
solution):Methanol second sprays
GaAs KOH/Ethanol (dissolved tablets into ~ Smooth surface after 15 one
ethanol to make saturated solution) second sprays

Depending on the safety handling requirements of the etchant, the etching was done
either under a fume hood or directly on the sample stand. The procedures for each are

listed in the next two sections.

In either case, the effectiveness of the etch was evaluated by examining the imaginary
part of the dielectric function near the E; peak. The E> peak is sensitive to surface oxide
and surface roughness because the light penetration depth is small in this region. A more
detailed explanation of why the E, peak is maximized for a clean smooth surface is given
in section 1.5.2. The samples were etched until the samples showed no further
improvement, and the times given above are times required to reach this state. Etching
on the sample stage greatly simplified this maximization procedure as repeated etching

did not require dismounting and remounting the sample.
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1.3.3.1 Fume Hood Etching

Due to the extreme corrosiveness of Br and the extreme danger of HF acid, the two
etches involving these were done under a fume hood. A diagram of the fume hood
etching procedure is given in figure 6. A small bath of the etchant was prepared under
the fume hood. During the etching, the sample was kept in motion in an attempt to keep
the etch uniform. To minimize oxidation due to the oxygen and water in the air, the
sample was placed in a dry methanol bath immediately after etching. The sample was
then transferred into a glove bag filled with dry N, gas. About 1 minute after the transfer
(to purge the air that came into the bag along with the sample), the sample was removed
from the methanol bath and blown dry by nitrogen (the nitrogen flow rate was greatly
increased for the blow dry). Finally, the sample was transferred to the sample stand,

aligned, and measured still under dry flowing nitrogen.

An experimental difficulty arose in maintaining the sample under dry nitrogen during the
measurement: exposure of the modulation head of the ellipsometer to this nitrogen
resulted in a large (» 20%) change in the measured dielectric function. Care was
therefore taken to prevent such exposure by means of small entrance holes for the
incident beam, spacing between the glove bag and the modulation head, and a small fan
to divert nitrogen leaving the bag. Such care was not required with the rotating analyzer
ellipsometer system used in the far infrared, and the reasons for this effect on the

modulation system remain unclear.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



32

Fume Hood

Do—

Etchant Dry
Bath Methanol «,/’
Bath /"é
v
Glove — -
Bag #1 Input #2
Input #1/
Blow Dry Tube
O, HO/OIl
/ Filter Filter
L 1
Switching Valve
N,
Gas
-

Figure 6. Experimental setup for fume hood etching. After etching, the sample is placed
into a dry methanol bath for transfer to the sample stand. Measurement was made under
flowing N,. A fan was used to keep the dry N, away from the PEM.
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1.3.3.2 Etching on the Sample Stand

To simplify etching (at least for relatively safe etchants), the system was configured so
that the sample could be mounted vertically. A new sample stage made out of Teflon
was designed to prevent etching of the stage. This stage had a small hole at the center for
vacuum suction mounting and a drain hole at the edge (positioned at the bottom). The
sample stage was covered by a high density polyethylene (HDPE) container. Small
cracks were sealed using tape. 2 cm x 0.5 cm slits were cut in the sides of the cover for
the entrance and exit light beams. In addition, a hole was cut in the top of the cover to
allow use of the autocollimator, but this hole was most useful as a viewport during
etching. Low density polyethylene (LDPE) tubing was attached to a drain cut in the stage
to remove the excess etchant and rinse fluid. A diagram of this new configuration for
etching is shown in Fig. 7. The detail of the sample enclosure in Fig. 7(a) is shown

horizontal for clarity although the sample was always mounted vertically.

When etching on the sample stand, special care was taken to insure that none of the
etchant splashes onto the instrumentation since this could have destroyed the instrument.
Also important was the use of proper safety equipment (goggles and gloves) to prevent

damage to the researcher.

The actual etching proceeded as follows. HDPE Wash bottles containing the etchant and
rinse were prepared. After mounting and aligning the sample, the monochromator was

moved to the energy of the E; peak and the pseudo-dielectric function was noted from the
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Figure 7. Experimental setup for etching on the sample stand. (a) Detail of covered
sample stand shown upright for clarity. (b) Covered sample stand mounted on
ellipsometer. (c) Top view of researcher etching sample. Exit hole is covered during

etching to keep splash off ellipsometer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

view menu. Then the light exit slit was covered with tape to prevent etchant from
splashing into the analyzer head. The tip of the wash bottle containing etchant was
positioned through the light entrance slit close to the sample. A series of 1 second sprays
of etchant were directed at the sample the number of sprays being the etch time.
[Immediately following this, the sample was rinsed in a like manner usually with 5 to 10
sprays of methanol or DIW. Immediately following the rinse, a second nitrogen line was
placed through the light entrance slit to blow the sample dry (high flow rate). The entire
procedure was watched iay the experimenter through the hole for autocolumnation
alignment. Finally, the (wet) tape was carefully removed from the light exit slit, and the
dielectric function at the E, peak energy was again measured. When a good value at E>

was obtained, a scan across the entire spectral range was made.

It was noted that moisture inside the nitrogen cover could have a marked (up to 10%)
effect on the measured dielectric function. This was most likely due to a thin layer of
liquid condensing onto the surface of the sample. Following this discovery, extra steps
were taken to insure dryness inside nitrogen chamber during etching. A chemwipe on a
stick (a giant g-tip) was inserted through the hole for alignment and held behind the
sample to absorb most of the liquid splashed during the etching and rinsing of the sample.

A second giant g-tip was used to dry out the inside of the cover after etching.
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1.4 Experimental Details Mid-IR

Ellipsometric data for the range 0.3-1.0 eV were taken using a Sentech model 950
variable angle ellipsometer inserted into a Biorad model 175C Fourier transform infrared

(FTIR) spectrometer.

The experimental equipment is shown in figures 8(a) and 8(b). Light from the source
was passed through an aperture and reflected through Michelson interferometer,
consisting of a beam splitter, a fixed mirror, and a movable mirror. Due to the difference
between the optical path length to the fixed mirror and that to the movable mirror, the
two light beams interfered upon recombining. The position of the movable mirror was
very precisely calculated base on the interference of He-Ne laser light, which was placed
in the center of the IR beam by means of a hole in the first focusing mirror. Next, the
light was reflected to the Sentech ellipsometer inside the Biorad sample compartment,
which is shown in detail in Fig. 8(b). In the ellipsometer, the light was passed through
the polarizer, optionally off a phase retarder, reflected onto the sample, then reflected to
the analyzer, and finally to the detector. All of the reflections were off gold mirrors,
except those from the sample and the beam splitter. The only components which moved
during the measurement were the movable mirror in the Michelson interferometer, the
retarder (into the light path for the second half of the measurement), and the analyzer.
The effect of the focusing of the light beam on the measured data is covered in appendix

B.
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Figure 8(a). Experimental setup for MIR measurement (ellipsometer inside FTIR

spectrometer).
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For topics outside of the scope of this thesis, a good coverage of FTIR based ellipsometry

can be found in the book by Réseler.>

1.4.1 Workings of FTIR spectrometer

FTIR spectrometry is based on the Michelson interferometer (Fig. 9). The incident light
is split into two paths by a beam splitter. If the moving mirror is at the same distance
from the beam splitter as the fixed mirror, the path lengths are the same and the two light
beams recombining constructively. Otherwise, the light will interfere based on its
wavelength and the position of the moving mirror. The two light beams can be
considered to be of the same intensity since the (initially unpolarized) light undergoes
one beam splitter reflection, one mirror reflection, and one beam splitter transmission. In

this case, the light intensity exiting the interferometer for monochromatic light will be

I(x, ®) =2 Kw) cos® (wx/c) (14)

where () is the intensity of each of the two light beams for the given wavelength of
light, x is the displacement of the moving mirror from that of the fixed mirror (= half the

path length difference), and ® is the angular frequency of the light, and c is the speed of

light.
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Figure 9. Schematic of a Michelson interferometer. The exiting interfering light beam
has an intensity based on the position of the moving mirror, x.
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If the source has a continuous spectrum, the superposition principal gives a total

intensity:

I(x)= _’-21 (w)Cosz(%—x-)dm = J'[ (0)do + II (®) cos(—zcj—x)dco (15)

-0 —0

If we now redefine /(x) by subtracting off the first integral on the right side of Eq. (15)
(which is independent of position and thus easy to remove electronically), we see that we
now have the Fourier transformation of the intensity spectrum. Thus we have our basic

equation for Fourier transform spectroscopy:

I(x)= '[1 (w) cos(2—m£)do)
2 c
3 (16)
[o)== I I(x)cos(22% ) e
c c

In practice, the infinite limits in the integral can not be achieved. This brings about a
limit to the resolution of the instrument, as can be seen by considering that a signal of
finite width will destructively interfere to yield nearly zero signal beyond some value of

X.
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1.4.2 Deviations Due to Refraction at the Polarizers

During the course of this work, it was difficult to obtain good information with this
system. Late in the work, a major problem was discovered caused by deviation of the

light beam due to refraction at the polarizers.

We found that the analyzer was refracting the light beam by at least about 0.1°. This
caused the light to trace a small circular path on the detector as the analyzer rotated
during the measurement. We verified the beam deviation by shining a red laser through
the analyzer and watching the beam trace out a circle on the wall (Sm away) as the
analyzer rotated. The angle of the beam deviation upon passing through the polarizer

was foﬁnd to be:

Polarizer Beam Deviation
MIR polarizer: 15°
MIR analyzer: 6’
NIR polarizer: 6’
NIR analyzer: 15’

We further verified the problem by visually watching the focused light on the detector as
the analyzer moved and by measuring the transmitted intensity for analyzer angles 180°
from each other. Although the deviations were small, we observed the light shifting

slightly off the detector (which was only about 2 mm in diameter). In addition for the
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best polarizer (the MIR analyzer), the intensity spectrum for 0° had a peak intensity of
1.32 while that for 180° had a peak intensity of 1.40, a 6% difference. The NIR analyzer
had peak values of 1.31 and 1.59 for these angles, respectively. This showed that the

problem was significant and that the problem was due to the beam deviation of the

polarizer.

Currently, we are searching for polarizers with smaller deviations to improve future
measurements. With testing, it should not be hard to find one with a small enough
deviation (we only need 1 because the polarizer does not move during the measurement).
Indeed, Graesby-Specac has said they can manufacture a polarizer with less than 15 arc
seconds deviation. In addition, a detector with a larger detecting element would probably

also improve the situation (although probably at the cost of extra noise).

1.4.3 Calibration of the Instrument

Calibration of the instrument is a fairly long process which must be done every time the
optical components (the retarder and polarizers) are changed. It was found that this
process could be minimized without a noticeable affect on measurement accuracy by
using the mid infrared optics for both the mid and near infrared measurements. Perhaps
with further improvements to the instrument, the near infrared optics will become more

important.
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The calibration steps are described below. They include alignment of the analyzer and
polarizer, corrections for imperfect polarizers, alignment of the light beam, and mirror

and retarder corrections.

1.4.3.1 Alignment of the Light Beam

Although the path of the light beam through the instrument has been done by Biorad and
Sentech technicians and should not need to be changed, it is crucial to the working of the
ellipsometer and fairly simple to check. This is generally done in low light using a small
piece of white paper to intercept the light and the eye. If the light cannot be seen, as is
the case for the MIR light source, one can use the three laser spots (the center laser spot
should be near the center of the light). Beam alignment is crucial since the size of the
detector element is only about 2 mm. The detectors are mounted very precisely and can
be aligned separately at the Biorad factory. When looking in the detector area, one
should be careful not to leave the fluorescent lights on as this can damage the PbSe

detector.

1.4.3.2 Alignment of the Analyzer and Polarizer

Analyzer and polarizer alignments are made using of a fixed polarizer reference. The

automated routines for determining the offsets relative to a mechanical switch are
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accessed through the Calibration button on the main measurement window. To start the
procedure, the sample stand, retarder/entrance mirror, and exit mirror are removed from
the ellipsometer. Thus the light only encounters the two polarizers when passing
(straight) through the ellipsometer. Then the polarizer is removed from the ellipsometer
and mounted on a fixed stand at nearly horizontal polarization. This is placed in the path
of the beam at the center of the compartment and centered on the light beam using either
the light beam itself or, in the MIR, the center laser spot, which should be near the center
of the light beam. Spectra are then measure for several analyzer positions (usually 8
although 16 can be used to extract the fourth harmonic, which is related to detector non-
linearity), and Fourier analysis of these spectra determines the angle of the fixed polarizer
relative to the analyzer. The spectra for this alignment measurement should be taken for
a photon energy range where the polarizers have good polarization. The fixed polarizer
is then turned around (rotated 180°) and the procedure is repeated. The two angles
determined for the fixed polarizer relative to the analyzer should average to 0°. If they do
not, the offset from the calibration switch (given in the c:\grams\irspec.ini file) is updated

so that they will.

An alternative procedure to the one given above can be used for comparison. The angle
of the analyzer relative to the fixed polarizer can also be found by taking several scans
with the analyzer in the range from -5° to +5° in 1° intervals. A quadratic or cos’ 6 fit
can then be used to find the angle of maximum transmission. This should be the angle of
the fixed polarizer. A program was written to do this automatically, and the result was

close to that given by the standard offset procedure.
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After the offset (the position of the fixed hardware switch) of the analyzer is determined,
the polarizer is dismounted from the stand and mounted into its normal measurement
position on the moveable polarizer stand. The polarizer is then set to 45° and spectra
again are measured for eight analyzer positions. This time, the Fourier analysis of these
spectra determines the angle of the analyzer relative to the polarizer. From this, an offset
(from a fixed hardware switch) is determined for the polarizer. Like the analyzer, the
polarizer’s offset can alternatively be determined by moving the analyzer to 0° and taking

spectra for several polarizer angles near 0°.

1.4.3.3 Calibration — Correction for Imperfect Polarizers

No real polarizer completely polarizes light. This is particularly true in the NIR region
for our polarizers. Fortunately, this can be easily handled in the Mueller matrix
formalism. (It can also be handled in the Jones matrix formalism, but one must then

consider separate matrices for the major and minor polarization axes.)

To measure just the characteristics of the two polarizers, all other components of the
ellipsometer except the FTIR light source (i.e. the retarder, sample stand and several
mirrors) were removed from the instrument, as for the polarizer alignment procedure
above. Thus the instrument consisted only of the two polarizers, mounted in their normal

positions. In our correction, we assumed that the two polarization characteristics of the
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polarizer and analyzer were identical. Then we considered that the polarizers are well

characterized by their maximum and minimum transmission, T,e and T, respectively.

We further define the parameters
Tmax ~ Cmin - 2 T max © min
Cos @ = —ma@ —_min . and  sip @ = —N _max “min_ 7
Tmax + Cmin Tmax + Tmin

Since only the two polarizers are currently in the light path, the detected signal will be
that given by Eqs. (A28) and (A29) with ¥ = 45° and A = 0° (that is the light leaving the
sample is the same as the light coming into the sample since there is no sample). So we

obtain the detected signal for this case as

I=1pc+Issin2A +[-cos2A (18a)
where

Ipc =50

I = s5qcos?@ (18b)

[ =s;sinBcosBO

As mentioned in the appendix, with our system, the incident light is very nearly

unpolarized, so /- should be (and is) approximately zero for our system. In fact the
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current Sentech software forces this parameter to zero. This allows the extraction of

cos’0. The values of ¥ and A can then be extracted according to Eq. (A29).

1.4.3.4 Calibration — Mirror and Retarder Corrections

After the polarizer corrections were made, the mirrors, retarder, and sample stand were
replaced into the instrument. Although the instrument was then configured for
measurement, corrections had to be made for the eight bounces off of gold mirrors
between the two polarizers, and the retarder characteristics had to be determined for each
wavelength to be measured. This was done using the automated Sentech procedures
accessed by “New Mirror Corr” and “New Retarder Corr” buttons after pressing the

“Menu/Start” button on the main measurement menu.

A gold mirror was mounted on the sample stand and measured as normal (without the
retarder). The value of p was determined normally by Eq. (A29); however, the p
determined in this manner has special meaning since it includes not only a contribution
from the reflection from the gold surface, but also a contribution from the reflection from

the eight mirrors. The data was analyzed using the equation

5 = Bgold Bmirrors
or (19)

; i(A +A
tan Pe™ = tan Py tan W ppee 4 Emimon)
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~ A ~ A, :
where Pgyy = tan Wpze’ = and B prors = tan'¥, e"mirrors are the ratios of complex

mirrors
reflectivies for s- and p-polarized for gold and the system of mirrors respectively. Note
that B,,iors 1S actually the product of reflections from all eight mirrors. When
measuring a series of reflective surfaces, we simply multiply by the various values of
tan't' and add the vaious values of A to get the composite values of tan'¥ and A. Using
Eq. (19), the values of W irrors and Airrors Were extracted and stored to a file to correct the

measured values of ‘¥ and A according to the equation

3 _ Pmeasured
Psample = —=
mirrors
or (20)
tan Lljsamp[eeiAmmPk = %Mei(Amemmd —Amirrors)

tan LIlmz'rrors

The correction factors for the mirrors are usually small. The four mirrors on either side

of the sample tend to amount to a value of p,,;,, =1 since two of the mirrors are

oriented so that the plane of incidence is vertical while the other two are oriented so that
the plane of incidence is horizontal. In addition since the mirrors are gold, tan'¥ ~ 1 for

reflections of any angle of incidence off the mirrors.

After the mirror correction has been done, the retarder was moved into the path of the
light beam and a new measurement of the gold sample was taken. Now the measured

value of p is
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P = Pgold Pret ,mirrors

or 1)

LIJ i(Agold +Aret,minor:)
ret ,mirrors

tan ‘PefA: tan kPgoId tan

where Egold is the same as in Eq. (19) and Emirrrors = tan \me'rrorse’Ammn is the ratios of

complex reflectivies for s and p polarized for system of mirrors and the retarder
respectively. Like Ppiprors» Prermirrrors 1S the product of several components, in this
case the reflections from all eight mirrors and the passage of light through the retarding
prism. Using Eq. (21), the values of W, e mirrors a0d Ayer,mirrors Were extracted and stored to
a file to correct the measured values of ¥ and A taken with the retarder in the light path

according to the equation

5 — Pmeasured
psample T~
ret ,mirrors
or (22)
ia le _ tan meeasured ei (Amea.mred -Arel,mirrors )

tan ‘¥, e =
sample
tan Iret,mirror::

The correction factors for the mirrors is again small, but now, the retarder introduces
approximately 90° change in A (that is Asermirrors & Amirrors T90° = 90°). Of course this is
the 90° change in delta which is necessary to get accurate measurements for samples with

A=~ 0°or A= 180°.
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It should be noted that these correction procedures could be done with other reference
samples besides the gold mirror, although the calibration procedure is only automated for
a gold reference sample. In particular, this may result in better results for samples which
are transparent or have a small absorption coefficient, that is with samples which are not
similar to gold. For example, using a transparent reference such as silicon with a native
oxide might yield better results than gold. The calibration procedure would then procede

as follows.

First, the structure of the reference sample must be very well determined. This might be
accomplished by using high quality silicon with a native oxide, and measuring the sample
in the visible (where we have a much more accurate ellipsometer) to determine the exact
oxide thickness. Reference data from Palik®**° could then be used to obtain the
properties of the reference sample in the infrared. One would then make a measurement
using the retarder. This then would result in two files for the raw data as mentioned in
the Measurement Procedures section below (_elbfsm.spc for the measurement without
the retarder and _elbfsmr.spc for the measurement with the retarder). Next, one would
set up correction files with ¥=45° and A=0° to extract the total ¥ and A using the
Sentech software and the raw data files [or one could just calculate W and A directly
using Eq. (A29)]. These could then be used to obtain the correction factors for the
mirrors and retarder from equations like Eqs. (20) and (22) only with

Pgoid> Ygold» and Agola Teplace by pg;, Vs, and Ag; respectively. These last three being

the ellipsometric parameters for the silicon with native oxide reference sample mentioned

above. As mentioned above, this procedure could be done with any reference sample for
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which properties can be accurately and reliably determined in the infrared. It may even
be used to improve accuracy by taking into account any surface roughness on the gold
reference sample. This method was tried with a silicon sample, but the lower reflectance
seemed to impair the measurement, making it less accurate than for gold (even though
silicon is a better known reference). This lower accuracy when calibrating with the
silicon sample is probably also related to the polarizer deviation problem discussed in

section. 1.4.2.

1.4.4 Measurement Details (FTIR)

Once correction files have been created, the measurement proceeded as follows.

The system was prepared for NIR measurement. That is the CaF, beam splitter, ZnSe
NIR polarizers, and the NIR retarder were put in place in the instrument. Measurement
for other energy ranges was also possible as specified in the following table. The NIR
optical components were good for measurements in the range 2900-11000 cm’, although
it was noisy on the upper end of that range. The system also had optical components for
MIR and FIR measurements, extending the range of the instrument to as far as 100 cm’

(100 um). The entire FTIR was kept under constant purge to eliminate absorption due to

water and carbon dioxide.
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To start the measurement, the sample was placed on the sample stand and aligned using
height/tilt (H/T) sensor and three stepper driven height screws (labeled Screwl, Screw 2,
and Screw 3) as shown in Fig. 10. Screw 1 and Screw 2 run together without Screw 3 to
adjust the tilt from front to back, while Screw 2 and Screw 3 were used to adjust the tilt
from side to side. All three screws were driven together to adjust the height without
affecting the tilt. Two LED light beams (Beam A and Beam B) were reflected from the
sample and collected by two array of sensors as shown in Fig. 10. Beam A was directed
directly down at the sample and the sample tilt was adjusted until the reflected beam
showed that the sample was at normal incidence. After this, Beam B (at non-normal
incidence) was used to adjust the sample height until the proper height for measurement
was obtained. The LED light beams were pre-aligned by Sentech so that the ellipsometer
light would focus properly on the sample and the detector, and so that the angle of

incidence would be measured correctly.

The automated measurement was then started by pressing the Menu/Start button then the
Measure ‘P,A button. Once this was done, the polarizer was moved to 45° and spectra
were taken for eight analyzer angles (0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°) and
saved in the file _elmfsb.spc. Of course only 3 angles are needed to extract the
parameters, but the additional angles tends to average out non-uniformities in the system.
Immediately following this, the retarder was moved into the light path and the analyzer
was again scanned through the eight angles, the retarder data being stored in the file

_elmfsbr.spec.
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Figure 10. Height/tilt alignment. Beam A is used to adjust the tilt, then beam B is used to
adjust the height. Three motorized screws are used to adjust the height and tilt.
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Next, values of ¥ and A were extracted separately for each of these configurations (with
and without the retarder) according to Eqs. (A28) and (A29) in Appendix A. Then ¥ and
A for the sample were extracted for each of these using the procedure specified section

1.4.3.4.

Next it was necessary to determine improved values of ¥ and A based upon the two
measurements with and without the retarder. Here, we use ¥,,,, Ay, and ‘P, A, to denote
the ellipsometric parameters as measured without and with the retarder in the light path
respectively. It was assumed that a surface roughness or something else might change
the phase of s-polarized light relative to p-polarized light upon reflectance without
changing the relative magnitude. In this case, the values of A determined above might be
inaccurate. Considering Eq. (A29) and the fact that the retarder introduced a phase shift
of about 90°, it is seen that the actual parameters extracted are proportional to sin A and
cos A for measurement with and without the retarder, respectively. Keeping this in mind,

we introduce a phase polarization defined as

Py, =~Jcos? A, +sin® A, 23)

Then a corrected value of A was obtained according to

A= arccos(%) = arcsin(ili-Ai) (24)
ph ph

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

This correction was expected to be small for our samples as the surfaces were smooth and
clean. For some runs, the value of P, could be as low as 0.4. In these cases it was
believed the extremely low values of P,, were due to other problems in the system (see
for example section 1.4.2) rather than phase depolarization at the surface of the sample,

so these data were not used final data extraction for this thesis.

1.4.4.1 Various Settings — Advanced Scan Menu

Several parameters for the measurement are set through the Advanced Scan Menu
(accessed through the “Collect/Advanced Scan Menu” menu option on the Sentech main
measurement screen), which is shown in Fig. 11. In this section, we discuss several
parameters set here for the measurement, including file name, comment, number of scans,
resolution, sampling, detector, light source, aperture, gain amplitude, the wavelength
range, the scan button, and the align button. The other parameters were not changed for

the course of this work.

The file name and file comment shown here are those either for a single scan without any

changes to the ellipsometer settings or for an ellipsometric determination.

The number of scans is the number of times the moveable FTIR mirror repeats its

movement to average out noise. Usually 200 or more was required for smooth spectra.
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Figure 11. “Advanced Scan” dialog box with typical settings.
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The resolution setting is set in terms of cm™ (8 cm™ ~ 1 meV). Higher resolution scans

require more time. For this work, settings of 16 cm™ or 32 cm™ were used.

The two buttons next to sampling (UDR-2 and UDR-1) specify the undersampling ratio,
which controls the rate at which the FTIR interferogram is sampled. UDR-2 is used for
FIR and MIR scans (up to 7900 cm™") while UDR-1 is used for NIR scans (if part of the

spectrum is above 7900 cm"). For this work, UDR-1 was used for most of the scans.

The detector set here is chosen by a 45° focusing mirror which moves to direct the light
at one of two detectors (front and back). The front detector is a cooled DTGS detector.
This detector was used for all the data taken by this system presented in this thesis. The
back detector is PbSe based with a useful range of about 0.3-1.2 eV. Due to non-linearity
problems with this detector, the extracted values of ‘¥ and A were inaccurate. Thus this
detector was only used for preliminary studies, fast data acquisition was favored at the
expense of accuracy. The detector was more accurate for lower light intensities (that is
when using a neutral density filter to decrease the light intensity). In the case of either
detector, the detector gain could be set through the gain amplitude dialog box. For the

DTGS detector, this was usually set to 16.

The light source dialog box is used to select between two light sources, one for MIR and
FIR and another for NIR. The NIR light source was used for all data presented here since
the other light source had very little light intensity above 0.75 eV. When the ellipsometer

was configured for dedicated NIR mode, the light source is set to “on”.
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The aperture dialog box is used to control an aperture wheel in front of the light source.
The hole size is specified in terms of the maximum energy resolution possible for that
particular aperture (a poorly columnated beam limits FTIR resolution because different
path lengths are obtained for slightly different angles of the beam). For this research, the

smallest (0.25 cm™) aperture setting was used.

The wavelength range is specified through the Start WN and End WN boxes. These are
the range in cm™ (8066 cm™ =1 eV) for the measurement. For an FTIR system, the scan
time does not depend of the wavelength range as all positions of the moveable mirror
must be measured in order to determine the intensity for any single wavelength or all
wavelengths. For this study, 2500-10000 cm™ was used as the wavelength range for all

measurements.

Two of the buttons at the bottom of this screen are useful: the scan button and the align
button. The scan button can be used to do a simple intensity scan without moving any of
the ellipsometer components. This is useful, for example, to check alignment and
intensity before the final ellipsometeric scan. The align button is used to do an automated
alignment of the beam splitter. The alignment of the beam splitter is critical for the
correct functioning of the FTIR. The automated alignment procedure should be done
whenever the FTIR is turned off or bumped. In addition, the automatic beam splitter

alignment procedure was run daily during the course of this research.
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1.4.4.2 Etching Procedures (FTIR)

As mentioned in the UV/VIS/NIR etching procedure section, the affects of a thin surface
layer (such as a native oxide or surface roughness) are most noticeable near the E; peak
for zincblende type semiconductors. Unfortunately, this means that it is not simple to
evaluate the effectiveness of an etch in the infrared regime (as the E; peak is usually in
the visible or ultraviolet regime). For this reason, etches for this study were always
carried out on the UV/VIS/NIR system and then transferred to the FTIR ellipsometer for

measurement. The procedure was as follows.

A glove bag was placed over the top of the FTIR ellipsometer, enclosing the FTIR
sample compartment and a workspace on top of the FTIR instrument. The glove bag and
the entire FTIR were purged with nitrogen gas for about 30 minutes prior to measurement
on the FTIR ellipsometer. The sample was etched as described in the UV/VIS/NIR
etching procedure section, and measured in the range 1.5-5.3 eV. Following the etch and
UV/VIS/NIR measurement, the sample was maintained under flowing nitrogen while the
entire sample stage and cover were removed from the UV/VIS/NIR ellipsometer. Then
the various holes in the sample stage cover were sealed and the vacuum line and nitrogen
line were disconnécted. The covered sample stage (and sample) were then quickly
transferred to the FTIR ellipsometer glove bag. After a few minutes to reestablish the
nitrogen purge, the sample was removed from the UV/VIS/NIR ellipsometer sample
stage and mounted and measured on the FTIR ellipsometer. After the measurement, the

sample was transferred back to the UV/VIS/NIR ellipsometer still under nitrogen and
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again measured in the UV/VIS/NIR range. If the second UV/VIS/NIR measurement
indicated more than 3 A oxide growth, the data was discarded and the entire procedure

redone.

1.4.4.3 Purge Gas Generator

Many of the components of the FTIR system, including the beam splitters and retarders,
are extremely hydrophilic and need to be kept in a water free environment. In addition,
water and carbon dioxide have absorption bands in the infrared and thus must be
eliminated in order to achieve accurate spectra. This was achieved using a Whatman 75-
52 purge gas generator to supply continuous 24 hours a dry carbon dioxide free air to the
system. (during etching experiments, bottled “pre-purified” nitrogen gas was used instead

to prevent oxidation.)

The purge gas generator is shown in Fig. 12. Air was compressed using a Quincy
compressor. The input pressure had to be maintained at about 90 psi in order for the
purge gas generator to work properly. The compressed air flowed from the compressor
through regulator valve and a Balston A912A-DX filter to the Whatman 75-52 FTIR
purge gas generator system. Finally, the exit gas from the generator was passed through
a 72-420 flow controller for delivery to the FTIR system at about 15 liters per minute.
The purge gas generator required no maintenance except for a change of filter in the

Balston A912A-DX about once a year and a less frequent change of the filter on the exit
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of the purge gas generator when it changed from yellow to green. In addition, the
compressor oil was changed every few months. Also the compressor was drained of

water monthly by releasing all air in the compressor and opening the valve on the bottom.

1.5 Application to physical (structural) models

In this section, we develop the theory for light reflecting from layered structures. We
start with the simplest two-phase model (ambient and substrate). the we move on to the
three-phase model where we also consider the effects of thin overlayers such as and oxide
film or surface roughness. Then we develop the theory for handling any number of layers
in the sample using matrix methods. Finally, we consider physical mixtures within a

single layer using the effective medium approximation (EMA).
1.5.1 Two-phase model

The two-phase model is the simplest reflecting system to analyze. In addition, the results
of the two-phase model can be extended to determine expressions for the more

complicated three- and n-phase models. We follow the development given in Jackson for

most of this section.’!
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The two-phase model consists of two semi-infinite materials meeting at a planar
boundary. Light is incident on the boundary from medium a and is partially reflected
back to medium a and partially transmitted into medium & as shown in Fig. 13. Also
shown in Fig. 13, we define the unit normal vector to the surface, n, and the electric field
magnitude components parallel to the plane of incidence, the electric field magnitude
components perpendicular to the plane of incidence, and wave vectors of the incident,
transmitted, and reflected light as (£, & ki), (&p s kF), and (&, &, k&),
respectively. The s and p-components of the electric fields make up the incident,
transmitted and reflected electric field vectors, E;, E,, and E,, respectively. The magnetic
induction fields B;, B,, and B, are perpendicular to E,, E,, and E,, respectively. Also,

mediums a an b have complex indices of refraction (# = n + ik ) defined as

(25)

where [1,,€,and [I,,€, are the complex magnetic permeabilities and complex dielectric

functions of mediums a and 5, respectively.

We assume we have plane waves and use Maxwell’s equations to obtain B from E, we

obtain for the three waves
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Figure 13. Two phase model. Light is incident from medium a on a semi-infinite
substrate (medium 4). n is we define the unit normal vector to the surface. The electric
field magnitude components parallel to the plane of incidence, the electric field
magnitude components perpendicular to the plane of incidence, and wave vectors of the

incident, transmitted, and reflected light are (&, &, k,-L ), &ips &is, k,L ), and (&p, &5,

kf) respectively. The s and p-components of the electric fields make up the incident,
transmitted and reflected electric field vectors, E;, E,, and E,, respectively.
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E.=Z.¢é ezk,-L-r—imt
A M)
Incident —kL xE;

il
_¥a ik,L-r—imt
Transmitted | Bt = &€
& ——k. xE, (26)
(Refracted) |(B, =1, b =T
t
E =Z é e:k,’.‘or—imt
r rvr
Reflected 1 kil xE
B, =li.g, rkL -

where &,,¢;,k5, &,,8,, kL, and &,,&, .k’ are the complex electric field magnitudes
(that is they contains phase information), electric field polarization vectors, and light
wave propagation vectors for the incident, transmitted, and reflected light, respectively.

o is the angular frequency of the light. The s- and p-components of the field magnitudes

shown in Fig. 13 are then defined as

gip =giét .ﬁ

Z’S =gféi.§

glp =&, op 27
& =& € o8

& =&,€, 0P

&, =&,¢, 5

where p and § are the unit vectors parallel and perpendicular to the plane of incidence,

respectively.
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The light wave propagation vector magnitudes are given by

k= kf| == 2R,

(28)
L O =
kf =ky = V%

Next, we consider the cases for light polarized perpendicular to the plane of incidence (s-
polarization) and light polarized parallel to the plane of incidence (p-polarization).
Maxwell’s equations applied at the boundary tell us that the normal components of D and
B and the tangential components of E and H are continuous. Applying these boundary at

the interface between the two media, we obtain

[Ea(giéi + grér) - Ebglél ] en=0
(ki x&&; +k-x& &, -kl x& &,]en=0
(giéi'*'grér-gtét))(ﬁ:o (29)

[:1-(1(,.‘ x& &; +kt xgré,)—~—1-kf x& &, ]xn=0
Ha Hp

For light (E field) polarized perpendicular to the plane of incidence, the third and forth

lines of Eq. (29) are

& +&, &, =0

= = 30
[ ;—"(Zk—?,s)coscb—\/%gmcostbb=0 (30)
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where ¢ is the angle of incidence, ¢ is the angle of refraction, and &, &, and &5 are the
magnitudes of the incident, transmitted, and reflected s-polarized light, respectively.

From these we obtain the Fresnel reflection and transmission coefficients for s-polarized

light, 7, and 7, respectively.

n, cos¢—5—"\/?ib2 72 sin’
Y - grs u’b [ g ’Ss
Fo=—L= = =|rle
<. Ha =2 =2 2
5 nycos¢p+=Z/ny —n,sin” ¢
i1 GD
T_é’,s- 2 n, cosd
S hans - ~
€ 7, cosd)-i-;—“\/?ibz—ﬁaz sin”
b

For light (E field) polarized parallel to the plane of incidence, the third and forth lines of

Eq. (29) are

cos (&, —& ) —cos$p&,, =0

= = (32)
ea [« € J—
[ -ﬁ—a-(g,p'i'grp)— ﬁg",p—o

where and &,, &€, and &,, are the magnitudes of the incident, transmitted, and reflected
p-polarized light, respectively. From these we obtain the Fresnel reflection and

transmission coefficients for p-polarized light, 7, and ?;, , respectively.
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& %— cosd — n1/ —n sin? ¢
R =[le””
ip ——-nbcosd)-f-na\/nbz—nazsm ()
b (33)
t~=gtp= 2 n,ny, cosd
P g o
€ip %— Aif cosd + 7, \/nb —72sin? ¢
Hp

As required by the geometry, 7, =7, and 7, =7, for normal incidence (¢ = 0), so

ellipsometry at normal incidence is not useful for isotropic materials.

For most materials, i = 1, so we take I, =, =1. Then we can simplify and determine

the ellipsometric parameters, ‘¥ and A as

sin2¢—cos¢ :b——sin2 )
€

= tan We™ = 2 (34)
sin® ¢ +cos ff—b—sinz i)
80

which can be rearranged to obtain

ol
I
wl I-t;‘l

N2
8§ =€y +iEny =F, sin? ¢ + sin? ¢ tan? ¢G—£J @335)
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1.5.2 Three-Phase Model and Effects of Real Surfaces

The three-phase model consists of a semi-infinite ambient, a semi-infinite substrate, and a
layer between these two as shown in Fig. 14. Light is incident from the ambient (layer a)
at an angle ¢, is refracted into a film (layer b) of thickness d, at an angle ¢, and is
refracted into the substrate (layer ¢) at an angle ¢.. In addition, there are multiple
reflections at the top and bottom of layer 4, which cause interference with the primary
reflected wave. We consider only the case where layer b is thin compared to the
diameter of the light beam, so that these interfering beams can be considered coincident

with the primary reflected wave.

This problem can be solved by performing a sum of all the interfering rays caused by the
reflections at the two interfaces; however, the method presented in the next section (“m-
Phase Model”) is much simpler. Therefore, we present the result here and leave the
derivation for the next section. The three phase model Fresnel reflection coefficients for

p- and s-polarized light, respectively, are

_ Z?'p,bc+rp,ab

Foa=
p3 > ~
Z?;,,abrp’bc +1

N (36a)
Z;';‘,bc +7 s,ab
ZrgapTspe +1

rs3
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Ambient (a) » 1y

Film (b)

Substrate (c)

Figure 14. Three phase model. Multiple reflections occur at the two interfaces causing
interference.
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where 7, 55 Tppe o Tsap - and 7, are the two phase Fresnel reflection coefficients for p-

polarized light between materials a and b, p-polarized light between materials b and c, s-
polarized light between materials a and b, and s-polarized light between materials b and

c, respectively, as defined by Egs. (31) and (33). Also

Z=e ¢ (36b)

where dj is the thickness of layer b.

The three phase model is very useful as it describes a system of an epilayer grown on a
substrate, or a bulk material with a native oxide film. Unfortunately, this cannot be
analytically inverted to give us a closed form solution for the dielectric function of layer
b or layer c even if the value of dp and the dielectric function of the other layer are

known.

We can, however, find the effects of a thin surface oxide film or surface roughness
pointed out by Aspnes.’”’> By assuming dj is small compared to the wavelength of the

light and retaining only the first order terms in dj of a power series expansion of Eq.

(36a).
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. ~ e e~~~ e~y s 2
- szdb?lcosq)[sa(ec—sb)[ecsb-ea(sc+e,,)sm ¢}

r,3=l+——=
p3 a e e N~ ~ v e o~ e 2
¢ Sb(Sc—Sa)[ech-80(80'*'8“)5]11 ¢

(37)
a1+ 20 conf o5
c €. -8,
and
p3~1+ 2iod, 7, cos¢[~ i"(al’;. Si)(s‘ - 8")~ :! (38)
¢ 8b(st: - Ea)(sc cot” ¢ — €a)

Taking this value of p and substituting it into the equation for the two phase model [Eq.

(35)], we find that the pseudo-dielectric function <e> so derived is

o\~ | 2iod, T ~F)E, -5, [E .
(5)~ 5, + 200 2B =B N& 5) |5 g2y (39)
c €, (5. —€,) €,

If |e] >> g, as is often the case with semiconductors, this reduces to

- -  2iodin
( )zew——” (%, ~5)E, —T,) (40)
cna b

At this point, we can see why the pseudo-dielectric function is more sensitive at some
energies than others. This is very important as it allows us to distinguish a clean abrupt

surface from one that is not as well prepared. Oxide films tend to be transparent and
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fairly low dielectric function. If we also have an €. which has a small real part and a
large imaginary part, the imaginary part of the measured pseudo-dielectric function will
be greatly reduced from the value of the true dielectric function. This is the case near the
E, feature for most diamond- and zincblende-type semiconductors, allowing immediate

evaluation of the success of a particular etching procedure.

Figure 15 shows the simulated pseudo-dielectric function for GaAs with several different
native oxide thicknesses. As expected, the imaginary part of the dilectric function near
the F, feature is greatly reduced, while the real part of the dilectric function is little
changed in this region. Also as predicted by Egs. (39) and (40), the difference between
the pseudo-dielectric function and the true dielectric function for GaAs is approximately
proportional to the oxide layer thickness. Reference data for GaAs*’ and GaAs-oxide™

were taken from Aspnes et al.

1.5.3 m-phase model

We consider a stack of layers with planar paralle! interfaces, the top and bottom (ambient
and substrate) layers being semi-infinite, as shown in Fig. 16. Dielectric functions and
angles of incidence for each layer are labeled by the layer index. This can be handled by
performing a sum of all the interfering rays caused by the reflections at every interface.
However, since there will be infinite reflections for all but the top (ambient) and bottom

(substrate) layers, this procedure becomes unwieldy especially for more than three
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Figure 15. Calculated pseudodielectric function for a GaAs substrate with native oxide
overlayers of various thicknesses as shown. ‘
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phases. Instead we present a method based on 2x2 matrices, which is easily applied even
to systems with many layers. The presentation in this section is similar to that given in

Azzam and Bashara.*

The stack is illuminated by a single plane wave (that is the diameter of the light beam is
much larger than the thickness of the layered stack) from the top. Therefore, the electric

field in an arbitrary layer, i, will correspond to a superposition of plane waves
propagating down (toward the substrate) at an angle ¢; with respect to the z-axis and
plane waves propagating up (toward the ambient) at an angle -¢; with respect to the z-

axis.

We let € (z) and & (z) denote the complex amplitudes of the forward- and backward-
travelling plane waves respectively and represent the electric field at an depth z into the

layered stack as

E(z)=!:g+(2):, 41)
& (2)

Since the system is linear, the electric field at an arbitrary point in the stack, z;, must be

related to the electric field at another arbitrary point in the stack, z,, by a 2x2 matrix.
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€,, N, (ambient)

Sbl nb

g f, (substrate)

¢

vy

Figure 16. A stack of m layers with planar parallel interfaces, the top and bottom
(ambient and substrate) layers being semi-infinite. Dielectric functions and angles of
incidence for each layer are labeled by the layer index.
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[3*<z1)J=[S11 Slz][if"(zz)}
£7(z)] [Su Sn)& @)

or simply (42)

E(z)=8; -, E(z2)

The task is to find the S matrix for the entire stack. We can break the stack down into a
series of layers and interfaces between layers. First, we consider the interfaces. If we let
z; be just above the top interface of the /™ layer and z be just below it, then Eq. (42)

becomes

[Z’+(Zl)] =[111 112][3+(22)J
&€ (z1) Iy Iy & (z3)

or (43)

E(z,-8) = I;_ /E(z; +3)

where z, is the position of the /™ interface, & is infinitesimal, and I ; is the matrix that

characterizes the interface between the i-1 and i layers alone.
If we consider the time reversed version of Eq. (43), the downward propagating waves

become upward propagating waves and vice versa while the interface remains

unchanged. So, Eq. (43) becomes
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[?"(Zl)J =’:111 112}[2_(22)] (44)
E ()| Un In &% (z)
by comparing Eq. (43) with Eq. (44) we see that

Iy =1y and Iy =1y (45)

Therefore, we need only determine two components of the I matrix. To do this, we
consider the special case of the two phase system, as shown in Fig. 17. This is exactly

the geometry of section 1.5.1, if we make the identifications & —» &,", &, > &', and &,

— &, . Then, using the results of that section, we find

& =1, &, (46)
&, =Tp&,

where r, and 7, are the two-phase Fresnel transmission and reflection coefficients

defined by Eq. (31) and Eq. (42) for s- and p-polarized light respectively.

In the notation of this section, we have
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Figure 17. Two phase system using the notation of this section. This is exactly the
geometry of section 1.5.1, if we make the identifications & —» &,", & —» &', and & —
&,
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g, ___[111 112] g,
& Ly I} 0

or 47)

Comparing Eq. (46) with Eq. (47), we find that [, =1/%, and I,; =T, /1, which

combined with Eq. (45) gives

1 Ty
I b: fgb tab =_‘~L 1 rab . (48)
¢ i_all_ L tab Yab 1

Lap tab

Now, we consider the matrix relating the electric field at the top of a layer to that at the

bottom. This is in fact simple as this corresponds to propagation of a plane wave [Eq.

(26)] through a homogeneous layer with index of refraction »; and thickness d; (=zi+1 — z,).

Thus the relation is simply

g4 (z+8)|_[® 0 |8 (zu- a)J
& (z;+9) 0 e ®| & (z4-9)
or (49a)

E(z; +8)=LE(z;4; —9)
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where
B= od;f; cosd; (49b)
c

and we have defined the matrix for propagation within a single layer (from just inside the

top interface to just inside the bottom interface), L; as
iB
L= {e 0 ] (50)

Finally, we can compose the matrix for an entire m layer stack (with a representing the

ambient and m representing the substrate) as

S=Ia,bLbIb,CLC"‘LIII,m (51)
Then, the reflection and transmission coefficients can be obtained for the stack by
remembering that we are considering the situation with one forward moving incident and

one backward moving reflected beam in the ambient (£, and &, respectively) and one

forward moving transmitted beam in the substrate (£,,").
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[S” S‘Z} & (52)
S Splf 0

—
Il

8 o

R 8+

so we have our reflection and transmission coefficients for an m-phase stack for either s-

or p-polarized light:
= _Ea _Sy
m
E; Si 53)
B _ 1
" EF Sy

This technique is naturally very useful for computer simulations used to extract data from
measurements on layered structures. As a simple example of the technique, we derive the

expressions for a three-phase model [Eq. (36a)]. For either s- or p-polarized light, the

2x2 matrix for the three-phase model is

S= | i 1 ;:zb e'B" 0 1 ;l;c
- ?b?l;c ;t'zb 1 0 eﬂ.Bb ;l;c 1
- 4

. r ~ o~ =2 - PO ¥

e!B (1 + Faplpce Bs ) (rbc + e Ps )
- " _2i — ~2i

labloc | (P + Ty 2P0) (T, +7 2P0

Combining this with Eq. (53), we have derived the result we initially stated in Eq. (36)
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'3 - Tpe + Tap
rab?l;c +1
o (55a)
%= Labloe
rab;c +1
where
. i [ g, sine
Z=e (55b)

and we have used Snell’s law to put B, in terms of the ambient angle of incidence. That

is

ny, cosd, =\/§,, cos? ¢, =\/§b ~%, sin? =\/'§b ~%,sin ¢ (56)

1.5.4 Effective Medium Theory

We are often faced with the case that a layer in our model is not a single phase, but rather
a physical mixture of two or more materials. This is the case for a sample with a rough
surface (a mixture of air, material, and possibly oxide) or a non-abrupt interface (an extra

interface layer which is a mixture of the two materials).
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The effective medium approximation (EMA) relates the polarizabilities (which in turn are
related to the dielectric functions) of two or more materials in a physical mixture to an
effective dielectric function. Thus it is an extension to the Clausius-Mossotti relation,
which relates the dielectric function of a single material to the polarizabilities of its
constituent atoms. Therefore, we begin this section with a derivation of the Clausius-
Mossotti relation from the microscopic perspective and extend it to derive the EMA. The

method used here is similar to that given by Aspnes.>*

We start with points of polarizability { arrayed at the lattice sites (r = R;) of an infinite
simple cubic lattice as shown in Fig. 18. The cubic lattice is chosen because we are
interested in isotropic materials. We apply a uniform electric field E;,, which induces a

point dipole at each lattice site with electric fields of the form

E(p,,l‘,) — __V[pi ;rz ) - 3(pl ® rigri —P; (57)
ri i

where r; = r — R; is the position relative to the lattice site and p; is the point dipole

polarization induced at each lattice site

p; =CE(R;) (58)

So, we can write the total field as
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Figure 18. Schematic diagram of the simple cubic lattice used in the derivation of the
Clausius-Mossotti relation. E,, is a uniform applied field.
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E(r)=Ey +  E(p;,r—R;) (59)

By lattice symmetry, the field (and thus the polarization) at each lattice point, R;, must be

the same. We define this using Eq. (59) as

Ejoe =E(0) =Ejp + > E(GEjpe,~R;) =Eyy (60)

i#0

where we have explicitly eliminated the singular term from the lattice site at the origin
(Rg = 0). The summation in Eq. (60) vanishes shell by shell for the simple cubic lattice
we are considering (it also vanishes for diamond and zincblende lattices). Thus we have

the solution to the microscopic problem

E(r)= Eloc + ZE(CEloc’r - Ri)

p(r)= ) CEp 50 -R;) (61)

Ejoc =Eiy
The delta function in Eq. (61) indicates that the dipoles are located only at lattice sites.
Now we relate these microscopic quantities to the macroscopic quantities we normally

deal with: the dipole moment per unit volume, P, the electromagnetic field, E, and the

electromagnetic displacement, D, which are related by the macroscopic equations:
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D=FE=E+4nP (62)

Taking the volume of the system to be QQ, we find

_1 3 _
P=— ng' p(r)d>r =nCE,,. (63)

where 1 is the number of lattice points per unit volume (n=a" if a is the lattice constant).
Next, E is simply the volume average of E(r). We first find the volume integral of E(p,

r) over a unit cell to be

of
2

IE(p,r)d3r=“ J‘ V[p ]d?’r:— I (p:f)ﬁd2r=—4_;m (64)
r

cell vol cell vol cell surf

Then, using Eq. (64) to take the volume average of the first line of Eq. (61), we obtain

4rnCE 4P
E=Eloc_Tloc=Eloc - (65)

If we use Eq. (63) to eliminate P from Egs. (62) and (65), we obtain
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EE =E +4mCE

66
By, - M5B (66)

3

Then we use the first line above to eliminate E;,. from the second line, and we obtain the

Clausius-Mossitti equation.

T-1 4mce 67

With the above derivation, extension to the EMA is simple. To start with, we randomly

assign different polarizabilities &,, &, ..., &, to the lattice sites.

Because the assignment is random and we are still using a simple cubic lattice, the

summation in Eq. (60) is still 0 so that E;,c = E;; as before. The volume averages now

yeild

P=(m,C, +MpCp +- "+ MNpCpm)Eoc

47P (68)
E=Ej 3

where Nng, Ns,..., Nm are the volume densities for each type of point dipole. Performing

the algebraic elimination as we did for Eq. (67), we obtain
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-1
E+2

=%E(naCa +r|b€b +"'+nmCm) (69)

Eq. (69) can be expressed more conveniently by using the Clausius-Mossotti relation [Eq.

(67)] to express it in terms of the dielectric functions €,,%,...,€, of the pure phases a,

b,....m
£-~1 g, —1 g, —1 €, —1
= + + oot 70
£+2 f¢z.€a+2 fb%‘,,+2 fm§m+2 (70)

f=t, Y = @
an i=a
Jj=a

Eq. (70) is the Lorentz-Lorenz effective-medium expression. The above derivation is
general, but the final expression, Eq. (70), is not appropriate if the microscopic regions
are large enough to possess their own dielectric identity. In this case, our assumption up
to this point that the point dipoles are distributed randomly on the cubic lattice is no
longer valid. However, assuming the regions are small compared to the light wavelength,
we can still proceed from a microscopic viewpoint. We assume for simplicity that we

have material composed predominately of material a of dielectric €, with small spherical
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inclusions of dielectric function &,,%,,...,€,. The solution for a sphere of dielectric

function €; of radius r; embedded in a medium of dielectric €, for an applied field Eo

uniform at large distances is>

3g,
— = Eo Il <7
E(r)={ 5 ¥ %% (72)
Ey +E(p;.r) el > 7
where E(p,,r) is defined by Eq. (§7) with
€ —¢

since all of the regions now have a well defined dielectric function, Eq. (62) can be

applied within each region to obtain the polarization vector for medium i as

~

&g (74)
4n

P;(r)=

Using this, the volume average of Eq. (62) becomes

O

jE(r)d%:éZ:c,;. E(r)d’r (75)
Q i=l @

(]
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In other words, once we have a solution for the electric field throughout the structure, the
effective dielectric time the average electric field is simply the sum of average field in
each region times the volume of the region weighted by the dielectric function for that

region. With the form of the electric field given in Eq. (72), this becomes

3¢, f; ~ 3fi&€
gE + ——Zali |_Rg + Z :_t___a_ 76
OI:fa il +2saJ O[SGf“ —& +2€, (76)

where f; is the volume fraction of the i phase. Note that the term E(p;,r) in the second

line of Eq. (72) does not contribute to Eq. (76) because the origin of the dipole is not in

medium a, so the volume integral over medium a yields 0.

41rtr,-3

3Q
fi=1 (77)

m
I—ij i=a
[ Jj=b

i#a

Then Eq. (76) simplifies to

m ~ g~ ~

~ ~ ~ ~ J3g (g —¢

s—a,,:Z:[a—saJrTa(f—z;—l]ﬂ (78)
f=b 81 Sa

which can be written
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£-%¢ &
a_ _ 7
€428, Z[e, +2€, } 7

Eq. (79) is the Maxwell-Garnett effective-medium expression. This expression is valid if
the material is predominately material a; however, its validity becomes questionable as
the volume fractions of the other materials increases. In particular, if we assume we have
a 50%/50% mixture of two materials, Eq. (79) yields two different expressions for the
effective dielectric of the mixture depending on which material is selected for the host
material [material a in Eq. (79)]. Not only is this esthetically undesirable, but it also does
not allow one to grade smoothly from material a to material b to model a rough interface.
Bruggeman resolved this dilemma by purposing that we should consider all of the phases
to be small inclusions in a material with a dielectric of the effective medium itself. Then

Eq. (79) becomes

0= i{;;] (80)

=a

which is now symmetric with respect to all materials. Eq. (80) is the Bruggeman
effective-medium expression, which was used whenever an EMA was needed throughout

this dissertation.
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Finally, we note that all three effective-medium expressions [Egs. (70), (79), and (80)]

can be expressed as

E =) | 81
€+ Z{S +28h:l ( )

where €, , the host dielectric function, is 1, €,, and € for the Lorentz-Lorenz, Maxwell
Garnett, and Bruggeman effective medium expressions respectively. The three
expressions are different based on screening effects due to the inclusions being embedded

in nothing (void), material a, or the effective medium.
It should also be noted that effective medium expression is affected by the geometry of

the inclusions. The spherical geometry assumed here is certainly reasonable for an

isotropic mixture. For a discussion on the effects of geometry, see Ref. 54.

1.6 Theory — Dielectric Function

In this chapter, we present a basic background for a theoretical model of the dielectric
function. We start with a review of relations between various optical properties (some of

which have already been mentioned in passing). Then we discuss the allowed energy
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states for an electron in a periodic crystal, that is the band structure. We then move on to
a discussion of the effective mass approximation and how it can be used to interpret
various perturbations to the ideal one electron states given by band structure calculations.

Finally, in the last two sections, we relate band structure to the dielectric function.

1.6.1 Relations Between Optical Properties

The most often used optical functions are the complex dielectric function (€), the
complex index of refraction (7 ), the absorption coefficient (ct), and the complex wave
propagation vector (k). These are all related by the macroscopic Maxwell equations and
their solution for plane waves propagating through a medium (light). The macroscopic

Maxwell equations are

VeD=4np \V H:iT_tJ .1_@
c c ot (82)
1B

VeB=0 VxB+———=
c ot

where D is the electric displacement, E is the electric field, H is the magnetic field, B is
the magnetic induction, J is the current density vector, p is the free charge density, and ¢

is the speed of light in vacuum.

In addition, we have the ancillary definitions
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D = §(0)E =E + 4P =[1 + 473 (o) JE
B =p(0)H

(83)

where P is the averaged polarization (dipole average as discussed in section 1.5.4. We
note that although s(x,t;x "t ") and p(x,z;x’,t”) are real, their Fourier transforms, €(®) and
f(w) are in general complex. In particular

g(w) =g1(®) +iey (). (84)

A non-zero value for €;(®) indicates the D is out of phase with E.

We consider an infinite material with no free charge or current (p=0, J=0). Then Eq. (82)

yields the wave equation for E with the Well known plane wave solution®!
E= Eoezﬁor—icot (85)

where we have taken the convention that the real part of Eq. (85) is the electric field [also
D will correspond to the real part of Eq. (83)] and r is the position vector, Eq is the

electric field intensity at r =0, =0 and

[Kcw)| = £ (@) = &, + ik, = E@)ii(@) % (86)
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and the direction of k is the direction the wave is traveling. The velocity, v, of such a

wave is

c

VE(@)i(o)

V(o) = (87)

The complex velocity above is admittedly strange. The real part is the normal phase
velocity of the propagating wave. The imaginary part corresponds to a exponential
damping of the wave as it propagates through the medium. Eq. (87) allows us to define

the complex index of refraction in the normal way

(@) =n(m)+ix(m)=3{05=\/‘é(m)ﬁ<m) (88)

Finally, we can find the absorption coefficient by considering the time averaged energy

density, u, of a wave traveling into the material.>’

u o< [E|” =[Eq|*e ¢ (89)

where d is the distance the wave has traveled in the medium. From Eq. (89), we can

define the absorption coefficient, o, and skin depth, 3, as
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o=—=2k, (90)

| r—

some authors®' define the skin depth according to the electric field and thus find a length

double that of Eq. (90) for the skin depth.

Finally we can relate the imaginary part of the dielectric function to the conductivity for

low frequencies. We assume the medium obeys Ohm’s law.
J=cE on

We also let g9 be the dielectric function neglecting any effects of the conductivity. Then

the Maxwell-Ampére equation [the right side of first line of Eq. (82)] becomes

VxH=2"6E+ Z0%@) g =-i‘3(€0(m)+i-‘“‘—°)13 (92)
(5 C (4 ()]

If we interpret the terms in parentheses on the right side of Eq. (92) as due to the

dielectric properties of the medium instead of a result of Ohm’s law, we find

() = B(@) +1 222 93)
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For low frequencies, we expect g,(w) to be real since all of the dissipation of the of the

electric field is due to the conductivity of the material. Thus
£2(0~0)= 222 94)
®

This shows that the imaginary part of the dielectric function of a conducting medium has

a singularity at © = 0.

As in the previous section, we assume we have non-magnetic materials, that is p = 1.
With this simplification, we can derive several relations among the optical functions

using Eqgs. (84), (86), (87), and (90) and the relation ¢ = ©A/2n.

81=n2—l{2
82=2nK
, 2 2
n___\/ € +&; +g
2
leef +€3 —g (93)
K=q|—————
2
F=re
c
a=_1_=2k2=2(mc=4mc___21r82____m82

c A nA nc
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1.6.2 Band Structure/Critical Points

The band structure (BS) of a material is the allowed energy states as a function of
wavevector, k. Over the last thirty or so years, there have been many approaches to
solving this problem in crystals, for example semi-emperical pseudopotential,”® kep’,
and tight binding.” For the purposes of this section we only want to show the basic
principles of the problem, so we use the adiabatic approximation that states that the
atomic nuclei and core electrons can be considered to be at rest compared to the valence
electrons. In addition, we make use of the mean-field approximation, which states that
each valence electron experiences the same average potential ¥(r). With these

assumptions, the Schrédinger equation for each electron is identical and is given by

h2 2
flle\Vl,k(r)= - 5

- + V(r)J\VI,k (r)=E; xy; x(r) (96)

where H;. is the one-electron Hamiltonian, and w;x and E;jx are the wavefunction and
energy, respectively, of an eigenstate labeled by band index / and wavevector k, F(r) is
the crystal (periodic) potential, and my is the free electron mass. Eq. (96) is the starting
point for many types of BS calculations including pseudopotential and kep, but has the
limitation of the approximations we assumed above. Later we will extend our formalism
to account for important excitonic effects within the effective mass approximation. The

lattice periodicity requires the solution of Eq. (96) to be Bloch functions,”’ that is
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Wi (r) =e™ Ty (1) 7

where u;(r) is a periodic function with the same periodicity as V(r) (that is of the
lattice). Thus, u«(r+R) = u;(r), where R is a lattice vector. We will use the reduced
zone scheme to denote our BS. In this scheme, we take advantage of the fact that due to
the translational symmetry of the crystal, both k and k + G will satisfy Eq. (97) where G
is a reciprocal lattice vector (¢’® = 1). Thus, in the reduced zone scheme we replace k

by k' = k — G where G is chosen to limit k’ to the first Brillouin zone. Each G therefore

corresponds to a different band which is indicated by the band index /.

In semi-empirical approaches, experimental data such as energy gaps and oscillator
strength are used as input parameters to find approximate solutions to Eq. (96). In the
semi-empirical pseudopotential method, V(r) (which is a periodic function and thus can
have only Fourier components corresponding to reciprocal lattice vectors) is expressed in
terms of a few Fourier coefficients corresponding to the shortest reciprocal lattice
vectors. This is a reasonable approximation since the valence electrons, which we are
most interested, are expelled from regions near the nuclei by Pauli’s exclusion principle.
Thus we can approximate the potential with a weak slow varying “effective potential” or
Pseudopotential for the valence electrons. This method beaks down for the core electron
states. In the kep method (which we will explain in some detail later in this section), the
BS near a CP is treated by perturbation theory for small k. The electronic BS is the plot

of the electron energies in Eq. (96) as a function of k.
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We display a typical zincblende-type BS in Fig. 19, which shows the BS of GaAs as
calculated by the semi-empirical pseudopotential method.’® Bands which are occupied in
the ground state are termed valence bands, while the excited states of the system are
termed conduction bands. The zero of energy is placed at the top of the highest valence
bands. I', X, and L are used to denote the center, edge at k = 21/a [100], and edge at k =
w/a [111] of the Brillouin zone respectively where a is the lattice constant. The direction

from I' to X is denoted as A, while the direction from I" to L is denoted A. The
subscripted letters (i.e. I'}) denote the symmetry of the wave function at the
corresponding point of the BZ, which can be obtained from group theory. We note that
the condition of standing waves at the edge of the BZ (that is k = G/2) or at the I" point
requires that the non-degenerate BS curves at these points have zero slope. In the case of
degenerate BS curves, the curves must still have zero slope at the I” point, but at the edge

of the BZ (k = G/2) only the average slope of the BS curves must be zero.

Most of the structure of the optical functions is related to direct optical interband
transitions, that is an excitation of an electron from a valence band to a conduction band
involving only an electron and a photon. Since visible light carries little momentum
compared to the size of the BZ, the electron and hole states involved in a direct
transitions have nearly identical values of k and are therefor called vertical transitions.
We will also consider indirect transitions arising from electron, photon, phonon
interactions. These indirect transitions have a smaller effect on the dielectric function
than direct transitions since they are three-particle interactions and can involve electron

states of different k since phonons can have momentum similar to the size of the BZ.
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Figure 19. Band structure of GaAs (Ref. 56) showing the Ey, EgtA, E|, E1+A,, E;, Ey,
and Ej;,g interband CPs.
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Low energy optical transitions near CP’s are labeled in Fig. 19 with the notation due to
Cardona.”® For many zincblende materials (including the ZnCdSe and InGaAs presented
in this study) the fundamental absorption edge corresponds to three-dimensional (3D) My

direct transitions from the highest valence band to the lowest conduction band at the I
point (i.e. I75 —IY, in single group notation). The spin-orbit interaction splits the I7s
valence band into I'y and I'; (splitting energy Ao). The corresponding transitions at k=0
are labeled Eo [T3 ([}s)~T¢ (IT)] and Eo+Ao [I7 (I)5) —T¢(IY)], respectively. The
spin-orbit interaction also splits the L3(A%) valence band into Ly (A% s) and Lg(Aj).
The corresponding 2D M, transitions are labeled E; [Lys(L3)—Lg(L]) or

4s(A3) = AS(AD] and E+A; [Lg(L3)— Lg(L]) or A%(A)—A%(A7)], respectively.
The E; CP is due to transitions along [110] () or near the X point. The Ey' feature is due

to transitions at the I' point [ (I75)—T7(I5)]. We have also labeled the Iy — Lg

indirect transition. More will be said about the reiationship between these CPs and the

dielectric function in sections 1.6.4 and 1.7.

For illustration of BS calculations and to derive some simplified results we will use later,

we outline the kep formalism. Substituting Eq. (97) into Eq. (96), we obtain

2,2

2
{p—+V(r)+ r k-p}uz,k(r){b‘,(k)—h £

2my my 2my

Jul,k (r) (98)
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where p = -iAV. We treat the term proportional to kep as a perturbation, that is

2

H=Hy+H, where Hy=L"4+V(r) and H,=—"kep (99)
2m0 mo
At kg = (0,0,0), Eq. (98) reduces to
2
[_p_ + V(r)}u,,o (1) =[E;(0) ko (r) (100)
2m0

Using the orthonormality of the states u;x and Eq. (100), Eq. (98) becomes the secular

equation for the system.

2,2
(u,-,kIHllu,,k)=[E,(k)—E,(0)—§_ ”’f ]8,,,- (101)
0

where we have used Dirac bra-ket notation for simplicity. In order to have solutions for
Eq. (101), the secular determinant must be zero. This leads to the standard perturbation

result

h2 k> w2 (0| Hi| 241 0) i
ER)= Ei(0)=, == (g |Hl|ul,0>+m02;” £ (0 E,(O‘)I Fee o (102)
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The first term on the right side of Eq. (102) is zero because H, has odd parity. This leads

to final results for the energy and effective mass.

2
_ 222 12 o o o)
£ = Ei(0)+7 - s > HO-E® (103)

The effective mass tensor is defined as the curvature of the E versus k dispersion curve.

m"); h> okok; my mq E;(0) — E;(0)

( ! ) _1 OE L[gij+iz<“1,0|Pf|“1',0>(“l',o 1p)l10) (104)

It

We note in passing two key results from Eqgs. (103) and (104). First, a wave function u;g

can only couple to another wavefunction uyg if the matrix element <u,.,0 lHllum) is

nonzero. Thus some of the terms in Eq. (104) which reduce the effective mass will be
zero due to symmetry. Second, The energy separation Ey(0) — Ex0) determines the
relative importance of the contribution of the /' state to the effective mass of the / state.
Eq. (104) defining an effective mass is very suggestive. We will show in section 1.6.3
that the effects of a perturbation to the crystal potential near a CP can be treated by
considering the Schridinger equation for a particle of mass m* under the influence of the

perturbing potential only.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



107

To go a little further, we consider a simplified two-band model. That is two bands that

only interact with each other. Labeling the states 1 and 2, Eq. (101) leads to the secular

determinant
2,2
El(0)+’; K _g 2 e
det , o Mo R 0 (105)
— Pk E>(0)+ nk” E
my sz l
where
P={u |- itVuyy ). (106)
: _ 4r2 P2k
Letting £, = E;(0)-E2(0), we find for ——,—E—— <<1, Eq. (105) reduces to
mo" g

W k2 2Rr2 P22
El(k)=E1(0)2 +

(107)
2 2 "o mOZEg

From this we see that the interaction has the important effect that the effective mass of

the two states is now

2
( 1*)1 - (1’—’ W ) (108)
m myg mykE,
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Thus, the higher lying state has a lower effective mass while the lower lying state has an
increased and possibly negative effective mass. In addition, the effect on m* is greater

for small E,.

As can be seen by the above simplified example, BS calculations are not easy. It is
crucial to use the symmetry of the crystal to help simplify the calculations. Early
empirical BS calculations relied heavily on experimentally determined data to obtain
realistic results.”® Recently, realistic first principles calculations of band structures have
been carried out, which even account for the many-bodied nature of the problem, '""*? but

only by using long computer calculations.

1.6.3 Effective Mass Approximation-Envelope Function

In our section on band structures, we have already defined the effective mass in Egs.
(103) and (95). In this section we will show how this definition can be made useful.
Namely that this definition along with some approximations leads to a simple way of

evaluating the effects near BS CPs of a small perturbation with envelope functions.

The envelope function formalism applies to small local perturbations to the crystal

potential.
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_ —ik’V?
2m0

H +V(r)+V,(r) = Hy +V,(r) (109)

where V(1) is some local perturbation of the crystal potential. Since the Bloch functions
are a complete orthonormal set, a superposition of them can be used to represent the final

state.

() =D 40w (r) =D 4(K)e™Tuy (r) (110)
Lk Lk

where ;. (r) is a Bloch function and we are using the reduced zone scheme, that is the

summation in Kk is over the first Brillouin zone and the various zone-folded bands are

referenced by the index /.

We wish to consider a state near a CP in the BS, k = ko. Also, In the limit V,(r) = 0, the
state would be a single Bloch state at kg in the band which we label with index /=0. For

small V,(r), we anticipate these statements will approximately hold. That is

k-kg «Z
a . (111)

A (K) = 808y i,

The second line of Eq. (111) that the wavefunction W¥(r) is sharply peaked in k space

and thus spread out in r space, which is what we expect for weak V,(r). In the case of a
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shallow dopant, the band 0 would be the lowest lying conduction band in the case of a
donor or the highest lying valence band in the case of an acceptor. For an exciton, the
state of interest will be the state in which a single electron has been excited from the

conduction to the valence band. That is the index 0 will refer to the electron hole state

near the CP k = k.

In the Dirac bra-ket notation, Eq. (110) becomes

()= 4@)|w®) =D 40|y () (112)
Lk Lk

Using the Hamiltonian in Eq. (109) and the wavefunction in Eq. (112), the Schrodinger

equation becomes

2m0

3292
( ny +V(r>+Vp(r))ZAz(k)lw,.k(n)=EZA,<k)|w,,k(r)) (113)
L.k 1Lk

Taking the scalar product with (v (r)| from the right and using Eq. (109), this

becomes

(wrae®|(EHo +V, @)Y 40| wix®) = Ewrse O 40| wi(e)
L.k 1.k i
' » (114)
D (wr e OEr &)+ V@) @) w4 (0) = D E s (0], (0] w1 (1)
1k

Lk
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_p2v2

where H, = +V(r)

This reduces to

Z A (K)E (K)S; Sy g + Z (wr @, (0w (1) 4, (K)

Ik Lk (115)
= Z EA4; (k)3 ;8 k'
1k
evaluating the sums over the delta functions and exchanging k and k', we obtain
D (kO O wr g () 4p (k) =[E - £, ()4, () . (116)

I,,k'

Keeping in mind Eq. (111), we rewrite Eq. (116) to emphasize the importance of the /=0

band

D (Wor@P o) worr ) A&+ D (wor O @) i s (0)) 4 (K)

K I'#0,k’ (117a)

=[E ~ Ey(k) |45 (k) (1 =0)

D (Wi @ wor M) A&+ D (WO (0] e (0)) (')
K I'#0,k’ (117b)

=[E~E,(0)]4, (k) ([ £0)
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We examine the second term in Eq. (117a) more closely
1 = i(k’=k)e
(Wi @@ wrem)=2 f Uity Y () (118)

where Q is the volume of the crystal. Since u;"ku,. Kis a periodic function, it can be

written as
* — G iGer
Ux¥prg = Z Crxrxe (119)
G

where G are the reciprocal lattice vectors. For later purposes, we note that from

orthonormality, for k' =k
G
Crxrx =011 (120)

Using Eq. (119), Eq. (118) becomes
1 { '~k)e
(Wl,k (r) le (r)' WI',k'(l')> ey IZ Cliraee CH™ V, (r)d’r (121)
G

We define the Fourier transform of V,(r) as
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L[ e
Vplk)= o | ACT S,

V,(r)= Z ™y, (k)

allk

(122)

then

D (Yo wor @)K =Y Y Claripk-k'-G)Ap(k)  (123)
k' G

kl

We make the further assumption that ¥ ,(r) is a slowly varying function on the order of

the lattice constant a, that is
vy, (r)| <<¥,(r) (124)

then V, (k) will be negligible for k ~ G. Therefore, taking k is near the center of the
Brillouin zone, we only expect the terms on the left side of Eq. (123) to be negligible
unless G=0 since k' is restricted to the first Brillouin zone. (If k is near the edge of the
Brillouin zone, a similar argument holds since one can simply translate the first Brillouin
zone to create a new unit cell in reciprocal lattice space.) Remembering that Ao(k’) is
sharply peaked near k' = kg, and that we are considering the effects near k = k¢ along

with Egs. (120) and (123), we can write
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D (Wox @O, (| wore () = > ¥, k-k) (125)
-

kv

Using this and according to Eq. (111) letting A{k) = 0 for /20, Eq. (117a) becomes

D Vplk—k) Ao (&) = [E - Eq (k) o (k). (126)
.

For k =~ kg, we can use Eq. (103) to find

A2 (k —kg)?
M i | LA (127)

m*

Eo(k)= Eq(ko) +

For simplicity, we let ko = 0. Then Eq. (126) becomes

A2k >
s A )+ DV, (k= K)o (k) = [E - Ey(0) iy (k). (128)
.

Since by our assumption of Eq. (124) V,(k-k’) is nearly zero outside the first BZ, we can
let the sum in Eq. (126) run over all k'. Then Eq. (126) is the Schrédinger equation in

momentum space of an electron of mass m* moving in the potential ¥,. with the energy

relative to Eo(0). To transform this to coordinate space, we introduce the Fourier

transform of A(k),
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A4,(k) = é J' e T (1)d3r

(129)
F(r)=) e 4 (k)
k
Then multiplying Eq. (126) by ¢ and summing over k, we obtain
~#%v?
> B+ V(0@ =[E- E (O () (130)

This is known as the effective mass approximation. It is useful for both shallow dopants
and weakly bound (Wannier) excitons. Eq. (130) is the Schrédinger equation for a
particle of mass m* moving in a potential Fi(r). Also, since the wavefunction is spread
out in space compared to the lattice constant, the potential an electron feels is screened by

the static dielectric constant gy, so we write the Coulomb potential as

2
Vp(.-)=_f; (131)
80)’

According to Eqgs. (129) and (112), the total wavefunction becomes

() =D ApK)|wo k(™)) =D_ Ag(K)e™Tuy . (r) (132)
k k

Since Ag(k) is sharply peaked around k = ko, we make a Taylor series expansion
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uo,k(r)zqu(o(r)+(k—k0)0Vu0k(r)+-~ (133)
Neglecting all but the first term, we obtain

[W(O)) = g i, (1) Ag(K)e™™ =uq, ()F(r) (134)
k

In order for this approximation to be valid, we must show that the wavefunction Fy(r) is
spread out in space compared to the size of a unit cell, or equivalently the Fourier
transform A/Kk) is extends over only a small fraction of the first Brillouin zone and that
the amplitudes 4,{(k) (/' # /) are in fact negligible compared to 4, (k). Also, V,(r) should
be a slowly varying function. To be more exact, we must in order for the effective mass
approximation to be valid, the following must hold:

4(k) ~ mgj(wz,kle,,(r)lwo,krcr»Ao(k') << 4g(ko)

Ao(ko +%) >> Ay (k) (135)

1
V,(k=0)>> Vp(k ~;)

where a is the lattice constant, so that 1/a is of order of the size of the first Brioullin zone.
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1.6.4 Relation of Dielectric Function To Quantum Transitions

The dielectric function is primarily due to direct and indirect interband transitions,
exciton interactions, phonons, and free electron effects. In the energy range of our
measurements, the first two are the most important, with most of the observed structure
coming near interband critical points (CP’s) (extrema of the interband energy levels of
the band structure). In an interband transition, an electron from a valence band is excited
into a conduction band, leaving behind a positively charged hole in the valence band.
Direct transitions involve only the photon and the electron, while indirect transitions also
involve scattering a phonon. Since visible light carries little momentum compared to the
size of the BZ, the electron and hole states involved in a direct transitions have nearly
identical values of k and are therefor called vertical transitions. Indirect transitions,
which can involve electron states of different k since phonons carry momentum of the
order of the BZ, have a much smaller effects on the optical structure than direct
transitions since they involve three particle interactions. The electron-hole pair formed in
an interband transition interact via the Coulomb potential with two main effects on the
optical function: (1) resonance peaks occur below interband CP’s due to discrete bound
two-particle states formed by the Coulomb attraction called bound excitons (BE’s) and
(2) an enhancement of interband transition probability for transition energies at or above
the CP’s called band to band Coulomb enhancement (BBCE) or sometimes continuum
exciton (CE). Both of these effects vary depending on the nature of the CP and will be

discussed in more detail in sections 1.6.5 and 1.7.
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In this section, we relate the imaginary part of the dielectic function to transitions
between BS states caused by an oscillating transverse electric field (light). We leave the
details of specific critical points in the band structure and excitonic effects within the

envelope function approximation to section 1.7.

To describe the electromagnetic fields, we introduce the vector potential, A(r, ¢), and a
scalar potential defined, ®(r, r). The form of these potentials will depend on the gauge

we select. For simplicity, we choose the Coulomb gauge

®=0 and VeA =0 (136)
Then
E=—l—aé and B=VxA (137)
c Ot

The Hamiltonian describing the motion of a charge —e in an external electromagnetic

field is obtained by making the substitution for the electron momentum operator
~ihV = ~inV + ZA (138)

c

With this substitution, the Hamiltonian becomes
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2
H=—1—(—ihV+£é) +V(r)
o4

2”20
( 2,2
= VA env-Cinvea+ LA v
2my | c c 2¢*
) (139)
242
= b n292 28 peinva E AZ +V(r)
2m0 \ C 2c
‘
~ b —h2V2—2—erihV)+V(r)
2m0 \_ c

where we have used Eq. (136) between the second and third lines and have neglected the
quadratic term e?A%*/(2mqc®) since we are interested in the linear (low field) optical

properties. We will treat the term e/(moc) AeiAV as a perturbation. For electric field of
magnitude &, wavevector k", frequency o, and polarization vector &, the vector potential

takes the form

A(r,t) = Eeyf it er-an | ikt er-an) (140)
20

i(k[‘ or—-mt)

so that A(r,t) is a real function. The term containing e corresponds to the

- . - - . - —' L —
absorption process we are interested in, while the one containing e i(k™er-ar)

corresponds to stimulated emission in the presence of an electric field. For such a time

dependent perturbation, the probability of transition per unit time is
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Be= I(Wc,kc lA(r,t) ©hVly, . )e"‘"w‘ dt (141)
where
o, =Le=Ey (142)
h
and the time independent Bloch functions are
ik, or
Wvk,)=€ " Uy,
l > Ao (143)
Wc,kc>=e c rch(c

and the subscripts ¢ and v correspond to the conduction and valence bands respectively.
Equation (141) is valid so long as P, << 1. That is the normal linear optic regime where
most of the electrons are in their ground states. The integration over time of Eq. (141) for

the term corresponding to absorption contributes a factor of

J‘eimw‘e_imtdt = Z,?'S[Ec (kc) - Ev (kv) - h(&)] (144)

-0
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That is the energy of the photon must be exactly the energy difference between the

conduction and valence bands as expected from conservation of energy. Evaluating the

time independent part of Eq. (141), we obtain

. L .
<WC k lA(l‘,t) [ ] iflV \lfv k > = —.gz_h_ u: el(k —kc)Cr(é ° V)elkv l'uv k dl'
e iy 2kR o~ 1y
Zin (145)
* ikl - . . []
=—2"%. J.uc’kce'(k N G Vu, k., +hkvuv,kve'k“ M)dr

2k

The second term on the last line of Eq. (145) vanishes because u,x, and ucy. are
orthogonal. Continuing, because of the periodicity of u,x, and .k, we can rewrite the
integral of the first term in the last line of Eq. (145) by using r = R; + r’ where r’ lies

within one unit cell and R; is a reciprocal lattice vector. Therefore,

., L
Iu:vkcel(k +k, kC).rvuv,kv dr

ik +k, -k : el .
- Zet( +k, k)R I“'k ik +k, —k,)or Vi, dr’

= ok,
J unit
cell
.l i (146)
= 8(kL + kv —kc) juc’kcel(k +k, -k, )er Vuv,kv dr'
unit
cell
- I B g, it Vv, AF°

unit
cell

In addition, we can simplify the expression further because for visible light, k" is three to

four orders of magnitude smaller than the size of the Brillouin zone, so
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U ol =t TRE OV +oemy (147)
and we can rewrite Eq. (146) as

C

| O A (148)

unit
cell

where k = k, = k.. If we consider three particle electron-phonon-photon interactions, the
phonon can contribute momentum of order the size of the Brioullin zone, making Eq.

(148) invalid. This low probability case will be considered in section 1.6.6.

Finally, combining Egs. (140), (141), (144), (145), and (148), we obtain the final

expression for the transition probability per unit time.

P,. =2_n(L)2"@ ’
’ /i my® 2

> IM.., 0| SLE, (k) - E, (k) - o] (149)
k

where
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M, () = 22wk e 0 V| Wv,k>"2 =|n J' U & o Vg dr' (150)
unit
cell

If we restrict the summation over k in Eq. (149) to only those k’s allowed per unit
volume of the crystal, then Eq. (149) gives the absorption transition rate per unit volume
of the crystal. The power loss per unit volume (which can be expressed in terms of the

imaginary dielectric function) then is this probability times the energy for each photon.

Power loss = P, .ho = A —(ﬁ)(—qx—) = (Ia(EJ _oel &0l (151)
’ dt dx \ dt n n n?

where [ is the intensity of the incident beam

2
I= %l{g(m)uz (152)
Using these, we find
2men 2
£(E) =[mo E J ;ZjuMw(k)u SLE, (k) - E, (k) - E]. (153)

where E = is the photon energy. Although M., is a function of k, it typically does

not have much structure. In addition, for allowed transitions, it usually is nearly constant
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near a CP k = ko. Thus, since we are considering the contribution to the dielectric
function near a CP, we can let M(k) = M(ko). Then the structure of the dielectric
function is seen to simply come from the sum over the allowed transition energies
otherwise known as the interband or joint density of states (JDOS), which will be

different depending on the nature of the critical point.

2
£2(E) =(Mj M., Qo)D" D SLE. (k) - E, (k) - £]. (154)

m
OE cv k

The real part of the dielectric function can then be found using the Kramers Kronig
relation [Eq. (199)]. Applying this to Eq. (153), we find the correct, but difficult to work

with, form of the real dielectric function.

8neh? "Ma,"2
g (E) =1+— 5 (155)
1 my~ ; [E. (k) - E, W[E. (k) - E, (K)]* - £}

The JDOS term in Eq. (154) is often expressed using the quasi-continuous approximation

as the integral

Z 8[E,.(k)— E, (k) - E] - D(E)dE . (156)
k

where
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.[ dsy
@n)’  (@n)° HVREH

j D(E)dE =2 J' (157)

where D(E)dE is the JDOS as a function of energy and Sk is the constant energy surface
defined by E(k) = constant. This can be evaluated for several types of CPs. For a 3D M

type CP (parabolic E vs. k bands in all three directions), the energy as a function of k is

2;.2
E(k) = ’; k* +E, (158)

where p* is the reduced interband effective mass and Ej is the bandgap of interest. Then

the JDOS is
2.3 >E,
Dsp(E) = mh (159)
0 E<E,

For a 2D My type critical point (parabolic £ vs. k bands in two directions and no

dispersion in the third), we have

h2k?
2%

E)=E, + (160)
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where p} is the reduced effective mass in the direction perpendicular to the direction
with no dispersion (which has infinite effective mass) and E, is the bandgap of interest.

Now the JDOS is

—“-% E>E,
Dyp(E)=4{™ (161)
0 E<Eg

1.6.5 Relation of Dielectric Function To Quantum Transitions

Considering Excitonic Effects

When we wish to consider excitonic effects on the absorption coefficient, we make a few
changes to the formalism given above. First of all, instead of considering a transition of
an electron from a valence state to a conduction state, we consider that a photon excites
the crystal from its ground state to a state with one hole in the valence band and one

electron in the conduction band. In the case of no electron-hole interaction, we can write

this as

Wk, @) Whi, @) (162)

lO)—pm"—)Ike,kh,r) =

Ve K, (r)> represents an electron in the conduction band with a Bloch function of

where

wavevector k. and \y,',' X, (r)) represents an electron missing from the valence band (a
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hole) with a Bloch function of wavevector ks. Up to this point, this new notation is
equivalent to that in the previous section. However, once we add the Coulomb attraction,
following the envelope function formalism we see that the excited state will not be given
by the right side of Eq. (162) (which is constructed from Bloch functions), but rather we
can expand the state as a superpostion of the states given in Eq. (162). If we let the total
wavevector of the electron-hole pair be k.. = k. + ks, then we can expand the exciton

state as

Wf,k—kex (ry )) . (163)

llPex (r)> = Z A(k) Wf',l‘wkeJr (re )>
k

As mentioned earlier, the momentum of the photon is negligible compared to the size of
the first Brioullin zone, so we can take kex = 0. Since we have a two particle state, we

must consider the two particle Hamiltonian

hzv 2 hZV 2 2
e W BT Ly (n)-Vo(r) - ————
2m 2m golre — 14 (164)

= H§(r,) - H{ (r,) +V, (r)

H =

where e and / are used to denote symbols that pertain to the electron and the hole,
respectively and r = |r. — ry| and we have defined the free electron Hamiltonian, free hole

Hamiltonian and Coulomb potential as
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in’v 2
Hi(r,)=— 5 € +V,.(r,)
iR’V ,*
H{(ry) = ————L—+V_(r}) (165)
2
=
8Olre - rhl
respectively.

Note that the energy of a hole is negative as it represents the absence of the electron’s

energy for that state. Also, the perturbative Coulomb potential is attractive and thus

lowers the energy.

In our present notation, the Schrédinger equation for the exciton is

HE(r,) = HE (1) + V, (r)| Eoe (1)) = E| P, (r)) (166)

on the right, and summing over k, we obtain

Multlplymg by <W f,k_ka (rh )K\Vf',lu-kﬂr (re)

the equation that corresponds to Eq. (117a)

D (Wox (O ()| Wo s (1) 4o (k") = {E ~[E,(0) - E, (0) f4(k) (167)

kr
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which leads to the effective mass approximation just as for Eq. (116). In this case, it

takes the form

ih2V2 e2
- — = [F(r)={E—-[E.(0)- E,(O)}F(r) = E, F(r) (168)
2u*  gyr

where we have explicitly labeled the energy as the exciton energy.

where p* is the reduced effective mass tensor and the CP of interest is at k = kg and we
nave defined an exciton energy, which is referenced to the bandgap energy, E., = E -

[EC(O)‘EV(O)] =E- Eg'

With this knowledge, we see that we must reevaluate the dipole transition matrix to

account for the modified wavefunction. Now, in the vicinity of a CP

2

M., )F —| > 400M,,, () (169)
k

If we argue as we did for Eq. (154) that M(k) ® M.(Kp) in the vicinity of a CP at k = ko,

this evaluates to

2 2

~
~

=M., @, )HzllF Ol (170)

D AWM, () ~ M, (k)Y A®K)
k k
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Thus our final expression for the imaginary part of the dielectric function is given by
multiplying Eq. (154) by the square of the magnitude of the envelope function at r=0.

Thus we have

eg¥iton (E) = |F(0)|* 57 (E). (171)

where £57 (E) is the single particle function defined in Eq. (154) and 5*"*"(E) is the
form for the imaginary dielectric function including the exciton interaction. Thus we

arrive at

£ (E) = ||F(0)||2(:1:2) M., (ko)* D 8(E, + E, — E). (172)
all

states
The sum in the density of states term must now run over all allowed energies. For photon
energies below the bandgap (E.. < 0) we will have discrete bound states, while above the

bandgap (£, > 0) we will have the original interband density of states given by Eq. (159)

or Eq. (161) since the exciton interaction is assumed to be small.
1.6.6 Indirect Transitions
In the previous section, we found that since a visible wavelength photon carries very little

momentum compared to the size of the BZ, photon-induced transitions between valence
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and conduction states are nearly vertical (k, = k.). However, if we consider the
interaction of the electrons with the vibrations of the lattice (phonons), this situation is
changed. A photon can excite an electron from valence to conduction band with the
assistance of a phonon. The wavevector difference between the electrons in the two
bands is now supplied by the phonon. Since this is a three particle interaction, the

probability of transition will be much lower than that for direct transitions.

The two likely indirect gap absorption processes are shown in Fig. 20. In the path labeled
1, an electron is excited via a virtual (non-energy conserving) transition by absorption of
a photon. This transition still conserves momentum due to the translation symmetry of
the crystal. A second virtual transition, 1’, takes the electron from this state to the final
state at a different k vector, q = k. - k, through the absorption or emission of a phonon.

A second possible phonon assisted indirect optical transition is labeled 2 in Fig. 20.

To handle this situation analytically, we start with a Hamiltonian which is perturbed by

both an electric field and a phonon interation.

H=H0+H6R+Hep' (173)
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<€«—— phonon transition
<€ ---- photon transition
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Figure 20. The two likely indirect gap absorption processes. In the path labeled 1, an
electron is excited via a virtual (non-energy conserving) transition by absorption of a
photon (1). This transition still conserves momentum due to the translation symmetry of
the crystal. A second virtual transition takes the electron from this state to the final state
at a different k vector, q = k. - k, through the absorption or emission of a phonon(1’). A
second possible phonon assisted indirect optical transition is labeled 2.
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where Hp is the unperturbed Hamiltonian whose eigenfunctions are Bloch states, H,r is

the perturbation due to the electromagnetic radiation field as given by Eq. (139)
e .
R =——AehV (174)

and H,, is the electron-phonon interaction. We start with the perturbation H,,, which has
the effect of mixing Bloch states at k and k’. So our new states are given by second order

perturbation theory by

O k' m Kk|H, |1°Kk
e

m=!

where ll, k) is the new perturbed wavefunction, llo,k> denotes an unperturbed Bloch

function of wavevector k and band index /, Eo(/°,k) is the energy of the unperturbed state

Ilo,k>, and Eo(mo,k’) is the energy of the unperturbed intermediate (virtual) state

|m°,k') . This is valid if

(m K [Hp 1%, K)

Eo(1° k)~ Eg(m° X tho,

<<1 (176)

Then,
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' ~ (C k’eopm Kk ><m k I lO >
(c,k|e0p|v,k>“”§kz Ey(7°,K) = Ey(m® 9km)i.heZ)p
sl
*22 Eo(v k) - Ey(I° k) tho,,

I#v k;

(177)

where the sums in k are over the first BZ. From Eq. (148), we know that the perturbation
e*p preserves k; therefore, k,, = k' and k; = k. Also, using our definition from Eq. (150),

we can write

co M,,,(k’)( 0 Kk’ °,k>
Ey(v° k) — Eg(m° k’)+h(o

MeR,ep (k, k,) = (C, k’le ° p'v, k) = Z

m¥y
5 (K e o My, (k)
e By (v0,k) — Eg(I°.K) £ oo ,

(178)

Finally, following the logic leading up to Eq. (153) and summing the contributions from
all possible transitions within the first BZ, we find an expression for the imaginary part of

the dielectric function due to indirect transitions.

2nen

£,(E) = ( )ZZ"MeRep(k k)| *8[E. (kY- E, (k) - Etho,). (179)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



135

In many semiconductors, the matrix elements M (k,k") can be assumed to be

eR.ep
constant in the vicinity of the indirect bandgap. Then we can find the structure of the

indirect gap by converting the sums in Eq. (179) to integrals over the density of states

> > 85k~ E,() - Etho ]
k k'

(180)
= f IDV(EV)DC (E)S|E, - E, - E tho , WE. dE,
For the case of parabolic bands,
, hzk'z
Ec (k") = Eind + -
(o4
V22 (181)
E,(k)=~——
2m

14

where we have put the zero of energy at the top of the valence band, k and k' are

referenced to their respective extrema, and the effective masses are also the values for the

extrema. Then using Eq. (159), the densities of states are
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[ ,3/2
v _2Ev
>3 E,<0
D,(E,)={ ™"
0 E,>0
(.32 5E (182)
m, ,/ ~FE:
(2(; Md) E >Emd
De(E:) =3 nh
0 E.<E,,

Then returning to our integral we have

j' _[ D,(E,)D (E.)E, ~ E, - E + ho , HE,dE,
L L
2
= —(’"CT”’GL j J}/- E,\E, - Eygd|E. —E, - E+ho, HE,dE,  (183)
5 /2 haﬁhmp
m m
—i—L4h6 NE+hm "E \JE, - E,ydE,

8

by changing the variable of integration to

= E _Eind
Exhe,-E,

(184)

Then the integral becomes
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_[ IDV(EV )D(E,)3|E, - E, ~ E + ho , HE,dE,

« =P/2 1
_2memy [ (- Epng 100, P [VxT=xax (185)

4.6
T h ;
« =P7/2
m mV —
= 4(':1{3}'16 (E_Eind +h03p)2
Using this result, Eq. (178) becomes
g2(E) =
2 /2
2meh (,fm:')3 ) _ Epg tho, -
( moE ] ;Tt3h6 ”MeR,ep (kO,v’ kO,c )” (E ~E, 0¥ hcop)ze(l - T

(186)

where kg, andKkg . are the k vectors at the CP extrema of the conduction and valence

band, respectively, and 6 is the unit step function. As a final comment, we note that

although Mg (k,k") does not have a strong k dependence in the region of the CP, it

does have a temperature dependence since it incorporates H,,. Thus it will be
proportional to 1, and n, + 1 for phonon absorption and emission, respectively, where #,

is the phonon occupancy number given by the Bose-Einstein distribution

np '-:—'ehmp/T. (187)
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where T is temperature and kg is the Boltzman constant. Since the work for this

dissertation was all done at room temperature, 7, was taken to be constant.

1.6.7 The Krammers Kronig Relation and Dielectric Function

Symmetries

For most of this section, we follow the presentation of Jackson.”! We begin with the

defining equation for the dielectric function

D(r,0) = €(@)E(r,0) = E(r,0) + 41} (0)E(r,») (188)

where €(w)and ¥(w) are the complex frequency dependent dielectric function and
polarizability respectively. D(r,o)and E(r,0) are related to the time dependent

expressions via Fourier transformations

D(r,t) = % D(r,0)e ™ do
T
": (189)
1 .
D(r,0) = — ID r,t)e’ dt
( J \/51?_00 (

and corresponding equations for E. Using these expressions, we find
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D(r,t) = E(r,1) +-J% I 4% (0)E(r,0)e " do
“jo . (190)
= E(r,)+2 I F(w)e ot _" E(r,")e™ di'do

-0

Interchanging the order of integration above, making the substitution Tt = #-¢’, and

performing the integral over ®, we obtain
1 [+ o}
D(r,0) = E(r,0) + >~ I G(t)E(r,t - 1)dr (191)
T
where G(t) is the Fourier transform of 4ny(®) =€(w) -1

G(x) = [E(w) - 1}e-iozdo
21
:° (192)
Ew)=1+ [G(r)eiotds

We now apply the argument of causality to Eq. (191). That is the electric displacement D

at a time ¢ is only determined by electric fields that have occurred up to the that time.

Thus, G(t) = 0 for T < 0. Therefore, we can rewrite Eq. (191) as
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D(r,t) =E(r,t)+ EL IG(t)E(r,t —1)dt (193)
o
Correspondingly, the second line of Eq. (192) becomes
g(w)=1+ I G(t)eiotdt (194)
0

This is an important result because of what it tells us about the dielectric function. First
of all, G(t) must be real due to the reality of D(r,t) and E(r,t) and Eq. (193). Thus we

can deduce from Egs. (189) and (194) that

D(-0) = D*(o*)
E(-0) =E*(o*) (195)
T(~0) =T *(0¥)

For real o, this means that the real part and the imaginary part of the dielectric function
are even and odd respectively. Further, Eq. (193) shows that €(®) is an analytic function
in the complex upper half plane (Im ® > 0) provided G(z) is finite. Along the real axis,
we also find that €(w) is analytic, so long as G(t) — 0 as T — . For conductors, this
last requirement is not met since an electric field even in the remote past generates a
polarization in the present. That is G(t — «©) — 4nc and thus, the imaginary dielectric

function has a pole at ® = 0 in agreement with Eq. (94) which we restate here.
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g (@~0)= 4:;" (94)

The analyticity of €(®) in the upper half plane leads to the important Kramers-Kronig
(KK) relation, which relates the real and imaginary parts of €(»). For any point ® in the

upper half plane, Cauchy’s theorem states

L E@)-l
(®) l‘zm'cj‘ do (196)

o' -0

We choose the contour to consist of the real @ axis and a great semicircle at infinity in
theupper half plane. (w) vanishes sufficiently fast for |o|—> o that there is no

contribution to the integral from the greal semicircle. Thus Eq. (196) becomes

F(w)-1=— Ig(ml)_ldco’ (197)

27 o' -0

Temporarily neglecting the possible simple pole for a conductor, Eq. (197) has only a

single pole at ® = w’. Thus Eq. (197) can be written as

(@) —l=— PJ'S(“’) ~lg (198)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142

Where the P indicates the Cauchy principal part of the integral (that is when performing
the contour integration, one takes half the value of a residue on the contour). To be

consistent with other sections, we use E = i The real and imaginary parts of Eq. (198)

then are

g (E)—1=— PIsZ(E)dE'
(199)

Using the symmetry property of the dielectric function in Eq. (195) [that is &;(E) even

and &;(F) odd], this can be rewritten

e(E)-1=2 PJ'ESZ(’;_) dE’
(200)

e/ (E) -1

£,(E) = ZEPI — 5 dE

The relations in Eq. (199) or Eq. (200) are known as the KK relations.
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1.7 Modeling — lineshape

The dielectric properties of a crystal are known to be strongly connected with its energy
BS. Transitions involving these energy bands, including relevant excitonic effects, are
responsible for the structure in the optical constants in the reéion of this thesis (MIR-
UV), as discussed in sections 1.6.2 and 1.6.4. (We note that in the far infrared, the
dielectric function is dominated by contributions from phonons and free carrier
absorption.) For illustration, we display in Fig. 21 the dielectric function of Ing¢sGap ;4As
along with a model fit developed in this thesis. The main structures correspond to the
energy-band structure interband critical points (CPs) denoted Eo, Eot+Aq, Ei, E\+A;, Ey',
and E;. The features near E| and E;+A; are labeled by their exciton energies E;-R, and
E\+A-R; (R, being the exciton binding energy) since the excitons are the major feature
for these CPs, as will be shown in sections 1.7.2 and 1.7.3. The fact that the main feature
is lower than the CP and even the well known excitonic nature of theses CPs>” is usually
neglected in the literature, even when it is important as for semi-empirical band structure
calculations. For this material, the Eo’ and £, CPs are at nearly the same energy and were

not resolved, so they were treated as a single structure.

In this section, we present a new comprehensive model dielectric function for diamond-
and zincblende-type semiconductors. Ours is the first correct modeling of the dielectric
for diamond and zincblende-type semiconductors including discrete as well as band-to-

band Coulomb enhanced (BBCE) effects, i.e., continuum exciton at the CPs denoted E,,
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Figure 21. Dielectric Function of Ing ¢sGag 34As showing major features at Eqg, Eg+Aq, E|-
Ry, E;+A-Ry, E3, and Ey' along with the fit developed in this section. For this material,
the E; and Ey' CPs are at nearly the same energy and were not resolved, so a they were
treated as a single structure.
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Eq+Aq, E\, and E1+A;.! Because of the inclusion of these effects, we are able to obtain an
excellent fit to the experimental data yielding several physically important parameters
such as energy gaps, oscillator strength, broadening, and exciton binding energies,
including the first evaluation of the exciton binding energy at the E,, E;+A; CP, R;. Our
results, particularly for exciton continuum effects at £, have considerable implications

for recent first-principles band structure calculations which include exciton effects.'"""?

Previous work on modeling dielectric functions have been incomplete, in particular prior
to this work, no one has correctly accounted for excitonic effects in modeling an
experimentally determined dielectric function. Aspnes who was the first to obtain high
quality visible range dielectric function data chose not to model his data,*” or used third
derivative Lorentzian lineshapes to fit the third derivative of the dielectric function in
order to extract bandgap energies and broadening parameters.’”® Erman er al.%° used a
model of several harmonic oscillators to fit the dielectric function. Although the data can
be fit well given enough oscillators, no physical information is obtain from this
phenomenological fit. Lautenschlager et al.®' used second derivative Lorentzian
lineshapes to fit the second derivative of the dielectric function in order to extract
bandgap energies of GaAs for several temperatures. Adachi and his collaborators® have
probably done the most fitting of ellipsometric data to date. They used a model similar to
ours based on a sum of contributions from the various CPs in the band structure. Their
model takes the nature of each CP into account and includes terms for the bound exciton
states; However, it fails to take into account the Coulomb enhancement to the continuum

states, which must be present along with the bound exciton as shown by Elliot.®> The
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University of Illinois-Chicago group® have used a model similar to Adachi’s and
introduced both Lorentzian and Gaussian broadening terms into their expressions, but

they have, like Adachi, failed to include Coulomb enhancement to the continuum states.

Absorption data near the fundamental bandgap has been modeled using the correct Elliot
formulation with great success at least for the Ey, Eq+Ag transitions.®’ In particular, Goiii
et. al.®® found a closed form for the Lorentzian broadened Elliot formula for the

absorption coefficient near the fundamental bandgap.

In the model that we have employed, the dielectric function is approximated as a sum of
several components, each of which is an explicit function of energy and represents a
contribution from the neighborhood of a CP in the joint density of states (JDOS). For the

Eo, EqtAo and E, E+A, features we have explicitly taken exciton effects into account.

As required € and ¢, are KK transforms [Eq. (199)] of each other.

Using the model explained in this section, we have performed the first fitting of both the
real and imaginary parts of the dielectric function explicitly taking both bound exciton
states and continuum Coulomb enhancement into account at the Ey, Eqt+Ag and E,, Ej+A,
CPs. To represent actual dielectric function data, we have performed two integrals on
each of the expressions given by Elliot® for the 3D features, Eo, Eo+Aq and Shinada and
Sugano67 for the 2D and £, E\+A, features: 1) the probability per unit time of electron
transitions is Lorenzian broadened and then 2) the resulting imaginary part of the

dielectric function is analytically KK transformed to obtain the real part. Tanguy has
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developed similar expressions for the dielectric function including bound and continuum
excitonic effects near both 3D and 2D’ type CPs, but has not used his expressions to fit
measured data. Our expressions differ from his in two main ways. First, he Lorentzian
broadens the entire dielectric function while we only Lorentzian broaden the electron
transition probability, which in our case corresponds to a lifetime effect for the electronic
energy states. Secondly, our expressions involve only simple functions while his involve

the more complicated digamma function.

1.7.1 Eq and Ey+A, Features

The E, band gap is a 3D M, type CP at the center (I" point) of the BZ. This means that
the BS has positive interband effective mass in all directions for this CP. To calculate the
contribution to the dielectric function near the Eq CP, we begin with Eq. (172) for the
imaginary part of the dielectric function including exciton interactions applied at a CP

with ko = 0.

2( 2meh 2
%2550 (O~ IFOF (25 | Mo OFF T o(6uc 02, Qo1

states

where Ej is the direct bandgap energy. According to Eq. (168), the envelope function

F(r) refers to the solution of the hydrogen atom-type Schrédinger equation
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22 2
[— v ——e—:lF(r) = E,_F(r) (202)
2[-1 * 80"

where p* is the (3D) reduced interband effective mass at k = 0 and g is the static

dielectric constant of the material. This equation has well known solutions.®?

For the bound states, F{0) is non-zero only for s states, where we have

1
F‘In‘l[‘]m (0) = Fq,, OO(O) = 3 3 (203)
T oxdn

at the doubly degenrate (spin up/spin down) eigenenergies

Ex, =X (204)

dn>s - 2
n

where g, is the energy quantum number, g; is the orbital angular momentum quantum
number, g, is the magnetic quantum number, R is the ground state exciton binding
energy (the Rydberg), and a., is the effective Bohr radius of the exciton. These last two

are given by
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% 4
R=T35
2h €9
(205)
h2€o
a =
p*e?
where e is the electron charge.
For unbound states, the wavefunction gives a factor of%
n=(E)
[FO = 22 (206)
smh['rtz(E)]
where z(E) = R .
E-E,
The density of states in the continuum is given by Eq. (159) to be
pe2E-E)
3.3 > EO
Zs(Ec —E,—E)= Tk : (207)
k 0 E< Eo

where Eq = E(0) - E,(0) is the bandgap energy.
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Substituting Egs. (203)-(207) into Eq. (201), one obtains for the unbroadened imaginary

part of the dielectric function for positive energy

= e™O(E - Ey)
g, ,EOCP(E)— Z 8(E0 E)+_—sinh[1tz(E)] (208)

= n

where

22 2 R
A=, o ZVBTR o (209)

Next, following Goiii et al,®® we convolute the term in brackets (and not the 1/E?) of Eq.
(208) with a Lorentzian function. Since the term in brackets comes from the transition
probability of the quantum states [Eq. (141)], this corresponds to a finite lifetime of these
states. When we broaden the dielectric function, we must remember Eq. (195) which
states that the imaginary dielectric function must be odd. Although this seems to be a
small correction, it is crucial if one wants to use the KK transform to determine the real
part of the dielectric function (as we will later). With these considerations, we find the

imaginary dielectric function to be
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S 1
24 qn=lq3 ;:,O_E—IT;:,O E'exo"f'E"l‘ll—‘e'x

SZ,Eg:P (E) = Imq -3 w r (210)
E O(E' —E,) O(-E'—E,) dE'

+ j 2nz(E) 2n=(-E) | F' _ F
l1—e E E ITO 1)

l1-e

where E‘f"yo are the bound exciton energy defined by Eq. (204), F;xo are the broadening

parameters for the exciton states, Ey is the CP energy, and I'y is the broadening parameter

for the continuum states.

Since Eq. (210) is the imaginary part of a real function, one might be tempted to assume
that the expression in curly brackets is also good for the real part of the dielectric
function. We will see later that this is not quite correct, and the KK transform will give
us an additional real term that will cancel a singularity in the real part of the term in curly
brackets at £=0.

To evaluate the integral Eq. (210) we follow the method presented in Goiii er al.%

Focusing on the first term, we simplify it as

‘]- O(E'~Ep)  dE' 1 fl+coth[rz(£")] -
1—e2=(E) E'— E~il, 2E E'-E-iT,
11)
=——1—Im[ln(E0 — )]+ J'f_cihiz(_E_)]dE'
2 ZTO
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To evaluate the part containing coth(nz), we make the substitutions

2;2 — EO —'E—ZTO
z2 R R

(212)

Then we find

aj‘coth[nz(E')] dE' =°j‘
E-E-T, Jx*+E2

Ey

coth(ﬁ)dx -1 J‘ —x—coth(zjdx 213)

2 2 g2 X
x X +E

The last step is valid since the integrand is an even function of x. The poles for this

expression in the upper hemisphere are at
x=i& and x=-—, m=1,23,.. (214)

Thus, integrating Eq. (213) along the real axis and half-circle in the upper half plane,

cothlrz(ED)] 1o _ oo ® Zi (215)
E,—E—ITO 3 —I/n

Ey

Using Egs. (211) and (215) in Eq. (210), we find the broadened expression for the

imaginary dielectric function
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Z{gb [E(E +iT.7)]+ gb,, [E(-E - T o)1}

gep (B) =Imy— EZ e (216)
+gU[E(E +iTp)] + gu[E(—E —iT)]
where
2,0 Eg—X
E°(X)= 7
4 1
gb, (&)= Z};T-_r};_z (217)
gu(g) =~In(&?) - ncot( J Zq——
_1 n -

with gb corresponding to the bound excitonic states and gu to the unbound band to band
continuum excitonic states (BBCE). At this point, because Eq. (216) is the imaginary
part of a complex function, it is tempting to simply take the expression in Eq. (216) as the
complex dielectric function. However, one needs to use the KK relation to insure the
correct result. In particular, the real part of the expression in Eq. (216) has a singularity

at E=0 that goes as 1/E>. To perform the integration we start with Eq. (200)

g (E)-1== PIEaz(E)dE’ 218)
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where now we must take the contour around the upper half plane that includes the pole at

E = F’. Using the odd symmetry of €;, we can transform this to

& (E) - 1——P Jf;?(E)dE' 219)

For simplicity, we examine this integral for the » = 1 bound state

€y gep 1y (£) 1

1 1 ) (220)
=—F _( 2 2 Im ex ' ex + ex ’ ex dE
T e E (E -F ) El,O —FE'— ITI,O EI,O +FE"+ lTl,O

By partial fraction decomposition, we get

Sl,EEP,lb(E) -1

nE> E'+E E'-FE E Efp—E'-iTy Efo+E'+iI7}

-0

(221)

Since we are taking the principle values for the singularities at £’ = +£ we must do the
same for the singularity at £’ = 0 in our contour. This can be seen by letting E’-> E’ - i§
(6 being infinitesimal) to include the first two singularities explicitly, and noting that in

this case, the third term singularity is also included. By symmetry, the (£’ + E)"' and (£’
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- E)' terms must give the same contribution. We further note that each term in the
integral of Eq. (221) is simply the expression for the KK transform of a Lorentzian

function. Thus we obtain

ELES? 16 (£)-1

_AR 1 . 1 1 (222)
E? Ef-E -y Efy+E+@fy Efp—iTfy Efp+ity

The other terms in Eq. (216) likewise only have residues at £’ = +E, 0 and thus transform
similarly. The final expression for the EO contribution to the complex dielectric function

then is

&0 (E)

o (gb, [E(E +T )]+ gb, [E(~E~T2)]

_A|2

= 27| |~ 8y, [EGT )] - gy, (-5 )]
+ GU[E(E +iTo)] + gul&(~E — Ty )] - guE(iTo)] - gul&(~T)]

(223)

This expression has the properties one expects for the dielectric function as discussed in
section 1.6.7. The real part is even, the imaginary part is odd, there are no singularities in
the upper half plane, and of course it satisfies the KK relation. The imaginary part of Eq.
(223) does have one singularity along the real energy axis at £ = 0. This singularity at £
= 0 goes as 1/E and thus corresponds to a DC conductivity as discussed in the paragraph

after Eq. (195) and given in Eq. (94). It results from the Lorentzian broadening in that at
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zero energy there is still a small probability of producing transitions. This singularity and

others like it will be discussed below the section 1.7.6.

The first and second derivatives of Eq. (223) can be written as

dle CP(E)] -
_Eo_z__z’g cr(E)
E &

) CSCz(L
Su-

-

|

dE
( [
m (L
i L SR S D
q ( 2 -2)2 ( 2 —2)2 g4
. A J""=l n | Epr —4qn Eb- —4n u+
E%R L
1 1 2 1 1

and

Te e “in €2, -¢;2f —(iﬁ-—q;z

i

- 4
&y
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2
@] 5 (E)_idSEgP(E)]
dE? | gL B dE

“a, [(% 7 & —an )’}

A4 2 §u+ §u+ -1 éu— &u- -1

+——<+27n + e
2 6 2
E*R? S £Z, £s g2
R S S S 3 1 + 1
4 4 2 -2 2 -2
u+ u= ‘In=lqn ( u+ —49n )3 (éu— —qn )3 )

(225)

where

Epr =E(E+ITy)

Ep- =&(—E—iT}) 226)
Eur =E(E+IT,)

Eu- =&(-E-1T},)

The Egt+Ao feature has also been described by broadened excitonic and BBCE
components, with parameters similar to those used for the E, feature, i.e. Eq. (223) with

ECP (E) - 8 (E)’ A_)Ba EO-_) E0+A0’ R_>Rs¢7:

ESP 4+,

[& >T&,,,adlp >, (227)
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1.7.2 E; and E;+A; Features

For diamond and zincblende materials, the E; and E;+A; CPs are generally accepted to be
M, type, but with a very large mass along the <111> direction compared to the mass
perpendicular to this direction. We take the approximation that the interband mass along
the <111> direction is infinite. Then the CP is of the 2D M, type. The form of the

unbroadened absorption spectrum was worked out by Shinada and Sugano.®’

As at Ey we begin with Eq. (172), only now we apply it at a CP near ko =L =n/a [111].

2men ) 2 2
e2.607 (£) =( — ) M., W[ |7 )] %:S(Eex + £y ~ho). (228)

states

where E) is the CP energy. The envelope function is now the solution to the 2D

hydrogen atom-type Schrédinger equation

hz 52 az 82 _
[- e (6x2 + " )— 80rJF(r) =E, F(r) (229)

where p| is the (2D) reduced interband effective mass perpendicular to the <111>
direction at k =L and g is the static dielectric constant of the material. This equation has

well known solutions.®’
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F(0) is non-zero only for s-type states. For the bound states, we have

8
F, 0)=F, ¢0(0)= (230)
9n919m 9,00 raZ (2 q, - 13

at the doubly degenerate (spin up/spin down) eigenenergies

o S (231)

)
I (g, —1)?

where g, is the energy quantum number, g; is the orbital angular momentum quantum
number, g, is the magnetic quantum number, R; is the ground state exciton binding

energy (the 2D Rydberg), and a,, is the effective Bohr radius of the exciton. These last

two are given by

(232)

where e is the electron charge. Note that in some literature, the Rydberg is defined as Y

the value given here.
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For unbound states, the wavefunction gives a factor of®’

, £ 2m(E)
IFO)° = ———; (233)
cosh[2nz(E)]
where z(E) = &
E-E
The density of states in the continuum is given by Eq. (161) to be
Ll EsE
D SE,—E,—E)={™ (234)
k 0 E<E

where £y = E(L) - E(L) is the CP energy.

Substituting Egs. (230)-(234) into Eq. (228), one obtains for the unbroadened imaginary

part of the dielectric function for positive energy

= R 2nz(E)y i
g, ger(E) = TrC:;I E Ll S(E, —_.EL____E) + £ 8(E-E;) (235)
- E* | 74 (29, 1) 2g, -1)° cosh[2nz(E)]

where

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



161

ap’ e?
Cy =M, (O 4 (236)

Next as we did for £, , we convolute the term in brackets of Eq. (234) with a Lorentzian

function. We find the imaginary dielectric function to be

82,EICP (E)

-

' - w

2C, q,,=1(2qn "1)3 ;:,1 —E—IT;:,I E;:,l +E+z'l";:’1 (237)

2| «

£ +J‘ O(E'-E) _8(-E-E) dE'
1—e ¥m=(E) | _ 4w CE) JE — E—il

= Im/{

where E;:’l are the bound exciton energy defined by Eq. (231), I’ ;:’1 are the broadening

parameters for the exciton states, £ is the CP energy, and Iy is the broadening parameter

for the continuum states.

To evaluate the integral Eq. (237) we are guided by the method we used for £y. Focusing

on the first term, we simplify it as
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t 0(E'-E) dE' 17 21tz(E .
[y e i),
l+e3=E) E'—E-iTy 2 E -
(238)
= —lIm[ln(El —E-D)]+ J‘Eanh_[Zni(_El]dE,
2 E'—-FE-iT;
Ey
To evaluate the part containing tanh(2nz), we make the substitutions
xzz_lz_zE“El g2 Bi-E-M (239)
z Ry Ry
Then we find

J‘tanh[?-ftz(E’)] dE' = J‘;?mh(z_")dx _1 f d tanh(z—n)dx (240)
E'—E—iT

Eq

The last step is valid since the integrand is and even function of x. The poles for this

expression in the upper hemisphere are at

x =1 and x= T m=1,2,3,... (241)

Thus, integrating Eq. (240) along the real axis and half-circle in the upper half plane,
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c’j'tanh[ﬂZ(E')] 5’ = etan ( ) Z e (242)

E,—E—ITO -1q'1 -Qn

The rest of the analysis follows exactly as for the E; transition with the final result for the

E| transition contribution to the dielectric function of

s gb, [E(E+T2)]+ gb, [E(—E ~ )]
Sper (B)=—3| o= | — by, [EGTE )] - gy, [E(-TE)]
+ QUIE(E + ITy)]+ gulE(~E — iTy)] - gulE(T))] - gul&(~T1)]

(243)
where now,
2 _E-X
&0 ==
gy, B = 0
n 2q,-1¢ —1/(2q,,-1)2
@ 4 1
=—In(4 t
gu(E) =—In(4&%) +m an(zgj ;2qn—1§2-1/(2qn-1)2

with gb corresponding to the bound excitonic states and gu to the unbound band to band

continuum excitonic states (BBCE).
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Like Eq. (223), Eq. (243) has the properties one expects for the dielectric function as
discussed the section 1.6.7. The real part is even, the odd part is odd, there are no
singularities in the upper half plane, and of course it satisfies the KK relation. The
imaginary part of Eq. (243) does have one singularity along the real energy axis at £ = 0.
This singularity at £ = 0 goes as 1/E and thus corresponds to a DC conductivity as
discussed in the paragraph after Eq. (195) and given in Eq. (94). It results from the
Lorentzian broadening in that at zero energy there is still a small probability of producing

transitions. This singularity and others like it will be discussed below in section 1.7.6.

The first and second derivatives of Eq. (223) can be written as

d[gE'CP (E)] _=2 € cr(E)
dE E &

r - N

i 8 1 _ 1
- 2 2

q,.=12q" ! (F,z —___1__) (5,2, 1 )
b+ (ag,-1)? T (g1

[ 2 ( s 2 1
2 sec J sec ( )
C1 J_I_Tt k2§u+ _ 2§u-— 1 1

+ u—
ER| 2| £, . g2, &l

—

) 2 5 2
-1 - 1
E.vb+ @ q,,—l)z ) (§ b- 4, __1)2 ) ) (245)

and
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dE? P LT
2"": 16 1 N 1
= 2g, -1 3 3
=l (§§+”(,1 z) (élzv-" ! z)
...q,,—l) (2qn—l)
Secz(zlrt ) n:tan(z J Secz(zg ) ﬂtan[zgt }
+ 2Az4+n2 6§u+ 2§u+ +1 - u— > u-~ +1
E°R §u+ 2E.m+ éu-— L 251"‘
1 1 - 8 1 1
+ + - +
3
Eur  Eu- qnzﬂ%—l 2 1) (2 -1 )
| (g1 Qg1 J
(246)
where
Ep, =E(E+T})
=§(-E~il

Eur =G(E+IT,)
Eu- =8(-E-1})

The E;+A; feature has also been described by broadened excitonic and BBCE

components, with parameters similar to those used for the £, feature, i.e. Eq. (243) with
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gger (B) > Eper,, (E), C1> Co, Ev—> ErHAL Ri>Rs,

I —>I; aand} >y (248)

n»

1.7.3 Discussion of E; Exciton Binding Energies

We pause the development of the dielectric function model, to discuss the significance of
the 2D exciton at £, and E\+A;, R,. Fits based on our model (presented in section 1.8.1
for Zng 53Cdg 47Se and section 1.8.2 for Ing ssGag 34As) have yielded the only experimental
evaluation of the exciton binding energies at the E), £,+A; CP’s, R, except for one study
based on low temperature (10 K) reflectivity which measured R; for CdTe and ZnTe?

The contribution to the dielectric function of EEF” (E) and EE[CP A, (E) based on Egs.

(243) and (248) and the fit parameters for Zng 53Cdg47Se from Table II is given in Fig.
22. The solid, dotted, and dashed lines represent the total, bound exciton, and BBCE

contributions to the dielectric function. The arrows at the bottom of the figure denote the

values of E, E|-R,, E\+A;, and E|+A-R,.

It is clear from the figure that the main structural features in the vicinity of the £, E|+A;
CP’s are actually due to the bound exciton, which in this case is 270 meV below these
CP’s. Although the excitonic nature of the Ej, E;+A; CP’s is well established,”” all but a
few papers label the main BE features as the E), £;+A; CP energies rather than as the

exciton energy.
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Figure 22. Contribution to the dielectric function of € £CP (E) and €

4 5
Photon Energy (eV)

E(_‘p A (E) based on

Egs. (243) and (248) and the fit parameters for Zng 53Cdg 47Se from Table xxx. The solid,
dotted, and dashed lines represent the total, bound exciton, and BBCE contributions to
the dielectric function. The arrows at the bottom of the figure denote the values of Ej,

E-Ry, Ei+A,, and Ej+A -R).
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To verify the validity of our experimentally determined values of R;, we can use a simple

8 (Basic kep theory was discussed in section

three-band kep as pointed out by Kane.
1.6.2.) Due to symmetry, there is no kep interaction between the lowest lying conduction
band and the highest lying valence band along the [111] (A) direction (which is the

reason for the large effective mass along this direction and the 2D nature of the E; and

E;+A; CPs). The expression for the conduction and valence band effective masses

perpendicular to [111] at E, (m,;, and m,, repectively) from three-band kep are

1 1 thz[ 1 1 J
re -t
m,.; mg mq El E1+A1

2p2
R S S (o (__1_) (249)
m,, my my \ E

P=(u,|~ ihV]u,)

where myq is the free electron mass and u, and u. are the valence and conduction band

wave functions, respectively. We can obtain an estimate of P by applying the three-band
kep model at the center of the BZ for the conduction band effective mass, m; ,atthe I

point.

2p2
L 1] -
m my my 3E0 3(E0 + Ao)
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Using Egs. (249) and (250), we can determine m., and m}, from m_, Eo, Eo+Ao, E\,

and E+A,. The theory is not exact since the values of P at the I" and L points of the BZ
should be somewhat different. Also it only considers interactions between the lowest
lying conduction band and the two highest lying valence bands. Finally, using Egs.

(249), (250) and (232), we can evaluate R, as

2u7et
R PR
€0 (251)
11 1

Our extracted R, values for Zngs3Cdgs7Se and IngesGags4As and those of GaSb,8
Ga,,InAs,Sby., (x=0.15, y=0.15),” CdTe,'® and CdS'® determined by others using our
model are listed in Table II along with the theoretical values given by Eq. (251). It can
be seen from the table that the values obtained by fitting the dielectric function to our
model are in good agreement with the value predicted by Eq. (251) and show the correct

general trend.
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Table II. Extracted R, values for several materials using our model and theoretical values
given by Eq. (251).

Material Experimental R; Theoretical R;
Zng53Cdo.47Se® 27050 300
Cds® 205+30 290
CdTe® 145+40 150
Ing 66Gao 34As® 92120 55
GaSb@ 3242 25
Ga,_In,As,Sb;_,© 3045 26

(x=0.15, y=0.15)

@ determined in section 1.8.1

® from ref. 10

© determined in section 1.8.2

@ from ref. 8

© from ref. 9

Our model treats the £, and E|+A; CPs as purely 2D. That is we have assumed the
reduced interband effective mass to be infinite along the [111] direction for these CPs.
Clearly this can only be an approximation. This approximation is somewhat validated by
the Kane’s study of the Coulomb interactions at CPs with large mass in one direction.
His numerical simulations using the effective-mass approximation and the adiabatic
method show a dominant peak in the dielectric function near the 2D exciton binding
energy. He also finds the £|-R, peak should be asymmetrical, dropping more sharply on
the high energy side for a negative heavy mass (M;) CP and more sharply on the low

energy side for a positive heavy mass (M) CP.
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1.7.4 E; and E, Features

The E; triplet features come from transitions at the center of the BZ between the highest
lying valence band and the second lowest lying conduction bands, including spin-orbit
split bands, while the E; feature comes from transitions near the X point (2n/a [100]) and
along the X ([110]) direction of the BZ. Often the E; triplet transitions cannot be
resolved in the broad CP usually observed in optical measurements and can be modeled

as a single transition.

The nature of these transitions are more complicated than the Ey and E; transitions in that

they do not correspond to a single, well-defined CP. Therefore, following Adachi®*™® we
model these with a damped harmonic oscillator (DHO) model.
- F
Epce (E) = T (252)
: 1=x")-ixy2

where F is the oscillator strength parameter, 3 = Ei’ E; is the interband energy gap for
2

the £, CP, and y; is a nondimensional broadening parameter. For the £y’ transition, we

use Eq. (252), but with € CP (EYy—>¢ ECP (E), F—> G, E2—> Ey, and y,>7y'.
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We note in passing that these transitions probably have a strong excitonic component
owing to their high interband effective mass. The DHO we are using is similar to a

simple Lorentzian as would be expected for a broadened exciton state.

1.7.5 Indirect Transitions Features

The unbroadened expression for an indirect transition’s contribution to the imaginary
dielectric function of in the absence of excitonic effects is given by Eq. (186). We

rewrite this as

D F E; d +ho
%2.05 (8) =F(E F10, = Epg | ol -—"——"5) (253)
where
2 * * /2
2e m )
D= (;) £4‘:7”2;:12?—-”MeR,ezp (ko,vako,c) . (254)

and E is the photon energy, hw , is the energy of the phonons involved, and Eig is the

indirect gap energy. From here, we follow the procedure of Adachi for getting a
broadened dielectric function for this expression.”” First we note a problem with the

expression in Eq. (253) in that it does not converge to 0 as E—»co. This is due to the
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nonphysical assumtion of parabolic bands extending to infinite energies. On must,
therefore, modify the model by applying a cutoff at energy E. to the expression in Eq.

(253), obtaining

D (. . _ ED +he E
22 (B)= 5 (EF h0 5 =~ By f 00 -—E— 23001~ —5). (255)

2

We have assumed D is independent of energy. We make the further simplification of

letting A ,= 0. Then the KK transformation of Eq. (255) is

r 2 2 5
_2[Eind) In Ec _*_(1_*_ Eind) In E+ Ec
J E Eind E E+ Et'nd

€15, (E)=D R
+| 12 | gl 2 Ze
( E ) (E_EindJ

(256)

—_—

We now introduce broadening effects by introducing a phenomenologic damping by
replacing £ by E+iI. Thus the contribution of the indirect transitions to the dielectric

function is given by

[ 2 2 ]
_2( Eing ) ln[ E, J+(1+ Eing ) ln( E+iT+E, j
E+iT Eipu E+ilC E+iT+E;,,
?

5 (257)
| E+iT E+iT—-E,,

e (E)=DJ

J
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Equation (257) is not as carefully derived as our expressions for the Ep and E,; transitions.
Excitonic effects have been neglected; however, since we are not concerned with indirect
gap semiconductors, we have not observed this structure anyway. The broadening is
phenomenological and approximates Lorentzian broadening. Equation (257) does
incorporate the proper symmetry of the dielectric function [Eq. (195)] and is obeys the
KK relation. In addition as 0. the imaginary part of Eq. (257) agrees exactly with Eq.
(255). Also, one should be careful with this expression to make sure that it does not
introduce unwanted structure at E., that is that it is broad enough to not give structure at

E..

1.7.6 Total Dielectric Function/Other Considerations

The model presented above can be used to fit the experimental dispersion of e(E) over the
entire range of measurement presented in this document. The total dielectric function
was found by summing the expressions given in the previous four sections, i.e., Egs.
(223), (243), (252), and (208). A constant, €., was added to the real part of the dielectric
function to account for the vacuum plus contributions from higher-lying energy gaps.
The various strength parameters (4, B, ...), bandgap energies, and exciton binding
energies were used as adjustable constants for the calculation of both g;(E) and &;(E).

That is
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e(E)= ~EgP (E)+ EE((,:P-!-AO (E)+ gggs (E)+ EE[CP (E)+ EEICP e (E)+ gzch (E) 258)
+ EE(’)CP (E) + 81«,

After initial fitting to the data, it was noted that model €>(E) had a small but significant
value below the Ey gap. This is due to the fact that the broadening of the various CPs is
not exactly as we have assumed, that is Lorentzian. In particular we note that broadening

terms tend to increase for higher energies because there are more decay channels for

higher energy states.

For the high bandgap (2.08 eV) Zny 53Cdg 47Se, this problem was relieved by introducing
a simple linear cutoff for the low energy tail (well below the CP) for the Einq, E1, E1tAy,
and E> contributions to g;. That is a corrected imaginary dielectric €, ., was calculated

using

E-E,
co_EO

€9.00(E) =€5(E) (259)

where E_, is the cutoff energy and Ej is the direct bandgap. £, was corrected by a

numerical KK analysis of Eq. (259).

For the low bandgap InGaAs (0.612 eV), The singular terms at £=0 in the expressions for
& at Ey, EqtAg, Erand E;+A; [Eqgs. (223) and (243)] made the above procedure untenable.

In this case, we simply subtracted off the 1/E singularity from the imaginary parts of
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these terms. By examining these equations at £=0, one can find real expressions for the

singularities to be subtracted as follows.

[ 320yn3R(Egn® - R) 4T

2 2 2
[(Eg'nz - R)z + I“g‘n‘il Eq+To

5| =m b (260a)
E@T, )(1 +cot [§(1T0 ) D

(Eo —-Tp )

A i
Eq: € E)=—4
0 2,5( ) E

+2n2RIm

64T R, (2n— 1)3@1 Q2n-1)2 - Rl]

2
l:(Elz(2n— 2 - Rl)2 +If(2n— 1)4}

} , (260b)

C
SERTCE =
L S &(ily)
Ef+T7 R (T )*"?

and corresponding expressions for the spin orbit split components. We note that the KK
relation tells us that subtracting a term proportional to 1/E from & has no effect on g, so

after this subtraction, the expressions are still KK consistent.

As a final note, we discuss how the effects of a Burstien-Moss (BM) shift of the optical

absorption edge due to heavy doping can be modeled in our formalism. For degenerately
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doped semiconductors, the optical absorption edge moves to higher energy due to the
filling of states near the band edge. More will be said about BM shifts the section 1.8.2.
For now, we simply wish to note that since this effect is simply the filling of the band to

some Fermi level, the shifted imaginary dielectric function &; gp(E) should be simply a

Fermi function times &,;(E) for doped material

1
€2.8m (E) =2(E) BT (261)

where k3 is the Boltzman constant, Er is the Fermi energy, and T is the temperature. As
will be seen later, when we used this to fit the dielectric function, we had to use a
temperature much higher than the measurement temperature (room temperature). A
better procedure would be to introduce Lorentzian (or Gaussian) broadening into the
expression for the unbroadened dielectric function times the Fermi function; however,
this proved too difficult to do analytically. In addition, the dopants should act as
scattering centers causing mixing of states of slightly different k. This would thus allow
slightly indirect transitions at the absorption edge, which would broaden the feature
somewhat. We were also unable to obtain an analytic expression for the €; corresponding

to Eq. (261); however, the BBCE lineshape without an exciton could be made to closely

resemble it.

Equation (261) neglects the reduction of exciton binding energy introduced by Coulomb

screening by the free carriers. The free carriers should increase the static dielectric
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function and thus decrease the exciton binding energy [in accordance with Egs. (205) and
(232)]. For the exciton at Ey, this effect will be hard to observe since the lineshape is
dominated by Fermi filling as given by Eq. (261). For higher lying transitions, such as
the E;, E;+A, doublet, the reduction of the exciton binding energy will change the
lineshape. In addition, the dopants can act as scattering centers and thus increase the
contribution of indirect transitions to the dielectric function as well as the broadening
parameters. While all of these effects should produce changes in the dielectric function,
the Fermi filling (BM effect) was the most noticeable effect in the Ing ¢sGag34As samples

we measured.

1.8 Experimental Results

For this thesis two zincblende type crystals (Zng s3Cdg 47Se lattice matched to InP and n-
and p-type IngesGao3sAs grown on InP) were measured by spectral ellipsometry and

modeled according to the procedures laid out in the preceding sections.

1.8.1 Zn( 53Cdg 47Se Lattice Matched to InP

Spectral ellipsometry at 300 K, in the range 0.8-5.5 eV was used to study the bulk and
surface oxide properties of a molecular-beam-expitaxy (MBE) grown Zng s3Cdg 47Se/InP
film (= 1 um thick). We observed the direct gap Ep, which exhibits a well defined

excitonic structure, its spin orbit split component Eq+Ao, as well as the spin-orbit split £,
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E+A, doublet. The experimental data over the entire measured spectral range (after
oxide removal) were well fit by the model discussed in section 1.7. Because of the
quality of the data and the comprehensiveness of the model from the previous section, we
are able to extract several physically relevant parameters from the fit, such as bandgap
energies, oscillator strengths, broadening parameters, and exciton binding energies,
including the first extraction of the 2D exciton binding energy at the E, transition, Rj,
from ellipsometric data. The influence of a native oxide on the optical properties also

was investigated.

1.8.1.1 Introduction

ZnSe based semiconductor alloys are important materials from both fundamental and
applied perspectives, due to their potential in the fabrication of blue-green laser devices.”"
Currently, the only reported cw blue-green laser involved ZnSe-based alloys grown
nearly lattice matched to GaAs substrates, which contained a strained layer Zn,Cd;.,Se
active region.”” Laser diodes with lifetimes over 400 hours have been demonstrated.”
This development has largely relied on the reduction of defect density such as stacking
faults and dislocation,”’"5 which occur at the interface of GaAs and ZnSe. The
degradation most likely still remains defects at the II-VI/III-V interface that propagate
into the active region, aided by the presence of strain in the Zn,Cd,.,Se quantum well.
Entirely lattice matched structures can be fabricated on InP substrates, thus possibly

improving the reliability of the devices.
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A detailed understanding of the bulk and surface optical properties of these materials is
essential in order to make the best selection. However, in spite of its significance, very
little work has been done on the optical properties of Zngs3Cdo47Se lattice matched to
InP.”"! Several authors have reported ellipsometric studies on closely related materials
such as ZnSe (bulk),’®” ZnSe/GaAs(001),5** Zn.Cd,.Se/GaAs (001),% and
zincblende CdSe.**® The work by the author and collaborators (presented in more detail
in this thesis) was the first ellipsometric study of Zno_53Cd0,47Se/[nP(001).l Fits to various
models have been presented in Refs. 79-81 and 83-84. However, none of these
investigations accounted for the data around the fundamental direct gap (Eo) with the
correct exciton plus band-to-band Coulomb enhanced (BBCE) line shape but rather used
an exciton plus a one-electron band-to-band parabolic form. Indeed, nobody used the
correct exciton plus BBCE line shape to fit ellipsometric data prior to our work.'®¢ Also,

in Refs. 79, 80, and 91 the E;, E;+A; doublet was not resolved. The measurements of

Refs. 80, 81, and 91 were performed without removal of the native oxide.

Spectral ellipsometry in the range 0.8-5.5 eV was used to study the bulk complex
dielectric function &(E) [= €(F) + i £2(E)] of a MBE grown Zng s3Cdg 47Se/InP film (= 1
pm thick). We have investigated films both as received and after a HF etch to remove
the native oxide. The experimentally measured dielectric function (after oxide removal)
was fit over the entire range of measurement using a model based on the electronic
energy-band structure near critical points. Excitonic and Coulomb enhancement effects

were included not only at the fundamental gap Ey, but also its spin-orbit split component
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Egt+Aqg as well as the spin-orbit split £y, £,+A; doublet. In addition, the effects of the

native oxide on the optical properties has been evaluated.

1.8.1.2 Experimental Details

The sample was fabricated in two Riber 2300P MBE chambers, one for II-VI growth and
the other of III-V growth, connected by UHV modules. The films were grown on a not
intentionally doped (NID) (n~5 x 10'7 cm™) InP buffer layer (500 A) on an n'-type

InP(001) substrate. Details about the growth are described elsewhere.®’

The data were taken as described in section 1.3. Several samples were measured and the
best was selected for etching and detailed analysis. The sample was etched in a 10%
solution of HF in H>O, as suggested by Liu et a/ 8 then transferred to the instrument for
measurement at three angles of incidence (65°, 70°, and 75°) under flowing N> as

described in section 1.3.3.1.

Figure 23 shows the room-temperature ellipsometric data for (a) cos(A) and (b) tan(y) of
Zng 53Cdg 47Se/InP (oxide removed) measured at an angle of incidence of 70° in the range
0.8-5.5 eV. The large oscillations below the fundamental band gap Eq (about 2 eV) are
interference fringes. Interference effects above the band gap become negligible as the

penetration depth is much less than the film thickness.
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Fig. 23. The ellipsometric data (a) cos(A) and (b) tan(y) of Zngs3Cdg47Se/InP (oxide
removed) measured at an angle of incidence of 70° in the range 0.8-5.5 eV.
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The data was analyzed according to the formalism in section 1.5 in several steps. The
first step was to determine the layer thickness. This value was determined from the large
interference fringes below the fundamental band gap, which are periodic in the product of
the refractive index times the layer thickness divided by the wavelength. While we do
not know a priori either the index or the thickness, we begin by assuming that the index
is a constant; since the thickness is also constant, this means that at least six periods of
the interference fringes must be explained for the measured wavelength variation by only
two parameters: a fixed index of refraction and the inferred layer thickness. This

treatment was then refined by using a Sellmeier model®® for the behavior of the index of

refraction (or €)) in the transparent region below the band gap:

e(E) =n§ + E—“— (262)

This appraisal adds two more free parameters that must be obtained. A least-squares
analysis leads to the following best fit parameters: ng (=5.4), b (=0.81), and E, (=2.5

eV), which yielded a thickness of 1.34+£0.02 um. Using a Philtec Instruments sectioner,

the dimension of the epilayer was found to be 1.30+£0.1 pum.

Next, using the multilayer model detailed in section 1.5.3, the system was modeled using
this thickness to find the real and imaginary components of the dielectric function that
best explained the experimental data for all three angles; this analysis was performed

sequentially for each wavelength. This process was repeated for different assumed
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thickness, and a range of thickness was found that minimized the residual error. The
final obtained thickness was 1.31 um, in good agreement with the physical determination
of the layer dimension. For the energy range at the onset of absorption, where the
absorption coefficient cannot be presumed zero but the optical response still must account
for the substrate, further ambiguity arose in that more than one combination of real and
imaginary dielectric functions were equally consistent with the data. We chose the pair
most consistent with the less ambiguous results from higher and lower energies.
Although more complicated interface structures could have been analyzed, the samples
discussed here were grown on InP buffer layers and no need for an extra interface layer

was found.

1.8.1.3 Results and Analysis

For the purposes of discussion, we consider the band structures of ZnSe” and zincblende
CdSe,* which are reproduced in Figs. 24 and 25, respectively, since the band structure of
Zng 53Cdg 47Se/InP has not been calculated. The CPs are labeled according to the notation

discussed in section 1.6.2.
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Fig. 24. Electronic energy-band structure of zincblende ZnSe calculated by nonlocal
empirical pseudopotential method after Ref. 56.
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Fig. 25. Electronic energy-band structure of zincblende CdSe calculated by nonlocal
empirical pseudopotential method, showing the main interband critical points after Ref.
83.
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Shown by the solid lines in Figs. 26 and 27 are values of g;, €, and » (real), k£ (imaginary)
components of the complex index of refraction, respectively, as a function of photon
energy E obtained from an analysis of the data of Fig. 23. Displayed by the solid line in
Fig. 28 is g; in the vicinity of Eq. The direct gap exhibits a very well-defined excitonic
structure even at 300 K. In Figs. 26 and 27 the spin-orbit split component Eq+Ag also is

seen. There is a very well-resolved E|, E|+A, doublet in the region around 4.5 eV.

The dashed lines in Figs. 26-28 are the fits to the model in the previous section (1.7).

Specifically, we have used Eq. (258) with no contribution from the Ey’ CP.

E(E) = EEOCP (E) + EEg:P*'Ao (E) + EE,ES (E) + EElcp (E) + ~E[CP+A1 (E) + gggp (E) + €0
(263)

The Ey' and E; CPs were not observed in our spectrum and should be at higher energies;
however, there appears to be the tail of one or both of these transitions at the high energy
side of our spectrum. Since the effect of these transitions on our spectrum is small, we
used only the term for the £; CP and dropped the term for the £y’ CP. Although the £
feature was not observed, it was expected to lie between the E; structure of ZnSe near 6.7
eV” and that of zincblende CdSe near 6.0 eV.*> The energy of E; was taken to be 6.35
for the fit. For the E| and E;+A;, only a single broadening parameter I'; was used for the
excitonic as well as the BBCE components, and also the same effective 2D Rydberg (R;)

was used for both features.
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Fig. 26. The solid lines are the experimental values of €; and &, (oxide removed) in the
range 0.8-5.5 eV. The dashed lines are the fits to Eq. (263).
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Fig. 27. The solid lines are the experimental values of »n and k (oxide removed) in the
range 0.8-5.5 eV. The dashed lines are the fits.
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Fig. 28. The solid line is the experimental value of &, (oxide removed) in the region of
Eq. The dashed line is the fit Eq. (263)
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After the initial fitting it was noted that ¢, still had a significant value below the £y gap,
so a linear cutoff given by Eq. (259) was introduced for the Ej.4, Ei, Ei+A;, and E;
contributions to ;. The quantity €, corresponding to the cutoff was obtained by

numerical KK analysis of Eq. (259).

The parameters obtained by the fit are given in Table III. For comparison purposes, we

have also listed in Table III the numbers for ZnSe from Ref. 79.

Table III. Material parameters used in the calculation of the optical constants of
Zng 53Cdg 47Se/InP. Values for ZnSe from Ref. 79 also are listed.

Parameter Zng 53Cdo.47Se ZnSe
Eo (eV) 2.078 +0.003 2.69
A (eVH® 0.78 + 0.04 3.2/3.05®
Ro (meV) 20+2 17
T (meV) 10+2 30
Toex (meV) 75+ 1 30
Eq+Aq (€V) 2.52 +0.02 3.10
B (eV})® 0.52 +0.05 1.6/1.52®
Rso (meV) 20+6 17
Cso/Tso.ex (meV) 70+ 6 30
E-R; (V) 4.42 +0.01 4.75
Ci(eV?) 148+ 1 48.3©
R; (meV) 270 £ 50
I'1 (meV) 245+ 5 370
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Parameter Zng 53Cdp 47Se ZnSe
Ei+A1-R; (eV) 4.72 +0.02 5.05
Cz (eV?) 9.0+ 1 27.4©
Eing (eV) 3.99
Find 730 + 70
[ipg (meV) 650 + 70
Ec (eV) 4.42©
E; (eV) 6.359 6.7
D, 1/55+0.15 1.6
Y2 0.24 +0.07 0.2
Eleo 1.53 £0.15 1.2

@Reference 79 used different amplitude constants for the BE and band-to-band features
®parabolic band-to-band transition, not BBCE

©Exciton only; evaluated using our value of R;

“Fixed

©Set equal to £(-R;

The E; and E|+A, features were more difficult to model than the E; and Eq+Ag due to the
significant overlap and larger broadening of the £ and E,+A, features. In practice,

only a single broadening parameter I'; was used for the excitonic as well as the BBCE
components for both the £, and E|+A,, and also the same effective 2D Rydberg (R;) was

used for both features.

In order to initialize the parameters for the E; and E,+A, features, the first (de/dE) and

second (d’e/dE®) derivatives of the experimental dielectric function with respect to the
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energy were calculated numerically. These results are shown by the solid lines in Figs.

29 and 30, respectively.

The first and second derivatives of our expressions for the delectric function for the E|
and E+A; CPs were obtained analytically [Eqgs. (245) and (246), respectively] and fit to
the relevant numerical derivative of the data as displayed by the dashed lines in Figs. 29
and 30, respectively. The fit to d°c/dE* allowed us to determine the broadening
parameter (I';) and exciton energies (E;- R; and E;+A;- R) as well as the products C|R;
and C»R,. However, due to the large exciton binding energy, the BBCE contribution to
d*e/dE* was small making it difficult to determine R, from this data. The quantity de/dE
is more sensitive to the Rydberg enabling us to obtain an initial value of R; ~ 250 meV.

This is in reasonable agreement with a theoretical value of 300 meV for ZnSe.”

The first derivative spectrum (Fig. 29) shows a significant background that can be seen
on the low-energy side of £, and also a small background on the high-energy side. As

will be discussed in more detail below, these differences have been ascribed to the

influence of the Iy — ¢ indirect band gap (E;s) and the E; transitions, respectively.
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Fig. 29. The solid lines are the experimental values of de,/dE and de,/dE. The dashed
lines are the fits to Eq. (245).
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Fig. 30. The solid lines are the experimental values of d’¢,/dE* and d’e,/dE>. The dashed
lines are the fits to Eq. (246).
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Displayed in Figs. 31 and 32 are the individual contributions to €; and &;, respectively, of

the various transitions. They were obtained from Eq. (263).

1.8.1.4 Oxide Effects

The effect of oxide formation on the optical functions also has been observed. Oxide

thickness and surface roughness have a large effect on the pseudodielectric function, as
discussed in section 1.5.2. The measured pseudodielectric function (5) of an as-received
sample (with oxide) is compared to an etched sample (without oxide) in Fig. 33. The
effect of the oxide is (a) to lower <g;> in the region around E}, £;+A; and to increase it at

lower energies and (b) to diminish <g;> for all photon energies in our spectral range.”

To gain further information about the native oxide, we have taken the values of &
(without the oxide) and added the effects of this layer by means of a three-phase model

(section 1.5.2). The only relevant oxide optical constants available are for ZnO, which

were employed. Shown by the solid lines in Fig. 34 are the experimental values of (E)

for the as received sample. The dashed lines are a least-squares fit simulation yielding a
20 A thickness of ZnO. Lee et al.®’ have reported a similar oxide thickness in their study
of Zn,Cd,.Se/GaAs. Despite the small thickness obtained for the oxide layer, it should
be noted that it appears to be a very robust and stable covering, as evidenced by its

relative lack of reactivity to various etchants.
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Fig. 31. Individual contributions of the various transitions to €;.
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Fig. 32. Individual contributions of the various transitions to €.
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Fig. 33. The dashed lines are <¢;> and <g;> for the as-received sample (native oxide).
The solid lines are €; and &; after removal of the oxide.
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Fig. 34. The dashed lines are <g¢;> and <e;> for the as-received sample (native oxide).
The solid lines are €, and ¢; after removal of the oxide.
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1.8.1.5 Discussion

In Fig. 26, we have the experimentally determined €(E) along with fits based on Eq.
(258). Note there is excellent agreement over the entire spectral range of the
measurement. These fits yielded the values of the relevant parameters listed in Table II.

For comparison purposes we also present in Table III numbers for ZnSe from Ref. 79.

In contrast to other ellipsometric studies of related materials such as ZnSe (bulk),’®™

ZnSe/GaAs(001),%% Zn Cd,Se/GaAs(001),%* and zincblende CdSe®®' we have used
a Lorentzian broadened (a) excitonic and (b) relevant BBCE profiles for Eo, Eo+Aq and
E\, E\+A,. This approach has enabled us to extract the relevant Rydbergs for the exciton
associated with these various transitions. Although Kim and Sivananthan®' took into
account excitons for these four features in ZnSe they used only a one-electron expression
for the band-to-band transitions. To improve their fit the authors of Ref. 81 added a
Gaussian term to the broadening. Adachi and Taguchi”® used only an excitonic profile
for E, E;+A;. References 79 and 81 did not extract the Rydberg R;. In Ref. 83 the
effects of the exciton at both Ey, Eg+Ag and E,, E;+A; were accounted for an the basis of
a Slater-Koster “contact” potential, which results in a phase shift between the real and
imaginary components of the complex dielectric function and their derivatives. The
discrete nature of the excitons was not considered. In Refs. 80, 84, and 85 the data were

fit with a simple harmonic-oscillator model.
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Our value for Ry = 20 meV (Table III) is somewhat larger than that reported for ZnSe.
Based on the smaller band gap of Zn,Cd;..Se/InP in relation to ZnSe, one would have
expected a somewhat smaller exciton binding energy. The value of R; =270 + 50 meV is

in good agreement with the theoretical calculation of 300 meV in Ref. 2.

The nature of the E|, E|+A; transitions in diamond- and zincblende-type semiconductors
has been the subject of considerable investigation. It is well known that these features
contain not only a band-to-band component but also a strong excitonic contribution, even
at room temperature.””’ Efforts to fit the optical and derivative optical properties with an
exciton plus a one-electron band-to-band profile, without taking into account the proper
BBCE form, has necessitated the addition of ad hoc terms, such as a Gaussian broadening

(in addition to the Lorentzian),®"** in order to properly account for the experimental data.

In particular, our analysis has yielded the only experimental evaluation of the exciton
binding energies at the E;, E+A; CP’s, R;, except for one study based on low
temperature (10 K) reflectivity which measured R; for CdTe and ZnTe? Our analysis
shows that the features in the vicinity of the E;, E;+A; CP’s are actually due to the bound
exciton, which can be several hundred meV below the these CP’s. Although the
excitonic nature of the E;, E;+A; CP’s is well established,?” all but a few papers label the
main BE features as the E|, E1+A; CP energies rather than as the exciton energy. The
extracted R; values for Zngs3Cdp47Se and InggsGags4sAs and those of GaSb,8

Ga;.,In.As,Sb;., (x~0.15, y::O.lS),9 CdTe,' and CdS'® determined by others using our
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model are in good agreement with effective-mass kep theory as discussed in section

1.7.3.

The small feature at about 2.1 eV in the data of Fig. 28 is possibly due to an exciton
logitudinal-optical phonon resonance, as discussed by Trallero-Giner et al.®® It was not

explicitly included in our calculation.

The broadening parameter for both the exciton and band-to-band Ej transition is
comparable to that reported by Kim and Sivananthan® for ZnSe data of Ref. 79. This is

evidence for the high quality of our alloy sample.

In order to fit the data between Eg, EqtAg and E), E;+A; we added the contribution of the

I3 — Lg indirect transition. Although most authors have not used the [y — L indirect
transition to fit their data for direct bandgap materials, such as ZnSe, Adachi did employ
it for his analysis of InP.”® It should be mentioned that in Zng 53Cdg 47Se/InP the
separation between Eg, EgtAg and E|, E\+A; is about 300 meV larger than in ZnSe (see
Table III). Therefore, any deficiencies in the model dielectric function, such as the
assumption of parabolic bands, are more likely to appear in this material. This may also
be the reason why it was necessary to add another oscillator in the region between these

major spectral structures.
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1.8.2 n- and p-Type Ing¢Gags4As on InP

The complex dielectric function (g; and ;) in the range 0.3-5.45 eV have been evaluated
at 300K using spectral ellipsometry for a series of n-(5.7 x 10" cm> <n<5.5x 10"
cm™) and p-(6.5 x 107 < p<50x 10" cm™) doped relaxed Ing¢sGag3sAs grown by
Metal-Organic Chemical Vapor Deposition (MOCVD) on InP (001). We have observed
the fundamental absorption edge, spin-orbit split excitonic and E-R;, E1+A-R; doublet,
and a feature corresponding to the Ey' and E; CPs. (All of these CPs are discussed in
section 1.6.2.) The experimental data in the vicinity of the direct gap has been fit using
the model of section 1.7. The intrinsic band gap of 0.612 + 0.01 eV corresponds to an In
composition of 66 £ 1 %. The Burstein-Moss (BM) shift was taken into account using a
Fermi level filling factor in addition to the excitonic and BBCE terms according to Eq.
(261). While the BM shift for the p-type samples exhibited no nonparabolic effects, the
n-type samples had pronounced nonparabolicity at the highest doping level. These
observations for the »-type material are in agreement with a recent bandstructure
calculation based on the Full Potential Linear Augmented Plane Wave Method.***° The
shift of E\-R,, E;+A-R, with doping density also was evaluated, an effect which is

related to surface electric fields.
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1.8.2.1 Introduction

Thermophotovoltaic (TPV) generation of electricity is attracting attention due to a
number of factors including advances in materials and designs, as well as a widening
appreciation of the large number of applications that can be addressed using TPV-based
generators. The attractions include the wide range of fuel sources and the potentially
high power density outputs. One main approach to TPV generation is broad band

radiation coupled with converters with bandgaps in the range 0.4-0.7 ev.%¢

Degenerately-doped (> 10"° cm™) n-type In,Ga;..As possesses a number of intriguing
electrical and optical properties relevant to electro-dptic devices and thermophotovoltaic
devices in particular. Due to the low electron effective mass of these materials (m* < 0.2)
and the demonstrated ability to incorporate n-type dopants into the high-10"° cm™ range,

both the BM bandgap shift and plasma reflection characteristics are particularly dramatic.

Using spectral ellipsometry in the range 0.3-5.45 eV we have evaluated the complex
dielectric function at room temperature for a series of 7-(5.7 x 10'” cm™ < n < 5.5 x 10"
cm™) and p-(6.5 x 10" < p<50x 10" cm'3) doped relaxed InggsGag 34As grown by
Metal-Organic Chemical Vapor Deposition (MOCVD) on InP (001). We have also
observed the fundamental absorption edge, spin-orbit split excitonic and E1-R;, E|+A-R;
doublet [<111> directions of the BZ] and E, feature [<100> BZ edge]. The experimental
data has been fit using the model of the previous section. The intrinsic band gap of 0.612

+ 0.01 eV corresponds to an In composition of 66 + 1 %. The Burstein-Moss (BM) shift
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was taken into account using a Fermi level filling factor in addition to the excitonic and
BBCE terms using Eq. (261). While for the p-type samples the BM shift exhibited no
nonparabolic effects, the n-type samples had pronounced nonparabolicity at the highest
doping level. These observations for the n-type material are in agreement with a recent
bandstructure calculation based on the Full Potential Linear Augmented Plane Wave
Method.**** By accounting for the BBCE term we obtained the binding energy, R; (= 90
meV), of the 2D exciton associated with E;- R;. The shift of E;-R,, E1+A-R, with doping

density also was evaluated, an effect which is related to surface electric fields.

1.8.2.2 Experimental Details

The samples used in this study were a series of n- and p-doped relaxed In0.66Ga0.34As
grown by MOCVD on InP (001) substrates. The epitaxial layers were = 1 micron thick.
The carrier concentrations were determined by room temperature Hall measurements.
The characteristics of the p- and n-type samples are listed in Table V. The data in the
range 0.75-5.45 eV (UV/VIS/NIR) was taken using the Instruments SA variable angle
ellipsometer (described in section 1.3), while for the interval 0.3-1.0 eV (MIR) a Sentech
variable angle instrument was employed (described in section 1.4). Thus there was some

overlap between the two intervals.
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Table IV. Doping levels and fitting parameters for the fundamental absorption edge. g
was 60 meV for all samples.

Sample Doping (x 10"’ cm™) Eaps (€V)© “kgT” (meV)

A 6.5® 0.6129 60
B 9.4@ 0.622 57
C 55@ 0.658 52
D 87® 0.693 52
E 500@ 0.739 44
F 5.7® 0.636 49
G 13® 0.660 55
H 28® 0.772 53
I 77® 0.833 47
J 106® 0.955 42
K 550® 1.270 50

(@) p-type.

® n-type.

© error bars of + 0.01 eV.

@ Eus=Eo

The UV/VIS/NIR measurements were done with 70° incidence angle and the IR
measurements were done with 60° and 70° incidence angles. The etching was done on
the samples mounted on the sample stand as described in section 1.3.3.2. Several
etchants were tried on these samples, including KOH/Methanol, HCl/Methanol, and
HCl/water. The effectiveness of the etchant was evaluated by the strength of the
imaginary dielectric function at the £> CP as discussed in section 1.3.3 and 1.5.2. The
best procedure found consisted of four 1 second sprays of 50% concentrated HCI + 50%
Methanol followed by a rinse consisting of 5 one second sprays of Methanol and 5 one
second sprays of de-ionized water. After the UV/VIS/NIR measurement, the sample was
transferred in the dry nitrogen atmosphere etching cell to the FTIR ellipsometer as
described in section 1.4.4.2. In all cases, the inferred oxide growth during measurement
(based on a three phase model applied to the UV/VIS/NIR data near E, before and after

the FTIR run) was less than 3 A.
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1.8.2.3 Results and Analysis

Displayed in Figs. 35 and 36 are the real (g;) and imaginary (g;) components of the
complex dielectric function of the p-type InGaAs/InP samples A-E in the range 0.3-5.5
eV. Displayed in Figs. 37 and 38 are the real (g;) and imaginary (g;) components of the
complex dielectric function of the n-type InGaAs/InP samples F-K in the range 0.3-5.5
eV. In these four figures, the dielectric function is displaced in increments of two units

for clarity.

The solid lines in Figs. 39 and 40 are the experimental values of €, for p-type samples A
and E and n-type samples F and K, respectively, in the region of the fundamental
absorption edge. Note that for the highly n-type samples, there is a small finite value of
€2 (Figs. 38 and 40) and a drop off in ¢; (Fig. 37) below ~ 0.5 eV due to free carrier

absorption.
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Fig. 35. Experimental values of €; for p-type samples A-E. €, for samples B, C, D, and
E are displaced in increments of two units for clarity.
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Fig. 36. Experimental values of €; for p-type samples A-E. ¢, for samples B, C, D, and
E are displaced in increments of two units for clarity. The dashed line is a fit to sample A
based on Eq. (264).
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Fig. 37. Experimental values of €; for n-type samples F-K. €, for samples G, H, [, J, and
K are displaced in increments of two units for clarity.
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Fig. 38. Experimental values of €, for n-type samples F-K. ¢, for samples G, H, I, J, and
K are displaced in increments of two units for clarity.
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Fig. 39. Experimental values (solid lines) of €, in the region of the fundamental
absorption edge for p-type samples A and E. Dashed lines are the fits.
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Figure 40. Experimental values (solid lines) of &, in the region of the fundamental
absorption edge for n-type samples F and K. Dashed lines are the fits.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



215

For the purposes of discussion, we consider the band structures of InAs and GaAs which
are reproduced in Figs. 41 and 19 respectively, since the band structure of
Ing ¢6Gag 34As/InP has not been calculated. The CPs are labeled according to the notation

discussed in section 1.6.2.

The presence of the exciton at the fundamental gap affects the band-to-band component
of the absorption. Thus even though the exciton is not resolved, the Coulomb interaction
still affects the band-to-band lineshape. We have fit the data using a slight modification
of Eq. (258). Since the Ey’ transition is not resolved from the E; transition, we have used
the E; expression to model the contributions from both of the CPs. In addition, for doped
samples the Fermi level filling factor and related BM shift have to be taken into account

by Eq. (261). Thus the final expression for the imaginary part of the dielectric function is

€; (E)+%E (E)+E, (E)+E; (E)
&, (E) = 1 [ E, Eg+A¢ Epa E,

(BRI | 4+ Bgva, (B) + B, (B)

} (264)

1+e

€1 was not fit because we could not find an analytic form for the KK transform of Eq.

(264).

The term E L G in Eq. (264) is the Fermi level filling factor. For undoped (or
l+e*™F~

lightly p-doped) samples, E; = Ey. The fact that “4g7™ is in quotation marks will be

explained in the next section.
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Fig. 41. Electronic energy-band structure of zincblende InAs calculated by nonlocal
empirical pseudopotential method after Ref. 56.
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In Figs. 35-38 the E\-R; and E\+A|-R, optical features are superimposed on a large
“background” due to the residual effects of the other transitions. In order to eliminate
this “background” we have numerically taken the second derivative of €; and &;. This is
shown by the solid lines in Fig. 42 for sample F. In order to compare our results with
previous studies,”’>® lineshape has been fit with the second derivative of an excitonic

feature, i.e.,

2~ 2
d € . d 1 (265)
dE* dE? E-E, +il

where E. = E|-R; or E|+A-R;. This fit is shown by the dashed lines in the figure. The
obtained values of the energies of E\-R, and E|+A|-R; (2.551 eV and 2.805 eV) are

indicated by the arrows.

1.8.2.3 Discussion of Results

Shown by the dashed lines in Figs. 36, 39, and 40 are the least-square fits to Eq. (264).
The obtained values of E ;; (=Eg) for sample A and E,;s for samples E, F, and K are
denoted by arrows in these figures. E,s values for all samples are listed in Table IV.

The value of Ey = 0.612+0.01 eV corresponds to an In composition of (66+1)%.%° In all

cases we used [ g =60 meV.
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Figure 42. The solid lines are the numerical values of the second derivative of g; and &,
for sample F (from Figs. 37 and 38). The dashed lines are fits to Eq. (265) yielding the
values of E1-R; and of E}+A,-R, indicated by the arrows.
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Also listed in Table IV are the deduced values for “kg7”. In order to take into account
inhomogeneous broadening, Eq. (264) (with “kgT” set equal to its room temperature
value of 26 meV) should be convoluted with a Gaussian. However, this is very difficult
to do analytically, so to “simulate” inhomogeneous broadening we have used “kgT”’ as an

adjustable parameter.

In Fig. 43 the solid squares and triangles are the values of the absorption edge (from
Table IV) for the n- and p-type samples, respectively, as a function of (dopant
concentration)®”. Representative error bars are shown. For the case of parabolic bands

we should have:

2

Er—Ey = [3n°n(p)]*? - Egcp (266)

*x

Me(h)

where m:(,,) is the effective mass of the electron (hole), and n(p) is the electron (hole)

carrier density, and Epcr includes any band gap reduction effects.

Note that in Fig. 43 for the first five n-type samples the relation is linear, as one would
expect for parabolic band filling. The solid line is a least-squares fit to a linear function
(neglecting the highest doped sample) yielding an intercept (Eo) of 0.599+0.01 eV and a
slope of 7.3x10™"* eVecm®. For the p-type samples a least squares fit to a linear function
yields Eg = 0.605+0.01 eV and a slope of 1.12x107"* eVecm®. Note that there is no

evidence for nonparabolic effects. Within experimental error the values of E, for the n-
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Figure 43. Solid squares and triangles are E,; for n- and p-type samples, respectively, as
a function of (dopant concentration)*”. The solid lines are fits to a linear function.
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and p-type samples in Fig. 43 are the same, and are in good agreement with the value in

Table V.

These non-parabolic effects have been accounted for based on electronic band structure
calculation using the Full Potential Linearized Augmented Plane Wave method which
accounts for non-local exchange and spin orbit effects.”'® Good agreement is found

between this experiment and theory for the n-type samples.

Recently Charache et al.'®' reported on the optical (absorption) and electrical properties
of doped n-In,Ga;_As (x = 0.67 and 0.53). The former samples are the same as the n-
type samples used in this study. Their obtained value of 0.6 eV for Ey is very close to our
value. However, they found deviations from the parabolic band calculations at a doping

density of about 7x10'® cm™, while we find that this approximation is still valid for

densities as high as ~ 1.0x10"° (see Fig. 43).

Note that for the highly n-type samples, there is a small finite value of ¢, (Figs. 38 and
40) and a drop off in € (Fig. 37) below ~ 0.5 eV. This is due to free carrier plasma
absorption observed for these samples.'®! From Drude theory, the contribution of free

carrier absorption to the dielectric function is:

~ E‘sz 2 ne2
€rc(E) =810 ——5— , Ep=— (267)
E +IE'YFC m,
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where €1, is the high energy (high energy compared to photons, but still below our
energy range) dielectric function, yrc is a phenomenological broadening parameter, and e
is the charge on an electron. For sample K the quantity E, = 0.22 eV'" an so according
to Eq. (267) a rise in & and a drop off in g, are expected below the fundamental

absorption edge.

The dashed line in Fig. 36 is a least-squares fit over the entire spectral range for sample A
using Eq. (264). Since we have not resolved the Eg+A( feature, the value for this gap for

x = 0.66 was taken from Ref. 99. For E,,; we empoyed a number using £y (0.612 eV)
plus the I'§ ~ Lg separation (0.81 eV), the latter being obtained from x-ray absorption
measurements from core levels to the conduction bands.”> Only a single broadening
parameter, ['j, was used for the excitonic as well as the BBCE components for both the
E, and E|+A, transitions, and the same 2D Rydberg (R;) was used for both features. The
parameters obtained by the fit for the lightest p-doped sample (sample A) are listed in

Table V.

Table V. Materials parameters for the fit of €, for sample A.

Parameter Ing 66Gag 34As
Eo (eV) 0.612+0.01
A (eV?) 0.056+0.003
Ro/Ry, (meV) 3.5
o (meV) 60+12
Eo+Ag (eV) 0.95@
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Parameter Ing ¢6Gag 34As
B (eV?) 0.046+0.01
| 100
Ei-R; (eV) 2.56+0.01
Ci (eV?) 11.4+1
R; (meV) 92+20
Iy (meV) 200+10
E+A;-R; (eV) 2.82+.0.01
C; (eV?) 7.540.5
Eind (V) 1.42®
Find 3+0.5
[ing (meV) 400+100
Ec(eV) 4
Ez (eV) 4.5140.02
D, 3.1+0.1
- 0.210.02
€lw 1.4

@Ref. 99 for x = 0.66.
®From Egt+(T§ — LS) Ref. 95
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Our value of the 2D exciton binding energy R; (~ 90 meV) is in good agreement with the

general consideration of Ref. 2, based on effective mass and kep theories as discussed in

section 1.6.3.
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In Fig. 42 is a least squares fit (dashed line) to the numerical second derivative of g
(solid line) and €, for sample F using the expression in Eq. (265). Listed in Table VI are
the obtained values of the energies and broadening parameters for the £|-R; and E(+A-R;
transitions. Note that for both #- and p-type samples there is a red shift of both E;-R,; and
E\+A-R, with increased doping level. Also listed in Table VI are the values of the

energy shift compared to the lightest doped samples, |JA(E1-R;)| and [A(E+A=R;.).

Table VI. Energies and broadening parameters for the E;-R, and E|+A-R; transitions
obtained from a fit to Eq. (265).

Sample  E;-R; I ACEi-Ry)] E+A-Rt Tt [ACE+A-RY))
(eV) (meV) (meV) (eV) (meV) (meV)

A 2.551 163 0 2.805 239 0

B 2.549 169 1.8 2.804 238 0.5
C 2.534 180 16.9 2.790 256 14.8
D 2.531 174 20.2 2.781 285 24.1
E 2.529 173 21.5 2.780 278 25

F 2.548 157 0 2.793 256 0

G 2.541 168 7.3 2.788 239 4.9
H 2.541 176 7 2.794 253 -0.9
I 2.537 173 10.5 2.783 281 9.3
J 2.533 187 14.7 2.786 275 6.4
K 2.515 202 32.7 2.770 273 23.1

Pickering et al.”’ have reported an ellipsometric study of strained and relaxed In,Ga,..As

for 0 < x <0.53 as well as InAs in the region of the E|-R, and E|+A;-R, features. Note:
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as with most other optical studies they refer to these observed excitonic resonances as £
and £,+A;. They have presented quadratic relationships for the energies of these features

as a function of composition:

[E; — Ry](x) =2.91-0.91x + 0.50x
[E, +A; — R](x) =3.13-0.83x + 0.47x>

(268)
This yields 2.53 eV and 2.79 eV for the energies of these structures for x = 0.66. Thus

our values for the energies of the £1-R; and E|+A-R; peaks are consistent with their data.

Plotted in Fig. 44 are |[A(Ei-R;)| and |[A(E,+A-R;.)| as a function of doping concentration

for the n- and p-type samples. Representative error bars are shown.

Kubal et al.’® have reported an ellipsometric study of the doping dependence of the E;-R,
and E,+A|-R, features (which they refer to as £| and F|+A;) in n- and p-doped GaAs.
These authors also have observed a red shift of these features with increasing doping
level for both types of carriers that is linear with the logarithm of the doping density as in

Fig. 44. They ascribe this effect to band bending and carrier depletion in the surface

region.
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Figure 44. |A(E:-R))| and |A(E\+A-R;.)| as a function of doping concentration for the n-
and p-type samples. Representative error bars are shown.
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Chapter 2. Reflection  Difference

Anisotropy

2.1 Historical Overview

Figure 45 illustrates the basic principle of RDA. Near-normal incident polarized light is
reflected off a sample, and the difference between the reflectances for light polarized
along two orthogonal principal axes (normalized to the reflectivity) is measured. For
example for zincblende- and diamond-type semiconductors one often looks at the
difference in near normal reflectivity between light polarized along the [110] and [110]
principal axes in the plane of the (001) surface. Since materials with full cubic symmetry
have no RDA signal (that is the [110] and [110] directions are equivalent in the bulk of a
perfect cubic crystal), RDA signals come only from regions that do not have full cubic
symmetry. To date, RDA has been used in several studies of optical anisotropies due to

surfaces,'”!” buried heterojunctions,”>** strain fields (including those arising from

30,31 26-29 18-25

dislocations), ordering, and near-surface electric fields (zincblende only).
The technique was first used in a preliminary study on (110) Si in 1966 by Cardona,
Pollak, and Shaklee.'” The technique was originally termed rotoreflectance because the
signal was generated by directly rotating the sample and holding the polarizer fixed.

After this, the field lay dormant for nearly twenty years until Aspnes and Studna reported
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Figure 45 RDA meaurement. Light reflecting off a surface at near-normal incidence.
The difference between reflectance for light polarized along the two principal axes
measures the optical anisotopy of the sample.
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RDA studies on variously prepared Si and Ge samples.!” In the study, they extracted
both the real and imaginary parts of the RDA signal and proposed several mechanisms

for the signal.

1'% who investigated

The study of electric fields with RDA began with Berkovits ef a
relectance anisotropies in (110) surfaces of InSb and GaAs and concluded that they are
partially due to the electric field induced by the pinning of the Fermi level at the oxidized
surface of the semiconductor. In 1989, Acosta-Ortiz and Lastras-Martinez compared the
RDA signal for doped GaAs with electroreflectance signal and showed that the RDA
signal is due to the linear electro-optic (LEO) effect. In 1998, Chen and Yang were able
to explain the LEO signal in GaAs based on deformation potential and kep theory and the

converse piezoelectric effect.

In the mean time, RDA had been employed as a surface monitor during growth.'® This is
due to RDA’s sensitivity to surface reconstruction.'> In 1996, Lastras-Martinez and
Lastras-Martinez reported both RDA signals due to strain fields induced by the presence

of dislocations and a theoretical model to explain these signals.*

2.2 Overview of the Measurement Technique

RDA'% is an optical technique that measures the difference between the reflectances for

light polarized along two orthogonal principal axes (normalized to the reflectivity) for
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near-normal incident light (Fig. 45). The technique takes advantage of crystal symmetry
in that the dominant, but unwanted, nominally isotropic optical contribution from the

bulk is subtracted out of the signal.

For our purposes, we measured the (001) face of zincblende type semiconductors. Thus
the principal axes were along the [110] and [110] directions. Then the complex RDA

signal is:

7[110] - ?[1 10]

R 10] ¥ 170]

(269a)
where R and AO are the real and imaginary components of the RDA signal,

respectively. 7o) and 'F[ﬁ()] are the complex Fresnel reflection coefficients along the

[110] and [110] directions, respectively, and defined as

)

~ r[110]
Mo = =
ol (269b)
= _ = & {1710}
110] — ¢«
nn- g i{110]

where & 111015 € 11015 & i1Top> and €110 are the complex electric field magnitudes

for incident and reflected light along the [110] and [110] directions as defined in Fig.
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45. % and AO are related by the KK relation. The RDA signal can be related to the

normal incidence ($=0) ellipsometric signal, p(0), by noting that

T110] i
Foor—For 7= =00y
Ay =210 "t _p Titor PO -1 (270)
Mo tfitey Moy, PO)+1

MTo]

where p(0) is the measured ellipsometric signal as defined by Eq. (1) with ¢=0,

~ ~

Thus it is seen that RDA and SE can be measured by the same apparatus except that RDA
is done at near-normal incidence and SE is done at oblique incidence. However as
mentioned above, SE is best suited to measure isotropic optical properties while RDA is
sensitive only to anisotropic optical properties. We also point out that although SE and
RDA can have the same basic measurement apparatus, because RDA measures a

difference, it is a modulation spectroscopy whereas SE is not.
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2.3 Experimental Details (Phase Modulated RDA)

According to Eq. (270), the RDA signal can be measured using the same apparatus as SE.

The instrument configuration is shown in Fig. 46. This is identical to the setup for
ellipsometry in Fig. 3 except the analyzer of interest is mounted inside the modulator

head at a fixed angle of incidence of 2.8° for the measurement.

Since the RDA signal is small, the value of p (0) in Eq. (270) is near 1. For this reason,
maximum sensitivity is achieved with the polarizer angle equal to the analyzer angle

[P=A in Eqs. (A14), (A15), and (3¢)].

Since the angle of incidence is not exactly 0°, we can have not only the desired signal due
to in-plane anisotropy but also the SE signal from isotropic properties. We can eliminate
the unwanted SE signal from isotropic properties by using the configuration P=4=0° so
that the light polarization is modulated symmetrically with respect to the sample surface

and rotating the sample so that the principal axes ([110] and [110]) are at #45°. In order

to understand this, it is necessary to understand to which principal axes the reflectances in
Eq. (270) refer. For SE the principal axes are parallel and perpendicular to the plane of
incidence of the light, while for RDA they are the principal anisotropy axes of the
sample. According to Eq. (A15), the SE signal should be 0 for P=4=0°. On the other

hand, since the sample is rotated 45° with respect to the polarizer, we can use Eq. (3¢) for
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Figure 46. RDA setup. (a) is configuation used above 1.5 eV. (b) shows the
configuation used in below 1.5 eV, which has three fiber optic cables in the light path

instead of two.
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the anisotropic part of the signal given in Eq. (270) (that is the polarizer and analyzer are

at 45° when referenced to the eigen-axes of the sample.

The rest of the experimental setup is identical to the PME experimental setup given in

section 1.3, including the detectors, light source, and monochromators.

2.3.1 Elimination of Background

In spite of the configuration mentioned in the previous section, which should eliminate
the SE portion of the signal, we typically still have a background (of about 1%) in our
RDA signal most likely due small misalignment of the modulator, analyzer, and sample
or a small residual birefringence of the optical components. Because the RDA signal is

small, we need to eliminate this background even though it is basically featureless. To do

this we first measure (% + iAG) , defined as:
1

Foi11— Pt
(S‘£+,—Ae) = 0 foiy (272)
R 1 oy o1y

Then we rotate the sample by 90° and measure (%-ﬁ- iAG] defined as:
2
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oty =Fort
(_A_Ri + iAeJ =201 1011 (272)
R 2 Toin toTT]

The signal, aside from background terms, given in Eq. (272) should be the negative of

that given by Eq. (271). The RDA spectrum of interest (%+ iAe) is then obtained by

taking the difference between these two signals to eliminate any background terms, i.e.

AR | ine=L (é£+iA9) —(ﬁﬂAe) | (273)
R 2{UR L UR 5

2.3.2 Alignment of the Apparatus

Compared to SE, the interpretation of the RDA signal is less well understood. For this
reason, the alignment of the modulator and analyzer positions and the modulation
amplitude calibration were done in the SE configuration (section 1.3.2). Then the angle
of incidence was changed to 2.8° for RDA measurement. Also, the sample stand was

lowered to its lowest position.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



236

2.3.2.1 Sample Leveling

A small difficulty arose in the tilt alignment of the sample with the instrument in RDA
configuration since the modulator head was in the way of the autocolumnator. There are
two ways around this problem. The first is simply to move the modulator head to 45°,
align the tilt as described in section 1.3.2.1, and then move the modulator head back to
2.8°. Alternatively, the sample could be rotated and the level adjusted until the DC signal
(so) showed less than 1% variation for all orientations. This second method proved to be
faster after enough experience had been gained and also could be used when the surface
was too rough to use the autocolumnator (which was not the case for the data presented in
this thesis). It also has the advantage that no movement of the modulator head was
required. This was important for some of the time when movement of the modulator
head was causing the system to crash due to a weak power supply in the spectralink

controller. Both of the methods lead to the same alignment of the sample.

For samples with very rough backsides, small paper wedges under the sample were
sometimes used to make the initial tilt of the sample surface small enough to be within

the range of the adjustment screws.

2.3.2.2 Sample Alignment
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In addition to the above leveling procedure, a few other steps were taken to maximize
signal. As previously mentioned, the sample stand was positioned at its lowest position.
Only in this position is maximum throughput achieved for 2.8° incidence angle. In
addition, 2.7° and 2.9° angle of incidence were tested for maximum intensity after the
sample was leveled as our goniometer was only calibrated to a precision of about 0.1°
(section 1.3.2.2). Finally, small shims were used to slightly change the height of the
modulator head to maximize signal. This last step was done infrequently as it required
loosening the screws that fix the modulator head to the goniometer, and thus required a

new goniometer (angle of incidence) calibration (section 1.3.2.2).

2.3.3 Signal to Noise Ratio Problems in the IR

The signal to noise ratio below 1.5 eV (0.8-1.5 eV) was not good on our system. We
attribute this to the poor signal to noise characteristics of the InGaAs detector as
compared to the photomultiplier tube and the fact that we have three (rather than two for

E > 1.5 eV) fiber optic cables in the configuration for this energy range.

Up to now, the problem has been addressed simply by taking many scans with long
integration times in this regime. In the future the situation could be improved by using a
better detector (perhaps a cooled detector) or by mounting the InGaAs detector directly

on the exit port of the monochromator. This second option would eliminate our current
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ability to remove the photoluminescence signal by using monochromatic rather than

white light incidence on the sample.

2.3.4 Etching Procedures

Although etching was not found to significantly change the RDA signal for the samples
in this study, other etches and certainly surface passivation might be expected to yield

interesting results.

Etching on the sample stand can be done using the procedure given in section 1.3.3.2,
except the hole in the top of the cover must be left open for the light to reach the sample

and the exit slit should be covered during the entire etching process.

2.3.5 Extension to FTIR-based RDA

RDA signal can also be obtained from the FTIR based ellipsometer. Up to now, we have
only used this to measure the anisotropy of a polarizer. To use the instrument for RDA,
we simply take advantage of Eq. (270) and perform a normal SE measurement at 5° or
even 10° incidence. Most of the spectral structure of such a run comes from the RDA
signal. Since for this configuration there is still a small SE signal, the sample must be

rotated by 90° re-leveled and re-measured. Then a subtraction can be done using Eq.
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(273). This eliminates the SE signal as well as other possible background terms. Shown
in Fig. 47 is the RDA signal obtained for a polarizer using this method at 5° incidence
angle. Figure 48 shows the same polarizer as measured on our normal phase modulation

RDA setup for comparison.

All other samples tested on the FTIR based instrument showed no RDA structure in the
measured spectral range. Elimination of the SE signal in the range could also be
accomplished by using a polarizer angle of 0°, but this would require new software to
take and analyze the data. The other samples tested were 5x10' e¢m® p-doped
Ing 66Gag 34As grown on InP, bulk GaSb, one of the Au mirrors, low temperature grown

(LTG) GaAs, and the p*-doped Si reference sample.
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Figure 47. RDA data taken for a polarizer using the FTIR based ellipsometer.
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Figure 483. RDA data taken for a polarizer using the phase modulation based (ISA)
ellipsometer.
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Theory of Selected RDA signals

In this section, we discuss the theory of the RDA signals due to near surface electric

fields in zincblende materials, strain fields due to 60° (misfit) dislocations, and ordering.

2.4.1 Linear Electro-Optic Effect Near E; and E;+A,

Transitions

An electric field in zincblende semiconductors will produce an RDA signal due to the
linear electro-optic (LEO) effect. This effect is most pronounced at the exciton energies

E\-R, and E+A-R corresponding to the E; and E1+A; BS CPs discussed in section 1.6.2.

In this section, we will denote these exciton energies as “E;” and “E|+A,”, respectively,
to be consistent with the notation in the literature. Since the signal varies linearly with
the electric field, it can be used to gain information about the sign and magnitude of near
surface electric fields, and thus the band bending, in these semiconductors. For example,
it has been shown that for a conventional space charge region (SCR), i.e., linear variation
of the electric field with distance from the surface, the RDA signal is a direct measure of
the surface electric field if the width of the SCR is much larger that the penetration depth
of the light® RDA experiments have been used to study the SCR in »- and p- doped
GaAs (001),2%1%197 71Se (001)!%'97 and InGaAs/InP (001)'% as well as InSb (110)'"°

and GaAs (110).3? Paget er al have used this method to investigate sulfur-passivated
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GaAs (001).'"! In this thesis we discuss the use of RDA to investigate the properties of

undoped, »-, and p-doped LTG:GaAs.'**!

The basic idea of the LEO effect can be seen by examining the zincblende structure. For
concreteness, we show the structure of zincblende GaAs in Fig. 49. The Ga atoms
(shown as white) occupy the sites of an FCC lattice, while the As atoms (shown in black)

occupy another FCC lattice offset from the Ga lattice by a/4[111] where a is the lattice

constant. Note that the bonds in the [111] and [111] directions (shown as white) all

have As on the bottom and Ga on top, while the bonds in the [111] and [1 11] directions

(shown as black) have Ga on the bottom and As on top. Therefore any affect that
distinguishes top from bottom can create anisotropies along these direction. An electric
field along [001] is just such an effect, since the partially ionic character of the bonding
causes the positively (negatively) charged Ga (As) to move in (against) the direction of
the electric field. (Note, a uniaxial stress would not give an effect since it doesn’t
distinguish top from bottom, i.e. stress has even parity.) The projection of these bonds
into the (001) plane give the measured anisotropy between the reflectivity along the [110]

and [110] directions. In Fig. 49(b) the structure is shown looking down the [001]

direction. This argument explains why there is no LEO effect in diamond-type materials,
since if the atoms of both of the sublattices are the same, the sublattices will not be
displaced with respect to one another. Additional symmetries also eliminate the LEO

effect at the Ej transition, so we look for the effect at the “E;” and “E|+A;” transitions.
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Figure 49. Zincblende structure. Bonds in the [111] and [111] directions (shown as

white) all have As on the bottom and Ga on top, while bonds in the [111] and [1 11]

directions (shown as black) have Ga on the bottom and As on top. (a) shows the
conventional zincblende cell. (b) shows the same conventional cell looking down in the
[001] direction.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



245

Recently, Chen and Yang have developed a theory of how the inverse piezoelectric effect

creates the LEO RDA signal.?! Their method is outlined below.

Referring to the GaAs BS shown in Fig. 19, we denote the top two valence bands and the
lowest conduction band along the A (<111>) direction as ¥}, V>, and C. According to the
theory, we will find that the RDA signal is created by two strain effects: (1) a transfer of
oscillator strength from ¥; to the V> valence band and (2) a smaller effect due to the

interband splitting of the ¥; and V> bands.

Along the A direction, the wave functions V), V>, and C bands can be expressed as linear

combinations of the k=0 wave functions as''?

= A[§ T+ B8z T)
|(_+17 )T) (274)
(

i7)T)

V, =

Sl

For GaAs 4=-0.56 and B=0.56. Also,

=L

3 (hx + ky +Iz) « from I

kl

(WX —kY) (275)
« from Flvs
(hX + kY —2I1Z)

J‘

Y =

-
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where 4, k, and / are £1 and given by the first, second, and third component, respectively,
of the k vector for the given band ([#k7] = [111], [111], [111],0r [111]). X, Y, and Z
are the p-like wave functions at the top of the valence band. x, y, and z are the wave
functions of the I';s conduction band at k=0. The X, Y, and Z wave functions, which we
are most interested in because they make up the V| and V> bands, are related to the P3p

multiplet (J/=3/2, M, = £3/2, £1/2 in sphereical notation) and P, multiplet (J=1/2, M, =

*1/2) and thus to the spherical harmonics (Yll, Yfl ,Ylo) as'"

33 1 .

5,5>=7_2_q,r>+,|y))ucm

%%) =L60X>+4y))¢-\ﬁ|z> T =p Lo [2H0 1

%"21‘>=‘—16"ﬂ )=yt \ﬂz bee -1 T 2H0

33 1 17\ e 7t @70
32) = 0=,

%%):%qx)ﬂm)uﬂzn \/-yllu_m

1 1\ 1 . _ L Ly-140__L o

5,-§>—ﬁﬂX) {ry)t |Z) \/;Yl T ﬁyl l

Now that the wave functions are known, the anisotropy of the optical transitions between

the [110] and [110] directions can be calculated. We denote the optical transition

strengths for transitions from the V| and ¥ states to the C state for light polarized along
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the [110] and [1 10] directions as M, and M (1o respectively. Then the anisotropy

between the 110] and [1 10] directions is

AM _ M0 — M1 @17
M My + Mg

where M= M, + M

fto;*

Figure 50 shows a diagram of the <111> valence band states under the influence of an

electric field along the [001] direction. In the absence of an electric field, % is 0.5 for

the [111] and [1 11] directions, while it is —0.5 for the [T111] and [I11] directions.

Since the bands corresponding to these four directions are degenerate in the absence of an

electric field, the total % is zero.

The right side of Fig. 50 shows the effects of an electric field along the [001] direction on
the valence band states. When the crystal is subjected to an electric field along the [001]
direction, a shear strain e, = djs & is developed in the material due to the converse

piezoelectric effect,'"* where ey, is a shear strain for the x = [100] and y = [010]
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Figure 50 Diagram of the <111> states under the influence of an electric field along the
[001] direction.
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directions, d|4 is the piezoelectric constant, and & is the electric field. This strain causes a

coupling between the V| and V5 states through the Hamiltonian for a shear strain.''?

H

e

o =DduEWLL, +L,L) (278)

where flx and i_v are the usual angular momentum operators for the X, ¥, and Z states at

the top of the valence band and D is the deformation potential.

The strain Hamiltonian between ¥; and V5 for the [111] and [111] bands is

" Va
A
—E-3 -4 279)
A —E-a -2
2

" V2
A
A —E—A1+A
2

where A = 2Dd &/ 3. The coupling between ¥ and V5 leads to a splitting of A in these

levels, due to the £+ A/2 terms in the diagonals of the matrices. In addition, the off
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diagonal matrix elements lead to a mixing of the valence states. The new valence states

have optical transition anisotropies changes of AM /M =—-A/A, for the V; states and

AM /M = A/ A, for the V; states. These changes are noted in the right side of Fig. 50.

Reference 21 calculates the RDA signal for GaAs based on the parameters, Adachi’s
model for GaAs near “E,”, and an assumed Gaussian distribution of spin orbit splitting,
Ay, for the states contributing to the “E,”, “E;+A,” features. Their calculation is in good
agreement with experiment and shows that most of the RDA signal comes from the
transfer in interband oscillator strength from the V| to the V5 state and that the RDA
lineshape is dominated by the exciton contribution to the dielectric function. The
anisotropy introduced by the splitting of the ¥; and V> bands produces a small feature
which is not observed in the experiment. The simulation also shows that the observed
peaks in the RDA spectra are separated by less that A, since the shift in oscillator strength
is inversely proportional to A, and is thus is dominated by the states with small A; (in the

Gaussian distribution).

It can be shown using the above formalism that an (001) electric field does not produce a

RDA signal at Ej.
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2.4.2 Strain Field Associated with Misfit Dislocations

When a film with an unstrained lattice constant gy is deposited on a substrate with a
different lattice constant, a; [Fig. 51(a)], it initially grows with a lattice constant equal to
that of the substrate. The mismatch (misfit strain), ([aras])/dag, is accommodated by a
biaxial strain in the layer [Fig. 51(b)]. This is known as pseudomorphic film. This
continues until the film reaches some critical thickness 4. (see figure). When the film
thickness exceeds /., the misfit is accommodated by the formation of misfit dislocations,

and the lattice constant of the film relaxes toward the unstrained value [Fig. 51(c)].

In zincblende type materials, these misfit dislocations take the form of 60° dislocations.
Such dislocations, which are characterized by the fact that the Burgers vector makes an
angle of 60° with the dislocation core (which lies along any of six equivalent <110>
directions), have both screw and edge components that are directed along the <110> and

<112> directions, respectively.
The theory of how the near-surface strain fields of 60° dislocations affect the RDA signal

has been worked out in Ref. 30. Below, we follow their work to find the RDA signal

near £y. We are interested in £y because an electric field does not produce a signal at Ej.

There are 48 types of 60° dislocations,''>'!® but following Ref. 30 we only consider the

16 dislocations with cores oriented along [110] or [110], since they are the only ones
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Mismatch

(b) accommodated
by strain
(pseudomorphic)

Mismatch
accommodated
©) 1 by misfit
dislocation

Figure 51 Schematic representation of the formation of misfit dislocations. (a) unstrained
lattice, (b) thickness of the film less than the critical thickness, 4., and (c) thickness of the
film greater than 4. — misfit dislocations are generated.
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leading to an optical anisotropy for normal incidence on the (001) surface. Burgers

vectors for these sixteen dislocations are given by
(T = p (k) 4 pmn —%[ijk] +%[mn0] (281)

where q is the lattice constant and the subscripts e and s stand for the edge and screw
components of the Burgers vector, respectively. Index k takes values +2, while i, j, m,
and » take values *1, with the condition |l*b| = /b cos(n/3) (the core is 60° from the
Burgers vector). In Table VI we list the possible values of i, j, k, m, and »n and the
direction of the dislocation cores for the sixteen 60° dislocations we are considering,
according to dislocation type as follows. 60° dislocations are termed o or 3 according to
whether their cores are composed of arsenic or gallium atoms, respectively.''
Furthermore, 60° dislocations are termed negative or positive depending on whether the

dislocation extra half plane is introduced from the surface toward the interior of the

crystal or in the opposite direction.
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Table VI. Conventions used for the indices i, j, k, m, and » and direction of the
dislocation cores for the sixteen 60° dislocations with cores parallel to the (001) surface.
Indices (i, /, k) and (m, n) determine the orientations of the edge and screw components of
the Burgers vector, respectively.

Dislocation Type i J k m n Core Direction (1)
o 1 L, C ”ii 2 [1T0]
2
- T
S
B ST T i [170]

The strain tensor for the edge components of the dislocations can be obtained by the

procedure outlined by Eshelby, Read, and Shockley to be!l?

1 2[8,-1-311 O i/\.’5,-je13
ek =2 o 2i(8;;-Dey;  k(8; —Deys (282a)
ikS e13 k(3 —1)eps 2jes;

where ey, e3, and e33 are magnitudes of the only independent strain components and &

is the Kronecker delta function.

The screw component tensor is a function of two independent strain components, e;, and

e>3 and is written as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



255

0 —nej 8 ,mn€23
e;"" =| — ne12 0 (1 - 8mn )823 (282b)
8mne23 (1 - 8mn )323 0

Since we are only considering in the linear piezo-optic contributions to the RDA spectra,
we may average the strain tensors over the (100) surface. In addition, since we have a

free surface, the average stress components <o33> = <o,3> = 0, leading to the relations

C
<e33 >=-——l-&<e11 >
i (283)

< 623 >=< 632 >=0

where c¢; are the conventional components of the elastic stiffness tensor (Young’s

modulus)’ 14

This leads to the average strain tensors™’

N i85 0 0
(e¥)=(en) 0 i8;-D 0 (284a)
0 0 ~j%2
L €11

and
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01 0
(e} =—nlen){1 0 0 (284b)
00

which depend only on the parameters e;; and e;,.

The tensor in Eq. (284a) leads to an anisotropically stressed surface layer of thickness ~ /

if the density of o and B dislocations is different.

The Hamiltonian for the combined spin-orbit and dislocation-induced strain interactions

can be written as'!?

H=-a<e“>,-( _fi]_iz)(eu)j 2 -2%2 2 +3(£&_1)1:2
1) 2 11 3\en (285)

where L is the angular momentum operator, S is the spin operator, and a, b, and d are
the deformation potentials for hydrostatic, tetragonal, and orthorhombic deformations,

respectively.

Using the Hamiltonian in Eq. (285) along with the valence band wavefunctions at the [
point of the BZ given in Eq. (276), one finds that the Ej is split and anisotropic. That is

the highest lying valence band is split by an amount®®
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2
Ag, = ij(eu)\/bz(uz%‘l] +d? (286)
11

and the interband transition matrix anisotropy is defined by

AM*® Mg~ M1
M Mpo+ Mg

3
=+2(28; ~1) (287)

where M, and M ;, are optical transition strengths for light polarized along the [110]

[110)
and [110] directions, respectively. The * refers to the upward shifted (+) or downward

shifted (-) valence band states.

2.4.3 Ordering

In this section, we discuss the RDA signal of CuPt-type ordering, that is ordering along
the [111] direction of a zincblende alloy. Some insight into the problem can be gained by
considering the completely ordered case. For example, if the structure of completely
ordered GaInP along the [111] direction would be repeated planes of Ga, P, In, P, ....
Thus for a perfectly ordered sample, the crystal is no longer cubic, but can be considered

as a lattice twice as long in one direction as the previous cubic lattice with a BZ half as
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long as the original in this direction. Points of the band previously corresponding to
different k can now be folded upon each other. Figure 52(a) shows a schematic band for
the zincblende structure along the A direction. Figure 52(b) shows the situation for an
ordered material. The BZ now ends at k = /2a[111] instead of w/a[111], and the part of
the band originally between k = n/24f111] and w/af111] now shows up as a new band in

the smaller BZ, which we call the zone-folded band.

The folded bands interact with the unfolded ones with several effects.''® For example, Eq
transition is split, due to the splitting of the valence band (I's, = [4,,[s, + I'sy). Also Ey
is reduced, due to the lowering of the lowest lying (I's.) conduction band produced by its
kep interaction with the zone folded L¢. band. Fig. 53 shows the states at the center of
the zincblende BZ plus a zone folded state from the lowest lying L. conduction band of

the original zincblende BZ.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



259

E
A
BZ edge
[}
[ §
(a) .
r L=1/a[l11]
E
A
new BZ edge old BZ edge
zone-folded : "
(b) ' '
[ 1 >k
0 L'=m2a[l11] L=ma[lll]

Figure 52. Dlustration of zone folding due to complete CuPt-type ordering. (a) shows a
schematic band for the zincblende structure along the A direction. (b) shows the situation
for an ordered material. The BZ now ends at k = /24[111] instead of w/a[111], and the
part of the band originally between k = n/24[111] and w/a[111] now shows up as a new
band in the smaller BZ, which we call the zone-folded band.
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Figure 53. Schematic depiction of states for random and ordered alloys. Two major
effects of the zone folding are the splitting of the E transition due to the splitting of the
valence band (I's, — I4,,I'sy + [sy) and the reduction of Eo due to the lowering of the

lowest lying (I's.) conduction band.

To be more precise, we follow the arguments given by Wei and Zunger.' 19

The Hamiltonian describing the valence band splitting due to atomic ordering is of the

same form as that due to a [111] strain, which in our notation is written as''?

HO =L L, + L+ i L+ DL+ i +L L) (288)

where A(n) is the crystal field splitting due to the atomic ordering and 1 is the ordering

parameter (n=1 for complete ordering and =0 for a random alloy). Using the
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Hamiltonian in Eq. (288) along with the valence band wavefunctions at the I point of the
BZ given in Eq. (276), one finds that the Ej is split and anisotropic. That is the highest

lying valence band is split by Ao(n) and the interband transition matrix anisotropy

defined in Eq. (277) is

+

I
H

(289)

where the + and - refers to the upward and downward shifted valence band states,

respectively. We note that the above result is only valid if Ao(n) is small enough that

we don’t need to consider other bands, that is AO(T]) <<Ay. Reference 119 also

considers the case of A? M)>>Ag.
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2.5 Experimental Results

2.5.1 Undoped n- and p-doped Low Temperature Grown GaAs

We have evaluated the “effective near surface electric fields”, “effective depletion widths”
and the sign (n-type/upward band bending) of the near surface electric fields in undoped as
well as n-(5x10'% cm>)-and p—(leO18 em>, 2x10" cm™ and 2x10% cm™) doped low-
temperature grown (LTG) GaAs (001) using the optical method of RDA in the vicinity of
the spin-orbit split “E,”, “E|+A,” optical features. Even for the highest p-doping the surface
band-bending is still n-type. Our results are in good agreement with a self-consistent
Poisson's continuity calculation of the “effective near surface electric fields” assuming deep
donor (1x10%° cm™) and acceptor (1x10'° cm?) trap densities and midgap surface Fermi
level pinning except for the most heavily p-doped sample. In this case, the experiment and

3, ie., not all acceptors are

simulation can be brought into accord by assuming p=4x10'® cm”
electrically active. This experiment provides valuable information about the nature of the

defects and surface Fermi level pinning in LTG:GaAs.
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2.5.1.1 Introduction

Low temperature grown (LTG) GaAs, i.e., layers grown by molecular beam epitaxy
(MBE) at substrate temperatures between 250-300° C, possess many interesting
electronic properties due to excess arsenic incorporated during growth.'”® In as-grown
LTG:GaAs material, the excess arsenic results in a large concentration of point defects
(1x10* cm™®), due primarily to arsenic antisite defects. The pinning of the Fermi level
near midgap in this material is generally associated with the point defects.'”""'?? The

stability of LTG:GaAs against oxidation in air recently has been demonstrated using

scanning tunneling microscopy.'>

LTG:GaAs has been employed in a number of important applications.'? First, when
LTG:GaAs is annealed at temperatures between 600-900° C, the excess As in the form of
antisite defects coalesces into As precipitates, and, hence forms an elemental As phase of
As clusters. These precipitates behave as buried Schottky barriers. As such, they exhibit
0.7 eV Schottky barrier heights and act as recombination centers for excess carriers. This
property has resulted in realization of state of the art high speed photodetector devices,
with responsivities of nearly 0.1 A/W and cut-off frequencies of 40 GHz. This material
has been shown to have useful non-linear optical properties. Also, in the unannealed
state, LTG:GaAs has been used to form excellent non-alloyed ohmic contacts when used

in tandem with a thin layer of n”* GaAs.
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In order to gain more information about the nature of the surface and associated electric
fields in this material, we have performed a RDA study of undoped, n-doped and p-doped
LTG:GaAs (001). It has been demonstrated that RDA can be employed to determine the
sign and magnitude of near surface electric fields in zincblende-type semiconductors (see
section 2.4.1). By comparison of the experimental data with a self-consistent Poisson's,
continuity calculation based on the defect properties and surface Fermi level pinning, we
evaluated the “effective near surface electric field”, &€,4 , and an "effective depletion
width" of < 22A. The sign of the RDA signal shows that even in the most heavily p-

doped sample, the electric field is still n-type (upward band bending).

2.5.1.2 Experimental Details

We measured five unannealed LTG:GaAs samples whose nominal dopings are given in
Table VII. Sample #2 consisted of a not-intentionally doped (NID) LTG:GaAs film
grown on a semi-insulating GaAs (001) substrate in a Gen II MBE system. A 2000 A
thick buffer layer was grown at 580° C prior to lowering the growth temperature to grow
the LTG layer. A 5000 A thick LTG layer was grown at a substrate temperature of 250°
C as measured by a thermocouple. At this temperature the excess arsenic concentration
is between 1 and 1.5 percent. The layers were grown at a rate of 1 um/hr with As.
Sample Nos. 1, 3, 4, and 5 were grown under similar conditions but were either n-doped
at 5x10'® cm? (sample #1) or p-doped at levels of 5x10'® cm™ (sample #3), 2x10" cm?

(sample #4), and 2x10% cm? (sample #5).
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Table VII. Doping levels, &4 (experiment and simulation), &(0), v, 1/c.g; and Vi, for the

five LTG:GaAs samples
Sample Dlogping.3 &err (kV/cm) &(0) Y lVaer Vi
(107 cm™) (kV/cm) (A) (meV)
Experiment Simulation
1 5 (n-type) 277 276 1550 178 222 344
2 undoped 220 230 1380 166 208 287
3 5(p-type) 176 200 1240 161 204 253
4 20 (p-type) 150 135 850 16.1 200 170
S 200(p-type)® 60 4129 3660° 1139 13.79  -500©
40(p-type)® 50 350 143  18.0 63
@ intended doping

® active doping

© p-type band bending

In addition to the LTG:GaAs, three normally grown GaAs samples were used in order to
calibrate the RDA signal based on known electric fields. Sample #R1 consisted of 1000
A of undoped GaAs fabricated on an n-type (Si=2x10'® cm™) buffer, 1 um thick, on an n"
(001) substrate. It has been shown that such a configuration has a uniform electric field
in the undoped region due to Fermi level pinning at the surface.''! The magnitude of this

electric field (6.5x10* V/cm) was evaluated from the observed Franz-Keldysh oscillation
(FKOs) using photoreflectance.'!! Sample Nos. R2 and R3 consisted of 0.5 um 1x10'8

cm™ Si or Be doped layers on n" or p* substrates, respectively.

The RDA data was taken according to the procedure in section 2.3 and the background

was eliminated using Eq. (273).
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Plotted in Fig. 54 by the dotted, solid, dashed, and dot-dashed curves are the RDA spectra
of sample Nos. R1, 2, R2, and R3 respectively. The positions of the “E;” (2.88 eV) and
“Ey+A;” (3.11 eV) features®' are denoted by arrows at the bottom of the figure. It can be
seen that the phases of R3 is opposed to the others. Thus the band bending of the NID
LTG:GaAs material (sample #2) is clearly n-type (upward band bending). Also the

amplitude of the RDA signal for sample #2 lies between that of sample Nos. R1 and R2.

Plotted in Fig. 55 by the solid, dotted, dashed, dot-dashed, and dot-dot-dashed curves are
the RDA spectra of sample Nos. #1-#5, respectively, in the range 2.5-3.5 eV. The
positions of the “E,” (2.88 eV) and “E\+A;” (3.11 eV) features®' are denoted by arrows at
the bottom of the figure. It can be seen that the phases of all these samples are the same

and correspond to an n-type (upward) band-bending.

2.5.1.2 Experimental Results and Discussion

In order to more accurately evaluate the amplitude of the linear electro-optic effect in the
vicinity of the “E;” and “E|+A,” features, we have taken the numerical derivative with
respect to photon energy of the spectra [designated as d(AR/R)/dE] of the LTG:GaAs
(solid line) and samples R1 (dotted line) and R2 (dashed line). These results, which
exhibit three extrema (A, B, and C) are shown in Fig. 56. As a measure of the amplitude

of the linear eletro-optic effect, we have evaluated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



267

,
/
Sample #2

/

-Sample R2

/ —
2
Sample R3

—

7~
_/

\
\\//

/

TE1 | F_Al

L

_—

NN\

/
Z

N\
NN\

N\
N N\

2.5

3.0

Photon Energy (eV)

Figure 54. RDA spectra of sample Nos. R1 (dotted line), 2 (solid line), R2 (dashed line),
and R3 (dot-dashed line). The positions of the “E,” and “E;+A,” features are denoted by

arrows at the bottom of the figure.
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Figure 55. RDA spectra of sample Nos. 1 (solid line), 2 (dotted line), 3 (dashed line), 4 (dot-
dashed line), and 5 (dot-dot-dashed line). The positions of the “E;” and “E|+A,” features are
denoted by arrows at the bottom of the figure.
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d(AR/R)|
dE |gc

,d(A R/R)| +'
E_|ap (290)

2

The ratios of the amplitudes of this signal for sample Nos. R1, 2, and R2 are 1:2.9:6,

respectively.

Because of the high doping level in sample No. R2, it was not possible to observe
FKOs.'"" Therefore, for conventional SCR sample No. 3 (with width of SCR »
penetration depth of the light), the surface electric field €; = 4.6 x 10° V/cm) has been

evaluated for the relation'?*

8ngN kgT
gs=J 4 D(VB[_va_—B_J

€g q (291)

- c C
Ver=Vrs—Vip

where Np is the donor concentration (1 x 10'8 cm'3), g0 (=13) is the static dielectric
constant, Vp; is the built in voltage (that is the difference between surface and bulk

potentials), ¥}, is the reduction in the built in voltage due to the photovoltaic effect, and
Vi, and Vg, are the surface and bulk Fermi levels (relative to the conduction band
edge), respectively. It is well known that in as-grown n-type GaAs the Fermi level is
pinned midgap'? so that Vigs=071 V. For Np=1x 10" em?, Vi, lies 0.075 eV

above the conduction band edge.
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Figure 56. d(AR/R)/dE spectra of sample Nos. 2 (solid line), R1 (dotted line), and R2
(dashed line). The positions of the “E;” and “E|+A,” features are denoted by arrows at
the bottom of the figure.
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From a linear interpolation between the fields of sample Nos. R1 and R2, we find an
“effective near surface electric field”, &7 = 2.2 x 10° V/cm, in the NID LTG:GaAs

material (sample #2). The interpretation of &4 will be discussed below.

The numerical derivative of the signal (AR/R) with respect to photon energy for sample
Nos. 1-5 are shown in Fig. 57 by the dotted, solid, dashed, dot-dashed, and dot-dot-dashed
curves, respectively. The ratios of the amplitude of the signal obtained from Eq. (290) for
samples 1, 2, 3, 4, and 5 are 1.26:1.00:0.08:0.68:0.28, respectively. Sample #5 had a
signal almost identical to undoped MBE GaAs grown at normal temperature (T ~600 °C),

1.e., near flatband and slightly n-type.
It has been shown that®®

AR < AE >

R e

< AT >=2ik, J' 2517 AT (2)dz
0

(292)

where A€(z) is the electric field induced perturbation of the dielectric function and x; is

the unperturbed complex propagation vector of the light. At 3.0 eV for GaAs, the

propagation vector, K; = (6.85-*-12.96)x10'3 A'* For the LEO effect AE(z) < &(z) (see

section 2.4.1), where &1(z) is the electric field as a function of position, the surface being

at z=0. So Eq. (292) becomes
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Figure 57. d(AR/R)/AE spectra of sample Nos. 1 (solid line), 2 (dotted line), 3 (dashed
line), 4 (dot-dashed line), and 5 (dot-dot-dashed line). The positions of the E| and E;+A,;
features are denoted by arrows at the bottom of the figure.
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<AT>xck) ‘[ 212 E (2)dz (293)
0

This states that the change in dielectric function due to the LEO effect for the field at
each depth makes a contribution to the measured signal which depends on the electric

field at the depth and the depth compared to the light penetration depth.

In contrast to previous experiments on semiconductors with conventional space charge
regions (SCR), in LTG:GaAs there is no simple analytical expression for &(z). We
define an “effective surface field”, €. o< AR/R as the uniform electric field which would
cause the given AR/R according to Eq. (293). The observed values of &.¢ obtained from

Eq. (1) are listed in Table VII.

In order to evaluate &(z) we have performed a self-consistent Poisson's, continuity

calculation'?® assuming (a) a donor trap density (N7p) of 1x10% cm having a Gaussian

distribution of states with width o( = 0.2 eV), the peak of the Gaussian distribution
occurring 0.45 eV below the conduction band, (b) an acceptor trap density (Nrz4) of
1x10" cm™ having a Gaussian distribution of states with width o( = 0.2 eV), the peak of
the Gaussian distribution occurring 0.45 eV above the valence band, and (c) midgap
surface Fermi level pinning.127 Shown in Fig. 58 by the solid, dotted, dashed, dot-dashed,
and dot-dot-dashed curves are the results of this calculation of &€(z) for samples 1-5,

respectively. The electric field does not vary linearly with position from the surface, as
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Figure 58. Self-consistent Poisson’s, continuity calculation of the field distribution & (z)
for sample Nos. 1 (solid line), 2 (dotted line), 3 (dashed line), 4 (dot-dashed line), S
assuming complete doping (dot-dot-dashed line), and 5 assuming an incomplete doping
of p=4x10lg cm> (long dashed line).
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would be the case for a fully depleted SCR. The values of the surface field &(0) are listed

in Table VII.

For the first four samples, the simulation is in good agreement with experiment. For
sample #5, based on the intended p-doping (2x10% cm™), the simulation exhibits p-type
(downward) band bending and a large surface electric field, €(0), as shown by the dot-dot-
dashed line in Fig. 58 (labeled p 2x10%%). These effects are not observed in the data (see Fig.
1). Good agreement between the experiment and the simulation can be obtained if we
assume p=4x10'° cm™, i.e., not all the dopants are active. This result is displayed by the long

dashed line in Fig. 58 (labeled p 4x10'%).

We have numerically integrated Eq. (293) with the computed &€(z) of Fig. 58 and find that

Re < AT >acy&(2) (294)

The values of y being listed in Table VIL. This procedure also yields the simulation
"effective near surface electric fields", &,4 given in Table VII. These values are in good
agreement with our experimental results if we assume the maximum p-type doping is

about 4 x 10'° cm™ as mentioned in the previous paragraph.

Although &1(z) does not have a simple analytical behavior, it is close to an exponential

form (see Fig. 58). Thus, an effective depletion width can be evaluated if we assume that:
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&(2) = £(0) e%o° (295)

where the quantity 1/o.4 can be considered as the “effective depletion width”. Using
Eqgs. (293) and (295) to yield &€,4= v &(0), we find the values of 1/o.4 listed in Table VII.

Note that all of these correspond to an “effective depletion width” of < 22A.

We can evaluate the built in field, V5, also listed in Table VI, as:

Vg = I #()az=2Q (296)
0 Ceff

Chen et al also have recently reported a RDA spectroscopy study of LTG:GaAs (001),

> These authors conclude that Vg for

including the effects of post growth annealing.?
unannealed NID material is about 0.1 V (relative to the conduction band). We find for
our NID material Vg = 0.29 V. However, Ref. 25 erroneously states that all the donor
defects are ionized. Our result is consistent with a bulk Fermi level ~ 0.45 V below the

conduction band (as reported in Ref. ¥’ and also deduced from our simulation) and

midgap surface Fermi-level pinning.
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2.5.2 High Electron Mobility Transistors Structures

In this section, we present a study of the RDA signal induced by the difference of misfit
(60°) dislocation density along the [110] direction compared to the [110] in
InGaAs/AlGaAs/GaAs high electron mobility transistors (HEMT) structures with [nGaAs
quantum well (QW) regions thicker than the critical thickness for strain relaxation.
Although the theory of how such 60° dislocations create an RDA signal has been worked
out (see section 2.4.2), to our knowledge, the technique has not been used to study misfit
dislocations caused by strain relaxation. The effectiveness of RDA for this problem is
made possible by the elimination of signal due to other effects at Fy. First there is no
LEO effect (section 2.4.1) because of the symmetry at the I point of the BZ. Second
there is no signal due to the biaxial (001) strain in the sample because both the [110] and
[110] are perpendicular to the strain axis and thus have the same interband transition
strength.''> Meshkinpour et al.'*® have presented a study of how the number of threading
dislocations and layer thickness affect the number of misfit dislocations in
InGaAs/AlGaAs/GaAs HEMT s, similar to the ones used in this study using TEM. Since
the system is already characterized, this allows us to correlate our RDA signal to the

misfit dislocation densities.
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2.5.2.1 Introduction

Recent improvements in strained-layer epitaxy have provided improved electronic and
optoelectronic systems and new wavelengths and frequencies are now at hand. For
example, recent advances in the growth of stable strained-layer Ga,.xAl As / In,Ga;.yAs /
GaAs QW'’s have produced HEMT structures with peak carrier velocities exceeding

those of Ga;.xAl,As / GaAs alone.

In strained layer epitaxy, we can obtain two very different structures: (a) elastically
strained (pseudomorphic) without the presence of unwanted effects such as misfit
dislocations or (b) strain relief due to misfit dislocations if the strain goes beyond the

limits of elastic deformation

In devices, it is desirable to prevent strain relieved structures as they carry defects and
these defects degrade the performance of most devices by lowering the conductivity of
the carriers. Particularly in HEMT’s, the most important factor is the conductivity of the

carriers, which influences the speed of response of a device.

A variety of methods are used to evaluate dislocation density and arrangement, such as

129 130,131

etching, transmission electron microscopy (TEM), “° scanning electron microscopy,

x-ray topography,'*” and x-ray diffractometry.'>>'3*
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We have studied the RDA signal induced by the difference of misfit (60°) dislocation
density along the [110] direction compared to the [110]. The effectiveness of RDA for
this problem is made possible by the elimination of signal due to other effects at Ey. First
there is no LEO effect (section 2.4.1) because of the symmetry at the I" point of the BZ.
Second there is no signal due to the biaxial (001) strain in the sample because both the
[110] and [110] are perpendicular to the strain axis and thus have the same interband
transition strength. One also expects an anisotropy in light hole state of the QW due to

the presence of the electric field there due to the Pockels effect.'>’

2.5.2.2 Experimental Details

Four HEMT structures, two on vertical gradient freeze (VGF) and two on liquid
encapsulated Czochralski (LEC) semi-insulating substrates were grown by molecular
beam epitaxy (MBE)."*® The reported etch pit density is < 5000 cm™ and < 50 000 cm™
for the VGF and LEC wafers, respectively. We will refer to these wafers as low (LTDD)
and high threading dislocation density (HTDD) substrates rather than by their method of
growth since other LEC-type wafers can have etch pit densities comparable to VGF
substrates. The Gag 79Ing2;As channel, which lies between the buffer layer and the 530 A
Gag 75Alo25As, (which includes a ~5x10'? cm™ Si d-doped layer) and a 50 A GaAs
capping layers, varies between 140 and 220 A.'*” A schematic band diagram for these
structures is given in Fig. 59. The Fermi level is pinned near the conduction band at the

position of the planar Si &-doping. The band offset between Gag7sAlp2sAs and
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Planar Si doping layer
5x10” cm”

Fermi Level

GaAlAs GaAs
GaAlAs 304 30004
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InGaAs
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cap
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Figure 59. Schematic band diagram for HEMT structures.
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Gag 79Ing21As leads to a charge transfer to the Gags9lngoiAs QW region. Since the
impurities are introduced outside the QW, this leads to the desired high electron mobility
inside the QW, provided there are no dislocations or other defects introduced during

growth.

The misfit dislocation densities along the [110] and [110] directions for different

InGaAs channel thicknesses and different substrates were determined in Ref. 128 by plan

view transmission electron microscopy. These values are listed in Table VIII.

Table VIII. Misfit dislocation densities along the [110] and [110] directions for
different InGaAs channel thicknesses and different substrates.

Sample Substrate Ing21Gag79As [110] [110] Relative Expected
thickness (A)  misfits misfits RDA Signal from
(um™) (um™) Dislocations
#1 LTDD 140 0 0 0
#2 LTDD 160 0 0.2 0.2
#3 HTDD 160 0.2 1.1 0.9
#4 HTDD 220 0.7 2.6 1.9

RDA was performed on the samples by the method given in section 2.3. The back
surfaces of all samples were roughened in order to eliminate the effects of back surface

reflection.
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2.5.2.2 Experimental Results and Discussion

Since the strain in the QW is compressive, the misfit dislocations generated will all be
positive type. These dislocations can then propagate both down into the GaAs and up
into the Gag7s5Alg2sAs. In addition, the GagssAlg2sAs may develop its own negative
misfit dislocations since its lattice constant is smaller than Gag 79Ing21As. According to
the theory in section 2.4.2, we should see an RDA signal at the £y for both GaAs and
Gag 75Alp25As which should scale approximately as the difference between the densities
of misfit dislocations along the [110] and [110] directions. Thus we would expect the
ration of signals for samples #1:#2:#3:#4 to be roughly 0:0.2:0.9:1.9, as listed in Table

VIIL

Shown in Fig. 60 are the RDA spectra for samples #1-#4. The arrows at the bottom of
the figure indicate the Ey transitions for GaAs and Gag 75Alg25As. To more clearly see the
signals associated with the misfit dislocations, we display in Fig. 61. the difference

between the RDA signals for samples #2-#4 and sample #1, which we call ARDA.

Although we do not see quantitative agreement with the predicted signal ratios given in
table VIII, we do see the features qualitatively. At the GaAs Ej, we see a general
sharpening of the lineshape with increasing dislocation density and a peak forming for
the highest dislocation densities. This shows up prominently in the ARDA spectra for

samples #3 and #4 in Fig. 61. At the Gag75Alo2s Ep, we see only subtle changes in

lineshape except for sample #4 where we see a large peak. The lineshape in the 1.2-1.4
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Figure 60. RDA signal for samples #1-#4. The arrows at the bottom of the figure
indicate the Ej transitions for GaAs and Gag 75Alg2s5As.
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Figure 61. ARDA for samples #2-#4. ARDA is defined as the difference between the
RDA signal for the sample and the RDA signal for sample #1. The arrows at the bottom
of the figure indicate the Ej transitions for GaAs and Gag 75Alg 25As.
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eV region changes subtly, possibly due to the effects of the misfit dislocations on the
states in the Gag 79Ing21As QW or to the Pockels effect. Some of the signal below E; for

GaAs also may be due to the epilayer/substrate interface.

2.5.3 Ordered GalnP and InGaAsP

In this section we present an RDA study of partially ordered GagsIngsP/GaAs and
Ing 48(Gay_xAly)o.52P/GaAs grown by MOCVD. For the GagslngsP/GaAs, we observed a
strong signal near the £y CP, which is due to the valence band splitting discussed in
section 2.4.3. We also observed a transition near 2.2 eV in this material, which is
possibly due to transitions from the split valence band to a zone folded L conduction
band. For the Ing43(Gai-rAl)o52P/GaAs samples, we observed strong signals near the £

and “E,” CPs for ordered samples but not for random samples.

2.5.3.1 Introduction

Atomic CuPt-type ordering on the {111} planes of the Group III sublattice has been
observed in GagslngsP/GaAs'%'*!  and Ino.4g(Ga1.,Al,)oA52P/GaA527 grown by
metalorganic chemical vapor deposition (MOCVD) on vicinal {001} substrates. As
described in section 2.4.3, this creates a splitting of the highest lying valence band

(creating two bands with polarization dependent transition matrices to the conduction
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bands) and a mixing between the states at the I" and L points of the BZ due to the zone

folding effect.

The GalnP/GaAs heterojunction system is considered an exiremely attractive alternative
to the widely used GaAlAs/GaAs couple for several micro- or optoelectronic devices.'*
Ing 48(Gai<Alo)os2P/GaAs has a direct band gap transition in the wavelength range
between green and red and is useful for optoelectronic applications such as visible laser
diodes, light emitting diodes, and heterojunction bipolar transistors. These materials may

be used to create better devices than those based on traditional semiconductors such as

AlGaAs and GaAsP.'"

Under appropriate growth conditions, Gag sIng sP has a strong tendency towards atomic
ordering which leads to a bandgap reduction, valence-band splitting, and polarization
effects.'** In addition, the ordering creates electric field due to the piezoelectric effect.'*
This electric field can cause an RDA signal even at Ej, since it has a component along the
[110] direction. To study the anisotropies introduced by the reduction of symmetry
introduced by ordering, we have performed an RDA study of partially ordered

Gao_slno_sP/ GaAs and Ino_4g(Ga|.xAlx)o.52P/ GaAs grown by MOCVD.
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2.5.3.2 Experimental Details

The expitaxial growth of the InGaAIP was performed by MOCVD using an EMCORE
system E400. This system employs the vertical growth configuration and a high speed
rotating disk reactor. High purity trimethyindium, trimethygallium, and
trimethyaluminum metalorganic sources were used to supply In, Ga, and Al, respectively,
and PH; was used for the P source. High purity H, was used as the carrier gas. Further
details of the growth conditions can be found in Ref. '*. The samples were grown on
(100) n* GaAs substrates oriented 15° off towards (110), under different growth
conditions. The amount of ordering was determined based on the RDA data presented
here as well as photoluminescence, Raman scattering, photoreflectance, atomic force

microscopy, and high resolution x-ray diffraction.?’
The GalnP samples were grown by MOCVD on a 500 A GaAs buffer layer on a GaAs
(001) substrates oriented 2° off towards (110). The films were grown Si doped (n=3x10"7

cm™) at a temperature of 630 °C.

RDA data was taken using the method described in section 2.3.
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2.5.3.3 Experimental Results and Discussion

Figure 62 displays the real and imaginary parts of the RDA signal for ordered (dashed
lines) and random (solid lines) Ing43(GaixAlc)os2P/GaAs. The direct Eq transitions as
determined by photoreflectance are shown by the arrows. the position of “E|” is also
indicated by an arrow. The oscillations to the left of the figure are interference
oscillations. While the ordered sample shows a sharp feature at E,, there is no
discernable signal at Ey for the random sample, although a small signal might be masked

by the interference oscillations. The signal at Ey of the ordered sample can come from
the valence band splitting of A° (1) from Eq. (288) and the associated shift of oscillator
strength given by Eq. (289) or from the order induced field along the [111] direction.
The signal near “E;” is also greatly enhanced in the ordered sample. This is also most
likely due to the order induced splitting although electric fields (order-induced or related

to a space charge region) can also affect the RDA signal near “E;” through the LEO

effect (section 2.4.1). The strong anisotropy near the top of the spectral range is probably

due to similar effects at the £, and/or E; transitions.

Some RDA signal is expected from the interface between the GaAs substrate and the
Ing 43(Ga1--Al)o 52P epilayer since the substrate is offcut 15° toward (110). However, this
must be small since the random sample also has an offcut substrate and does not display

strong RDA signal.
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Figure 62. Real and imaginary parts of the RDA signal for ordered (solid lines) and
random (dashed lines) Ing 45(Ga;..Al;)o.52P/GaAs. For clarity, the real and imaginary parts

of the random sample have been displaced
positions of Eg and £ are indicated by arrows.

by —0.02 and —0.03, respectively.
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A typical RDA spectrum for ordered GagslngsP/GaAs is shown in Fig. 63. The first
feature between 1.7 and 2.0 eV is due to the Ej transition. This feature has basically the
same shape as the corresponding Ey feature in Fig. 62. The spin orbit splitting transition

does not appear here because it is isotropic and independent of the light polarization.

The second feature around 2.2 eV corresponds to a peak which has been observed in the
piezoreflectance spectrum.m Thus this may be a transition between the HH or LH
valence band and a folded band in the conduction band. This folding is not due to strain
because a (001) strain cannot create any polarization dependence effect along the (110)
and (1-10) directions, which are equivalent. Thus it is due to ordering. Such a transition
around 2.18 eV between the top of the valence band and a folded band has already been

observed in electroreflectance spectra of GaInP'*%,
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Figure 63. Real and imaginary parts of the RDA signal for ordered InGaP. The positions
of Ey is indicated by the arrow at the bottom of the figure.
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Chapter 3. Summary and Conclusions

In this thesis, we have investigated isotropic optical properties using SE and anisotropic

optical properties using RDA.

To model the SE data, we have introduced a new model of the dielectric function for
diamond and zincblende-type semiconductors. Our model is the first to include discrete
as well as band-to-band Coulomb enhanced (BBCE) effects, i.e., continuum exciton at
the several interband critical points (CPs), at the fundamental bandgap, the spin orbit split
gap, and the higher lying E), E;+A; doublet, which are two dimensional (2D) in nature
since the effective mass for these CP’s in the <111>-type direction is much greater than
that in the other two directions. Our analysis has yielded the only experimental
evaluation of the exciton binding energies at the E|, E;+A; CP’s, Ry, except for one study
based on low temperature (10 K) reflectivity which measured R; for CdTe and ZnTe?
Our analysis shows that the features in the vicinity of the E,, E;+A; CP’s are actually due
to the bound exciton, which can be several hundred meV below the these CP’s. The
extracted R, values using our model are in good agreement with effective-mass kep
theory. Our results, particularly for exciton continuum effects at E;, have considerable
implications for recent first-principles band structure calculations which include exciton

effects.
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We have measured the optical constants of Zngs3Cdg47Se/InP in the range 0.8-5.5 eV.
Our data exhibit four distinct CP structures which have been fit using a model dielectric
function which includes excitonic and relevant BBCE profiles for not only Eoy, Eo+Ao but
also for £}, E;+A,. Because of the sharpness of our spectra, related to the high quality of
our samples, we have been able to extract a number of imports materials parameters,

including excitonic binding energies at both Ey, EgtAg and E;, E;+A; as well as the
influence of the I'y — Lg indirect transition. The effects of the native oxide on the optical

properties has been examined. We find the thickness of this oxide to be ~ 20 A.

Using spectral ellipsometry in the range 0.3-5.45 eV we have evaluated the dielectric
function of a series of »- and p-doped relaxed Ing 66Gag 34As samples of interest for TPV
applications. The intrinsic band gap of 0.612 + 0.01 eV corresponds to an In composition
of 66 + 1 %. The Burstein-Moss (BM) shift was taken into account using a Fermi level
filling factor in addition to the excitonic and BBCE terms at the fundamental absorption
edge. While for the p-type samples the BM shift exhibited no nonparabolic effects, the n-
type samples had pronounced nonparabolicity at the highest doping level. These are in
agreement with a recent banstructure calculation based on the Full Potential Linear
Augmented Plane Wave Method.”>'** We obtained the binding energy R, (~ 90 meV) of
the 2D exciton associated with the E1-R;, F;+A-R; features. The shift of E\-R;, E\+A|-R,
with doping density also was evaluated, an effect which is related to surface electric

fields.
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We used RDA spectroscopy at 300K to evaluate the sign and magnitude of the near
surface electric field in NID, n-type and p-type LTG:GaAs (001). We also have
performed a self-consistent Poisson's calculation to determine &(z). In contrast to a
conventional SCR, in our material the field &€(z) does not vary linearly with position.
Even for the most heavily p-doped samples the band-bending is still #-type, although near
flatband. Our experimentally determined "effective near surface electric fields" agree well
. with the calculation (midgap surface Fermi level pinning), yielding "effective depletion
widths" < 22A except for the most heavily p-doped sample. For this sample, the experiment
and simulation can be brought into accord by assuming p=4x10" cm>, ie., not all

acceptors are electrically active.

We used RDA to study optical anisotropies induced by the difference of misfit (60°)
dislocation density along the [110] direction compared to the [110] direction in
InGaAs/AlGaAs/GaAs HEMT structures. This is the first use of RDA to study misfit
dislocations caused by strain relaxation. The effectiveness of RDA for this problem is
made possible by the lack of signal due to LEO and biaxial strain effects at £;. Our RDA

signal is correlated to the misfit dislocation densities.

We performed an RDA study of ordered GagslngsP/GaAs and Ing 4g(Ga;.xAly)o 52P/GaAs
grown by MOCVD. For the GagslngsP/GaAs, we observed a strong signal near the Ey
CP, which is due to the order induced valence band splitting. We also observed a
transition near 2.2 eV in this material, which is possibly due to transitions from the split

valence band to a zone folded L conduction band. For the Ing4g(Ga;.zAl)o52P/GaAs
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samples, we observed strong signals near the Ey and E; CPs for ordered samples but not
for random samples. The signal near the £y CP had the same basic shape for both

ordered materials.
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Appendix A. Extraction of Ellipsometric

Parameters from Raw Data

The two most popular ways of determining the effect of optical components on light and
thus the relationship between the ellipsometric parameters are the Mueller matrix
formalism and the Jones matrix formalism. The advantage of matrix formalisms is that
each component of the ellipsometer can be considered separately and the matrices
multiplied to obtain the complete relationship between the incident light and the light at
the detector for any sample and ellipsometer configuration. The Jones matrix formalism
uses 2x2 complex matrices and is the simpler of the two. The Mueller matrix formalism
uses 4x4 real matrices and is necessary to consider the case of partially polarized light.
Further discussion of the Jones and Mueller matrix formalisms can be found in the works

by Azzam and Bashara*? and Réseler.*

A.1 A Brief Overview of Polarization States of

Light
Completely polarized light can be represented as

E = Re[&ae'k *r-iat] (Ala)
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where & is the complex amplitude of the light (that is it contains phase information), ® is
the angular frequency of the light, Kk’ is the wave vector of the light, # is time, and r is the

position vector. This equation can be broken into components as

L
18p

E - Re{{zp :Iefkl‘ -r—imt} — Re lgple et‘kl‘or—imt (A].b)

s 1 e

where &), and &; are the electric field components parallel and perpendicular to the plane
of incidence, respectively, while 8’; ,and & denote the corresponding phases for the
components parallel and perpendicular to the plane of incidence, respectively. Thus the

electric field as a function of time traces out an ellipse as shown in Fig. A-1. To make a

connection to ellipsometry, we define the parameters, Wl and AL, W is related to the tilt

of the ellipse while A" (=6f, -5) is related to the eccentricity of the ellipse, being 0° or

180° for linear polarization (flat ellipse) and 90° for the fattest ellipse (circular

polarization if &, = &;). To summarize, in this notation,

£

tanpl =121
1€ (A2)
Al =85 -8
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Figure Al. Path of electric field vector over time for elliptically polarized light. & and
& are the electric field components parallel and perpendicular to the plane of incidence,

]
determined by the relative phase of the s- and p-polarized light, A" =& — &' .

respectively They are related to W by tan'¥* The eccentricity of the ellipse is
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If a sample characterized by ¥ and A [defined in Eq. (1)] is illuminated by incident light
with equal in phase s- and p-components (¥* = 45° and AL = 0°), then the light reflected

from the sample will have ¥* =¥ and AL = A.

A.2 Mueller Matrix Formalism

The Mueller matrix formalism is defined in terms of the Stokes parameters of the light.

For completely polarized light, these are defined as:

2
s0=1&,| +|&,
[ 2 o |2
1 ~[Ef e (A3)
5y = ZZPHZSICOSAL
§3 =2?fp“Z’slsinAL

so 1s proportional to the energy of the light wave, s; adds information about the tilt of the
ellipse of polarization, while s, and s; add information about the eccentricity of the

ellipse. From this we obtain the relations in terms of the ellipsometric angles as

51/5g = —cos 2%t
5, /59 =sin 2%~ cos A (A4)

53/5 =sin 2%~ sin AL
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We see that the four Stokes parameters are not independent for the case of completely

polarized light since
sg = slz + s% + sgz (A5)
The above relations hold only for completely polarized light. For unpolarized light, &, =

&, and A’ is a rapidly varying random function (cos A £ =sin A* =0 on average), so 5o >

0 and s; = 5, = 53 = 0 changing Eq. (AS5) to
50 = Sou * Sop = Sou + st + 53 +53 (A6)

where sg, is the intensity of the unpolarized portion of the light and sq, is the intensity of

the polarized portion of the light. Thus we can define a degree of polarization, Pol, as

2 2 2
S + 55 +
Pol =202 _NIL¥H ¥ (A7)
So So

The equality holding for the case of totally polarized light, where Eq. (A4) is valid.

Finally, the Mueller matrices are the matrices which transform the Stokes parameters of
the light incident upon an optical element into those for light exiting the element. So, we

have
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Se =M S;j (A8)
where M is the Mueller matrix of the optical element. S, and S; are the are the Stokes

vectors of the exiting and incident polarization state of the light respectively and of the

form

s=|" (A9)

This allows one to calculate the intensity at the detector which is the so component of the
final product of the matrices of the optical elements of the instrument times the incident

polarized light. The Matrices one needs are as follows:

Mueller matrix for a polarizer:

1 cos2P, sin2 P, 0
cos 2P cos?2P sin 2P, cos 2P, 0
Mp =[P« “ o4 £ (A10)
2)sin2P, sin2P,cos2P, sin“2P, 0
0 0 0 0
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where P, is the angle of the polarizer relative to the direction parallel to the plane of
incidence. The Mueller matrix for the analyzer, M,, is the same except P is replaced by

A, the analyzer angle.

Mueller matrix for a phase retarder with retardation 8 with fast and slow axes fixed at 45°

and —45° with respect to the incident polarized light respectively:

1 O 0 0
MR = 01 0 0 (All)
R= 0 0 cosd sind
0 0 -sind cosd
Mueller matrix of a reflecting surface (such as the sample):
1 —cos 2%¥ 0 0
~ 12 ~2
lrpl ’*’l"sl —cos 2¥ 1 0 0
Mg=+-~—"— . .
2 0 0 sin 2% cos A sin2¥sin A
0 0 —sin 2¥sin A sin 2¥ cos A
(A12)

where 7, and 7; are the complex Fresnel reflection coefficients for light polarized

parallel and perpendicular to the plane of incidence, respectively.
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Using these matrices, one obtains the Stokes vector for the light passing through a
polarizer, then a retarder, bouncing off the sample, passing through an analyzer, and

finally incident on the detector, Sp as

SD =MA MS MR MP (A13)

where [, is the intensity of the beam on the polarizer.

The so component of Sp gives the light intensity at the detector, /, which can be expressed
as a function of the parameter varied during the measurement. If the incident light is
partially polarized, the column vector on the right of the above expression should be
modified, but this does not affect the determination of ellipsometric parameters assuming

the polarizer is fixed and perfectly polarizing.

For a phase modulated ellipsometer, one expresses this in terms of the (time dependent)
phase introduced at the modulator, 5(f). The expression below is for a polarizer angle,
P, 45° greater than the modulator angle, M, which was the case with our instrument.

I=1Ipc+1gsind(t)+ 1o cosd(t) (Al14)

where
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Ipc =Iy(1-cos2¥cos24,)
Ig =Iysin24,sin2¥sin A (A15)
Ic = Iy[sin2M ,(cos2W¥ ~cos2A4 ) +sin2A4,cos2M ,sin2'¥ cos A]

For a rotating analyzer ellipsometer, one expresses [ in terms of the analyzer angle, so

I=1y+1gsin2A4, +1-cos24, (A16)

where

Is = I,sin2%¥' cos(A + 8)

I =—Iycos2¥' (A17)
tan V' = tan ¥
taﬂPA

In this case, 3 is the phase retardation due to a retarder in the light path if one is present

(6 = 0 otherwise).
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A.3 Jones Matrix Formalism

Jones matrices transform two perpendicular components of polarized light in the form of

Eq. (Ala) according to the optical element in question. A Jones matrix transforms the

e

4
electric field vector incident on an optical element, E = [g" :I, into the electric field
s

vector leaving the optical element, E' = [gf’ }
5

pp® p T ps
Z’S=JSPZP+JSSZS (A18)
or
E'=JE

Thus they are 2x2 complex matrices and only useful if the polarization state of the light is
completely determined. Instead of calculating the light intensity at the detector directly
as in the Mueller matrix formalism, in the Jones matrix formalism one calculates the
electric field intensity parallel and perpendicular to the plane of incidence, and then the

intensity based on these.

The matrices for the elements of an ellipsometer are as follows.

Jones matrix for a polarizer:
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2 .

P

Jp=| | cos“ P, sin {’ézcos '/ (A19)
sin P, cos P, sin“ P,

where P, is the angle of the polarizer relative to the direction parallel to the plane of
incidence. The Jones matrix for the analyzer, J,, is the same except P/ is replaced by

A, the analyzer angle.

Jones matrix for a phase retarder with retardation 6 with fast and slow axes fixed at 45°

and —45° with respect to the incident polarized light respectively:
= 2 2
Ir = 5 .. 8 (A20)

where § is the relative retardation between fast and slow axes.

Jones matrix of a reflecting surface (such as the sample):

7, 0
Is=|¢ (A21)

u¥

where 7, and 7; are the complex Fresnel reflection coefficients for light polarized

parallel and perpendicular to the plane of incidence, respectively.
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Using these matrices, one obtains the electric field at the detector, Ep, as

Ep =J, JsJr JP( °j (A22)
0

%

where &, is an electric field defined as I = 2&,7. Finally, taking the detected light

intensity as / = |Ep|’, one arrives at Egs. (A14) through (A17).

A.4 Higher Order Corrections For Rotating

Analyzer Systems

The above analysis ignores several small but important corrections that must be made for
accurate ellipsometry. First, polarizers are not ideal, particularly in the NIR in our case.
In addition, all of the measurements were made both with and without a phase retarder in
place. The combination and interpretation of these two sets of data can yield information
about the sample and the quality of the measurement. Corrections for these effects as
well as corrections for imperfect reflections at mirrors and the retarder were covered in

section 1.4.3.
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A.5 Extraction of Ellipsometric Parameters for

Imperfect Polarizers

This section follows the derivation given in Ref. 50. We will assume that the polarization

characteristics of the polarizer and analyzer were identical. Then we considered that the
polarizers are well characterized by their maximum and minimum transmission, Tpya and
Tmin respectively. We further define the parameters

2.1 T

cos§ = —max “Tmin  anq4 ging= max " min (A23)
Tmax + Tmin Tmax + Tmin
Then the Mueller matrix for a partial polarizer is
1 cosBcos 2P, cos Osin2 P, 0

cosBcos 2P, cos 2 2P, +sin 2 2P,sin® sin2P,cos2P,(l-sinB) O
cosOsin2P, sin2P, cos2P,(1-sin®) sin’2P, +cos’2P,sin® 0
0 0 0 sin 0
(A24)

MP=K

where K=(Tmax + Tmin)/2 and P, is the polarizer angle. Of course for the analyzer matrix,
M,, we use the same matrix only with the polarizer angle, P, replaced with the analyzer

angle, A ,.
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For our case, the polarizer angle was fixed at 45°, so Eq. (A24) simplifies to

1 0 cos 6 0
M _K 0 sin O 0 0 (A25)
P=45° = cos 6 0 1 0

0 0 0 sin 6

For the Sample reflection matrix, Ms, we can still use Eq. (A12). One should remember
that the values of ¥ and A appearing in Eq. (A12) should be interpreted as combined
values including the effects of the eight mirrors in the system and possibly the retarder.
Obtaining the values of ‘¥ and A for the sample based on these values is covered in

section 1.4.3.4.

Another affect to be considered is that the incident beam could be partially polarized due
to the presence of a polarizing beam splitter or the reflections off the several FTIR
mirrors prior to arriving at the ellipsometer. In our case, this affect was completely
negligible as we used the normal non-polarizing beam splitter configuration (each split
undergoes on reflection at the beam splitter, one transmission through the beam splitter,
and one normal incident mirror reflection as shown in figure 8). We include this affect in
any case by assuming the incident light is partially polarized (but with no phase shift

between the two eigenpolarization axes), that is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



310

51 (A26)

7]
-
I

where Sy is the Stokes vector for the incident light and sp and s; are Stokes parameters for

the (partially polarized) incident light as defined in Eqs. (A3)-(A9).

With these equations we can now get a corrected form for Egs. (A13), (A16), and (A17).

So s0Koo + 51K
s sqKqig + 5:K
Sp =M, Mg Mp| | |=| 0 10 71U (A27)
0 50Kz +51K7;
0 s0K30

where

Koo =1—cos2¥cosBcos24, + sin2¥ cos A cos? Osin24
Ko, =sin6(cosBcos24, —cos2'¥)
Ko =[cosB+sin2%¥ cos A(1 ~sinB)cosBsin24  Jcos24,

— cos2'¥(cos? 24, + sin? 2A4,sinb)
K;; = sin 6(cos> 24, —c2¥ cosOcos2A4, +sinOsin? 24,)
K50 =[cos® —cos2'¥(1-sinB)cos24 ]sin24,

+sin 2% cos Acos6(sin O cos 24, +sin’24,)
K,y =sinB[(1-sinB)cos2A4,sin24, —cos2¥cosOsin24 ]
K30 =—sin2¥sin Asin6cos©
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The intensity at the detector, / = sé) , is the top line of the last matrix in Eq. (A27) and

can be rewritten as

I=Ipc+1gsin24, +1¢cos2A, (A28)

where

I'ne =5s¢ —sycos2¥Wsin O
I% = 5o sin 2¥ cos Acos> © (A29)
[¢ = —sgcos2¥cosO + 5, sinOcosO

As noted earlier, with our system, the incident light is very nearly unpolarized allowing
us to approximate s; ~ 0. This approximation is particularly valid since s, only appears in
Eq. (A29) in conjunction with sin6 (a small number for good polarizers). It is important
to remember that for our system, the values of ‘¥ and A appearing in Eq. (A29) should be
interpreted as combined values including the effects of the eight mirrors in the system
and possibly the retarder. Obtaining the values of ‘¥ and A for the sample based on these

values is covered in section 1.4.3.
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Appendix B. Effects of Light Focusing

As mentioned in section 1.4, the light beam in the FTIR ellipsometer is focused onto the
sample with a half-angle of convergence of about 3°. This influences the measured
ellipsometric parameters since there is no longer have a single well defined angle of
incidence for the light, but rather a combination of light having several angles of

incidence. The effects of focussing have been considered for PCSA null ellipsometersls 0-

152 and for RAE using the two-phase model.'*

We consider the effects of focusing for a RAE on the measured ellipsometric parameters
(¥ and A) and the extracted dielectric function of an epilayer in a three-phase system.
For clarity, we assume that the polarizer angle is 45°. Then ¥ and A for a single angle of
incidence are equal to the W’ and A" of the light arriving at the analyzer. We also
assume that the optical elements respond the same for focused and columnated light.
Finally, we assume that the light is uniform and circular in cross section and that no part
of the light beam is lost any optical element being smaller than the light beam. (These
assumptions are not all met for our system, but the qualitative result of the calculation
should not change. Notably, the light beam does fall off the detector as mentioned in
section 1.4.2 and there is a dark spot in the center of the light beam due to the hole in the

first focusing mirror for the laser beam needed for the FT.) With these assumptions, the

effective measured value of the complex reflectance ratio, p,;, takes the form of a

average of p over several angles of incidence weighted by intensity and geometry factors
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°m pa—
Im@h@f+ﬁ@fk——iﬁL%®
P min

~ d)max - ¢min
fh@ﬂ+aw{v———L%®
S min ¢max - ¢min
where ¢, ¢, and ¢_. are the average, maximum, and minimum angles of incidence,

respectively.  Figure Bl shows the p,; (¢, =70°) (solid lines) compared to
Py (05 =70°%¢ 1o =75°% 6 i, =65°) (dashed lines) calculated for a three phase model

consisting of a 1 um 1.06x10"° n-doped Ing ¢sGag34As (sample J in section 1.8.2) on an
InP substrate. Focusing causes as about a 0.5° drop in ‘¥, a 0.8° reduction in A, and a
slight damping of the interference fringes in A below the bandgap of Ing¢sGag3sAs. To
see how these changes affect the inferred dielectric function, we have extracted a
dielectric function for a three-phase model, a single angle of incidence, and our
calculated p,, considering focusing effects, shown by the dashed lines in Fig. B2. The

solid lines in Fig. B2 show the actual dielectric of Ing¢sGag3sAs. The best data were
obtained for an epilayer thickness of 1.015 pm (instead of 1 um). For this best fit, there
are deviations of up to 0.4 and large bumps below the bandgap in the dielectric function.
The effects seen in Fig. B2 are probably larger than in our data since the actual focusing
angle is probably less than that assumed for these calculations and interference effects
were reduced for our samples since the interface between Ing 6Gag 34As and InP was not
abrupt, but instead was modeled to be about 100 A. However, Fig. B2 shows how any

inaccuracies in p can be magnified in extracted dielectric functions.
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Figure B1. Simulation of ellipsometric parameters using a three phase model with and
without focusing effects considered (solid and dashed lines, respectively). The structure
consists of 1 um 1.06x10'° n-doped Ing ¢¢Gag 34As (sample J in section 1.8.2) on an InP
substrate. (a) ¥ and A for the range 0.3-5.5 eV. (b) ¥ and A near and below the bandgap
of the Ing ¢¢Gag 34As layer - 0.3-1.5 eV.
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Figure B2. Dielectric function of the 1.06x10" n-doped InGaAs layer as extracted using
a three phase model with InP substrate for the ellipsometric parameters given in Fig. B1.
(solid and dashed lines, respectively). The structure consists of 1 pm (sample J in section
1.8.2) on an InP substrate. (a) €; and €, for the range 0.3-5.5 eV. (b) ¥ and A near and
below the bandgap of InGaAs: 0.3-1.5 eV.
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