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ABSTRACT

Modulation and Raman Spectroscopy Study

of Microstructural Geometries
by
Hongen Shen

Advisor: Professor Fred H. Pollak
Microstructural geometries i. e., they are structures on the order
of several lattice constants (10A) to several hundred lattice constants

(1000A), such as Ga AleJ/GiAl superlattices, GaAs doping super-

1-x
lattices, GaAs and InP space charge region and process induced surface
strain layers, were investigated using photoreflectance (PR), electrore-
flectance (ER) and Raman scattering.

We have demonstrated for the first time that photoreflectance spec-
tra from superlattices can be fit by a third derivative function electro-
modulation lineshape, thus making it possible to precisely determine
energies of the qua:itum transitions. By employing a detailed lineshape
fit, we can detect a barrier height change of several millielectron volts

and variations in well width as small as 2A wlth a spatial resolution




about 100um. For the first time at room temperature, several forbidden
transitions from GaAlAs/GaAs superiattices have been clearly observed,
which is a strong support to the valence band mixing theory in super-
lattices.

The Franz-Keldysh theory for modulation spectroscopy has been
generalized to involving both dc and ac fields. We have demonstrated,
both theoretically and experimentally that provided that ac field is
smaller than dc field, Funz-l(eld.ysh oscillations in modulation spectros-
copy are related to the dc electric field and not to the ac modulation
field. The effect of uc fleld is to produces a non-uniform modulation
which smears ut high order oscillations.

Pl;otorofloct.neo study on doping superlattices (nipi) have been
performed. For samples with small periodicity, the room temperature
spectra showed quantum size effoci. For samples with large periodici-
ty, spectra exhibited Franz-Keldysh osciliations. The pump chopping
frequency dependence of the PR signal was employed to measure the
recombination lifetime of the carriers.

The effect of polish-induced stress on the LO Raman spectra from
GaAs and InP have been investigated in detail. The lineshape changes
have been quantitatively accounted for by a model based on the convo-

lution of the skin depth of light and the penetration depth of the

-lv-




polish-induced surface strain. The strain penetration depth as well as
the surface strain were determined for various polishing conditions.

We demonstrated that Raman scattering can be used to determine the
width of the depletion layer as well as carrjer concentration for <100>
n-type GaAs (up to ntlolscm-a). The results are correlated with a
generalized theory of the depletion width for both degenerate and non-
degenerate situation at finite temperatures. We have also obtained the
coefficient of electric field induced Raman tensor (both amplitude and
phase) as well as impurity induced Raman tensor for <100> GaAs at

2.7eV (4579A).
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INTRODUCTION

In his closing address at the 15th Internatione’ Conference on the
Physics of Semiconductors in 1980 in Kyoto, Professor Y. Uemura
remarked ‘hat " the birth and rapid growth of new fieids during this
decade have been so remarkable that trends in research seem to indi-
cate a sign of transformations. Therefose I would like to propose the
heading 'sign of transfo~mations'"{1]. Some of the "sign of transforma-
tion" that were mentioned by Professor Uemura inciluded bulk to surface
and interface, periodic to randem or disordered, natural to designed.
One of the common factors of these important new areas of investigation
are that they consist of microstructural geometries, i. e., they are
structures on the order of several lattice constants (10A) to several
hundred lattice constants (1000A). Optical techniques are powerful
methods for studying such microstructural geometries. Two of the most
useful are modulation spectroscopy [2] [3] [4) [5] (6] [7], which
probes the electronic states of the system, and Raman Spectroscopy
(RS) [8] {9} (10] [11], which is a function of the lattice vibrations of
the material.

In this thesis we have investigated the electronic and vibrational

properties of various microstructural geometries using modulation spec-
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troscopy and Raman scattering. The selected microstructural geometries
were compositional and doping quantum wells and superiattices, the
space charge region of III-V semiconductors and process-induced sur-
face damage in [II-V semiconductors.

Although modulation spectroscopy, particularly electroreflectance
has been used extensively to study semiconductors in bulk and thin
film form only recently is this approach being applied to study micros-
tructural geometries, i. e. superlattices, quantum wells and heterojuc-
tions., In the past electromodulation has proven to be the most useful
method since it yields the sharpest structure, related to the third
derivative function (TDF) of the optical constants, also its lineshape is
well defined (the Aspnes TDF lineshape) thus enabling investigators to
accurately determine the energies, broadening parameters, phases and
amplitudes of optical transitions even at room temperature. The sensi-
tivity of electroreflectance to electric fields can _be utilized to evaluate
the surface and interfacial filelds in systems which usualiy are very
important for fundamental and applied studies. In addition, electromo-
dulation signal is inversely proportional to the reduced interband effec-
tive mass, thus making it extremely suitable for investigation of the
optical properties related to the fundamental gap. Photoreflectance is a

special mode of electroreflectance, where the optical constants of the
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material are modulated by the photo-injection of electron-hole pairs by a
secondary (pump) light source. It is contactless and has certain advan-
tage compared with other modulation techniques. For example, effects
of perturbations such as temperature or strain or hydrostatic pressures
can be conveniently studied.

Raman scattering is a versatile and effective tool for investigating
the lattice vibrations of a semiconductor and interactions of the phonons
with other excitations such as plasmons, etc. Since lattice vibrations
are very sensitive to local environments, RS can yield information about
the semiconductor or structure on the scale of a few lattice constants.
Thus it is Iideal for investigating the nature of microstructural geome-
tries. Also since RS is a second-order process it contains important
symmetry information which is not available from first order optical
interactions. In RS, both polarization selection rules as well as peak
positions are sensitive to perturbations, both internal and external,
such as strain, electric fields, temperature, etc. Furthermore, by using
various excitation lines of different wavelengths it is possible to per-
form depth.profiling measurements.

The Gal_xAles/GaAs quantum wells and superlattices are probably
among the most important of the various semiconductor systems fabri-

cated in the past decade. The first electroreflectance measurements of

-xm-
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Gal_xAles/GaAs multiple quantum wells (MQW) and superiattices (SL)
was reported by E. E. Mendez et al [12]and M. Erman [13]. Photore-
flectance measurements (PR) of Gal_xAles/GaAs quantum wells were
recen:ly reported by Glembocki et al [14] {i5]. The spectra of well
characterized multiple quantum well (MQW) sample exhibit the complete
ladder of interband transitions between the heavy hole and conduction
subband states. Weaker structure was detected at the photon energies
corresponding to excitations for light hole to conduction subband
states. As Gal_xAles/GaAs quantum wells and superlattices are of
great interest from both fundamental as well as technological considera-
tions, it is essentially important to experimentally determine (a) compo-
sition x of Gal_xAles epilayer ,(b) width of the quantum well and (c)
conduction band offset. The search for allowed and forbidden quantum
transitions helps to examine our theoretical knowledge of the band mix-
ture effect in quantum wells{16].

Doping superlattices (n-i-p-i) are another Interesting class of
superlattices. As the requirements for growing high quality n-i-p-i
are less demanding and they have wide applications, it has been
attracting considerable attention recently. Very little modulation stud-

jes have been studied on this system. To our knowledge there is only

one photoreflectance measurement on InP nipi has been reported very
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recently [17]. The mechanism of PR in nipi are quite different from
compositional superlattices. A detail study for different potential pro-
files are important to explore this new area.

The Space Charge Region (SCR) of a semiconductor plays an impor-
tant rule in semiconductor devices. The direct sensitivity of the fea-
tures in the modulation spectroscopy, particularly ER and PR, to the
nature of surface field has been noted by a number of investigators (6]
(7] [18} [19] [20]. Most of the works were done in the low field
region, where the built in dc field was small and so was the ac modula-
tion fleld [6]. If the low field condition i{s not met, Franz-Keldysh
oscillations (FKO) begin to appear, which can also yield information
about the SCR. In previous studies [6], the bulilt-in dc fileld was small
and so was the ac field. The FKO were related to the modulation elec-
tric field. These prior investigation did not consider the effect of a dc
electric field in SCR. In order to understand the performance of SCR
devices, it is important to know how dc and ac fields play different
rule in modulatjon spectroscopy.

Heavily doped III-V semiconductors are of interest from both a fun-
damental and technological point of view. For examples, the effect of
electron-phonon coupling as well as high surface electric fileld can be

studied in such system. Only recently with the improvement of MBE
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Raman spectra lineshapes are accounted for by a model based on the
convolution of the penetration depth of the light and the skin depth of
the polish induced surface strain. Alsc discussed in this section is the
result from heavik' doped n-GaAs. Both carrier concentration and
depletion width are examined and compared to a generalized theory for
both degenerate and non-degenerate materials at finite temperatures.
The coefficients of electric field induced Raman tensor (both amplitude
and phase) and impurity induced raman tensor are also evaluated for
<100> GaAs at 2.7eV (4579A).

In the last chapter we summarize the results and conclusions of our

investigations.
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in Section 1 and the experimental procedures in Section 2. In the
experimental section we highlight a newly developed servo mechanism
for normalizing the spectrum, which has a consi‘erable advantages over
the previous one. Section 3 contains the results obtained by modulation
spectroscopy for Gal_xAles/GaAs quantum wells, superlattices and
GaAs doping superlattices (nipi). The main focus is on the accurate
determination of the various transition energies using third derivative
lineshape. Topographic variation and depth profiling of superlattices
are carried out. Violation of the selection rules and observation of for-
bidden transitions are reported as a support to the band mixing theory.
Also presented in this section are the generalized FKO theory and the
experiment evidence on InP/ITO SCR.

Raman spectroscopy Is discussed in Chapter III. The basic princi-
ples of Raman scattering are covered in Section 1 and experimental
techniques in Section 2. In Section 3 we describe the results of the
investigation regarding polish-induced surface strain. The resulting LO
Raman spectra lineshapes are accounted for by a model based on the
convolution of the penetration depth of the light and the skin depth of
the polish induced surface strain. Also discussed in this section is the
result from heavily doped n-GaAs. Both carrier concentration and

depletion width are examined and compared to a generalized theory for

- xvii -




both degenerate and non-degenerate materials at finite temperatures.
The coefficients of electric field induced Raman tensor (both amplitude
and phase) and impurity induced raman tensor are also ~valuated for
<100> GaAs at 2.7eV (4579A).

In the last chapter we summarize the results and conciusions of our

investigations.
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Chapter I

DISCUSSION OF MICROSTRUCTURAL GEOMETRIES

Microstructural geometries are structures on the order of several
lattice constant (10A) to several hundred lattice constants (about
1000A) including semiconductor superlattices (SL), quantum wells (QW),
heterostructure interface, space charge region (SCR), microcrystalline
effects, etc.

Superlattices and quantum wells [22] [23] [24] [25] are composed of
a periodic sequence of ultrathin (about 100A) crystalline layers of
alternating composition (e. g. AlAs/GaAs InAs/GaSb, Ge/Si, etc.) or
alternating doping (e. g. n-GaAs/p-GaAS, n-Si/p-Si, etc. so called nipi
structure) (Figure 1). Space charge region [6] ([7] [26] [27] near
the surface or interface of semiconductors is usually due to the Fermi
level pinning. It can also occur with no pinning if there is an applied
field. The band bending near the surface or interface results in a
depletion layer as thin as 50A-1000A. In this thesis we only discuss

QW,. SL and SCR.




[ F]

@ afUL AL, T

il

" TgseEr

N\
e e e e e e e e e .

[
L s
Oapong sumiiayer srusure & Gohs
Figure 1: Schematic illustration of compositional superlattice
and doping superlattices (nipi)
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1.1 Compositional Superlattices and Quantum Wells

In a compositional SL the semiconductors are chosen so that their ener-
gy band gaps are different. The most straight forward way to deter-
mine the electronic properties in SL is to treat the SL as simply a
series of semiconductor layers, with each layer contributing its charac-

terizatic properties. More sophisticated calculations show that this
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approach gives satisfactory results, even in the case of extremely thin
layers. Thus, the periodic variation of the layers gives rise to a peri-
odic alteration in the electrical potential. Inside each potential ."a.l.l
only certain energy states are available to conduc:ion. (valence) band
electrons (holes).

The components of the superlattice have energy band gaps I:‘.gI and
II 1 IT

IEg and layer ‘thickness d° and d (for example [=GaAs anc

1I=GaAlAs). The energy gap difference
V = E "-E (1)

is divided into one part vo,c which appears as a discontinuity in the
conduction band edge Ec(z) and another part Vo,v‘ which modulates
the the valence band edge Ev(z), where z Is the direction of the
superlattices growth. This is illustrated in Figure 2.

Consider the square well potential in Figure 2, The states of the
electrons (holes) in the z direction is quantized, yielding a number of
discrete energies for the electron (Ec,n) and holes(Ev,n). An esti-

mate of the electron and hole energies based on an infinite well height

gives
E = nzﬁanZ/Zm*c(dI)z (2)

_ 2.2 2 1.2
E =71h n, /Zm*v(d) 3)
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where m"‘c and m”'v are the electron and hole effective masses (along
z), respectively.

The above equations give a reasonable description for the lowest
level of an Iisolated quantum well multiple quantum wells. A more
detailed approach is required for the general case of a SL. There are
several theoretical models presently available, 1. e., the modified

Kronig-Pennney model(28), two-band envelope function model (Bastard
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model) [29] and multi-band tight-binding and envelope function model

(Schulman model) (16] [30].

1.1.1 Modiffed Kronig-Penney Model

The Kronig-Penney model is described in quantum mechanics text-
book [28]. The only difference with the textbook treatment is in the
use of two masses for the two materials and the modified boundary con-
ditions, i. e. [l/m"‘(z)][dGC'v(z); dz] continuous at the interface,
where °c,v(z) is the envelope function for electrons and holes respec-
tively, m*(z) is the effective mass along the growing direction z. This
boundary condition insures the continuity of the probability current.

The modified Kronig-Penney equation reads

cos(qd)=cos(kld1)cos(kndu)-1/2(x*1/x)sin(k1dl)sln(kudn) (4)
where
d=dI¢dII (5)
x=klmu/kumI (6)
2 2. .2
k 1° '.’m*IE/h )-k, (7

2 < o2me (V -E)A]-KS (8)
K%y = 2wV, o CEVATK
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ki s kzx*kzy, i. e., he momentum perpendicular to the superlattices
direction and q is the wave vector in the subband.

Let us look more detail in the effectr of superiattices (or quantum
well) potential on the band structure of the diamond and zincblende
type material. The top of the valence band consists of a heavy hole
(mHH) and light hoie (mLH) contribution. The degeneracy is a conse-
quence of the cubic symmetry of these materials. The superlattice
(quantum well) potential V(z) removes the degeneracy, i{. e. it makes z
inequivalent to x, y. Thus in SL (or QW) the conduction and valence
states are shown in Figure 3. The splitting of the valence band into
heavy and light hole subbands can also been seen from Eqs (2) and
(3).

The selection rules for the optical transition can easily understood
In term of the Kronig-Penney model. In fact the superlattice wave
function QSL(r) in the effective mass framework is written as a product
of the Brillion zone center bulk Bloch function !Poc v with a slowly var-

ying envelope function ’c v n(z) modifying along the superlattice axis

’ ’

0
11'SL(P) = c,v*ﬂc,v,n(z) (%)

the momentum matrix element PSL related to optical transition can be

written as

- 0 ”» 0 E
Pop = <v ‘c,nl(‘)”ﬁv"" v ov,nz(z)>
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=P¢v <¢c,n1(Z)I¢v'n2(2)> (10)

__.0 0
where P, =< cuﬂvw v (11)

Thus only when n,=n, or An=0, then interband dipole matrix are large.

172
Although the overlap between other envelope functions is not exactly
zero due to the difference between the conduction and valence band

offset, it is small enough to give the quasiselection rule.
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Up to now, the modified Kronig-Penney model is still the one most
commonly used in the design of a SL. However, it frequently introduc-
es error for the higher subbands. The reasons are : t'~ non-
parabolicity of the bulk band structure, the mixing of the superlattices
bands when they are close in energy and the mixing of light and heavy

hole character for k not equal to zero.

1.1.2 Bastard Model
Calculation of the Bastard model begins with the 6x6 Kane matrix
describing the k.p interaction within the 1‘6 and 1‘8 subspace [31]. By

decoupling the heavy particle (M,=t3/2) from the light particles (elec-

J

tron and light hole M =+1/2) , the Kane matrix can be transformed into

)|
two identical 2x1 differential systems (for describing coupling between
light hole and electron ) and two 1x1 systems (for describing heavy
hole). The 1x1 equation leads to the same solution as the modified

Kronig-Penney model, however the 2x2 equation introduces a small

modification to the modified Kronig-Penney model, i. e. replace x by

3 I el
x = k(E+Eg -V )/k; (E*Eg’) (12)

The advantage of this method is that at almost no cost in terms of

computational effect, it gives quite satisfactory results. The mixing of



9
the conduction band and the light hole is considered and the non-
parabolicity of the bands is included in a natural way. We have com-
pared Bastard model to the more sophisticated methods (Schulman's
model). Results are very close for all the confined ievels (within 1-2
meV). The discrepancies among published results for similar cases is
due simply to the variations in bulk parameters assumed as input to the
calculations, especially effective masses.

The disadvantage of the envelope function method is that it allows
no mixing of two or more bulk states with widely separated wave vector
and no mixing of bulk heavy hole and light hole states in the superlat-
tice wave function. Thus although it gives the almost right energy
positions of the subbands, it can not explain any forbidden transitions
which frequently appear in experiments {12] [32] [33].

The limitation of the two band envelop function model is that the
ratio of the bulk band gap to the effective mass in material I and II
must be the same. Thus if the band gap and effective mass in the well
are used, the choice must be make whether the band gap or the effec-
tive mass of the barrier , but not both , is also used. Y. C. Chang ,
etc. suggested that [341] it is preferable to use the effective mass to
the energy gap. However, from an experimental point of view, the

energy gap is a quantity which can be easily measured.
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1.1.3  Schulman Model
J. N. Schulman, etc. have recently presented a multi-band tight-
binding and envelope function method [16] {30]. They used five orbi-
tals per atom (s.x,y,z,s*) anc nearest-neighbor overlap to produce 20
Bloch states per material . By diagonaling the Hamiltonian formed by
using the 40 Bloch rfunctions, the superiattice function can be expanded
as a linear combination of them. Their results showed that, the lowest
superiattice conduction band states are primarily derived from the
expected bulk states with wave vector near the center of BZ. 'I‘he‘
valence band states are more complicate in that the superlattice poten-
tial mixed the heavy-hole and light-hole state together. This type of
mixture is especially strong when heavy-hole like and light-hole like
states are close in energy for certain superlattice thickness. The mix-
ing breaks down the optical selection rule An = 0 and has substantial
effect on the optical properties of the superlattices. We will return to

this point in the later section.

1.2 Doping Superlattices
In contrast to the compositional superlattices, doping superlattices
(24]) [35] [36] [37] consist of homogeneous bulk material modulated only

by periodic n and p doping, possibly separated by undoped (intrinsic,
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i) regions(nipi crystal). The periodic potential in doping superiattices
is exclusively space-charge induced. As we are dealing with a homoge-
neous semiconductor, the effective mass approximation provides a very

satisfactory description.

Figure 4: Schematic representation of electron and hole in the
nipi structure
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ansider the simplest nipi structure formed by a compensated dop-
ing with equal thickness dn=dp for n and p doping layers, and equal
doping concentration n a Ma The period space charge potentiai in this

case is parabolic and has an amplitude of

q
2V =4ren 47 (13)

where ¢ is the dielectric constant of the mater:al and d=dn*dp. The
subband energy and envelope function are exactly solutions of the har-

monic oscillator equation. [24]

Bc,v,n = (n*i)ﬁuc,v (14)

where

2 3
ﬁuc,v = fi(4me nd/tm*c,v) (15)

mc v is the effective mass for electron and hole respectively (see Fig-

ure 4). Since the electron and holes are separated in real space, their

is no selection rule for optical transitions. The transition energies are

En'm=Eg-2V°*(n*i)‘ﬁuc*(m*é)’ﬁuv (16)

where I:Ig is the energy gap of the host material.
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In the case of an uncompensated doping superlattice,

finite (two dimensional) electron or hole concentration n(z) or

the n or p layer. Its value follows the neutrality condition

q
n(°)=nd-nd

d'n a'p

there is a

P

@),

(17)
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The spatial distribution of electrons, n(z) or holes, p(z) depends on
the wavefunctions of the populated subbands and the number of carri-
ers in theses 3ubbands. They have to be calculated self-consistently.
Ruden and Dohler etc. [38] reported a detailed study of the self-
consistent calculation and showed that the free carriers have a signifi-
cant probability to remaining at the center region of the respective lay-
ers (see Figure 3). Hence one can assume that the space charge is
exactly neutralized In the central region of width 4 d= ntz),/nD and sim-

ply solve the effective mass equation with a flat bottom at the center of

each layer (see Figure 5). This simply method was used in this thesis.

1.3 Space Charge Region

Extensive studies on Fermi level pinning and space charge region
have been reported in the literatures [6] [7] [26] [27]. OCne model
theory of Fermi level pinning in zincblende type semiconductor is the
Defect Model [26]. In this model, a large density of surface states is
assumed to been due to the defects (such as lack of As atom near the
GaAs surface) or are associated with oxide layers and foreign absorbed
materials. Most of the surface states are laying in the middle of the
energy gap (see Figure 6). Fermi level at the surface is to be pinned

in the position of the states (i. e. middle of the energy gap). Recent-
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ly, J. M. Woodall, etc [27] have suggested a new model so called Effec-
tive Work Function Model (EWF). The EWF model assumes that the Fer-
mi level location is de*~rmined by the work function of anions released
from the bulk material (for example, As from GaAs or P from InP).
For most of the III-V semiconductors (except InAs), the work function

oP or ¢ is near the middle of the energy gap (see Fig. 1 in ref

As
[27]). Because of the Fermi level pinning, free carriers near the III-V
semiconductor surface are removed and only the bare jonized impurities

are left. Under this fully depletion approximation, the Poisson's equa-

tion can been written as

a%¢/dx=4me’n " (18)

where n d is the doping concentration. ¢ is the dielectric constant. The

depletion width is

ds=(sVs/2mmD)5 (19)

and the surface electric field 63 is

8;2 = 8men Vs/: (20)

D

where Vs is the surface band bending. Using the above equation, we
can estimate the surface depletion width of GaAs (nD=1018-1019cm-3)

being about 50A to 200A and the surface electric field as high as

10%V/cm.
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Condustion Band

Figure 6: Schematic representation of the surface states and
band bending in an N-type semiconductor.




Chapter II

MODULATION SPECTROSCOPY

2.1 Theory of Modulation Spectroscopy

The idea of modulation spectroscopy [2] [6] [7]) [39] Is a very gen-
eral principle of experimental physics. Instead of directly measuring an
optical spectrum, the derivative of the spectrum with respect to some
parameter is measured. This can be easily accomplished by applying
the parameters as a small perturbation in a periodic fashfon and meas-
uring the corresponding change in the optical properties with phase
sensitive detector (i. e. with a lock-in amplifier). Structure in the
conventional optical spectra is considerably enhanced in the derivative
spectra and flat, structureless backgrounds are eliminated.

The modulation techniques can be classified into two categories:
internal and external. In the internal modulation method. parameter of
the monochromatic optical beam, such as the wavelength or the degree
of polarization, is modulated. In the external method. an independent
modulation parameter (e.g. a stress, an electric field, etc.) is applied

to the sample. The internal method is simpler from the theoretical point

- 17 -
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of view since it involves only the optical properties of an unperturbed
solid. On the other hand, external method is simpler from the experi-
mental point of view. In an internal modulation experir-~1t the spectral
distribution of the intensity and pclarization properties of the incident
beam produces spurious signal which can only be corrected by using a
double beam system. In an external modulation experiment, however,
the spurious signal can been removed easily, especially with a new ser-
vo mechanism developed in this thesis. We shall return to this point in
the latter section.

The external modulation method can be subdivided into two catego-
ries according to the nature of the perturbation. Some perturbations
(e.g. stress [40], temperature [41]) preserve the translational symme-
try of the solid. In this case momentum conservation must be satisfied,
i. e. A k = 0 and either the energy gap or the broadening parameter or
both have been modulated which usually gives rise to the first
derivative-like spectra (see Figure 7a). Other perturbations partially
destroy the translational invariance (e. g. electric fleld [6] and mag-
netic field [2]). In this case, forbidden transitions of 4 k # 0 become
allowed (see Figure 7b) which gives rise to complicated lineshapes usu-
ally corresponding to higher order derivative-like spectra. Interpreta-

tion of these kinds of spectra involves the rather formidable problem of
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the theory of the optical properties of the mater:al in the presence of a
perturbation. Since the A k # 0 transitions are now add to the spec-
tra, it can not and should not simplified to first derivative spectra.
Among all kind of modulations, electro modulation (including elec-
troreflectance, electrolyte electroreflectance and photoreflectance) is the
most powerful technique because of the sharpness of the spectra. In ER
(electroreflectance) the fleld is modulated by appnlying the perturbating
voltage across a MOS configuration, Schottky barrier or immersing the
sample in an electrolyte (electrolyte electroreflectance EER). In PR
(photoreflectance), the modulation is accomplished by photo-injected
electron-hole pairs created by mechanically chopping a laser or other
second light source of photo energy greater than the fundamental gap
of the material. In this thesis we will only discuss the electromodula-

tion techniques.

2.1.1 Dielectric Function and Modulation Spectra
The fundamental quantity which describes the optical response of

the material is the complex dielectric function

t(w) = tl(u) + itz(u) s N2 (21)

where N=n+ik is the complex refractive index of the material. The real

part (:1) and imaginary part (:2) of ¢(w) are related to those of N by:




¢, =0 - k (22)
£, = 2nk (23)

For near normal incidence, the reflectivity at the discontinuous inte.-
face between two different, but homogeneous media (substrate/ambient)

can be written using Fresnei's equations as
- 32, .y 2
R =|(N-N )%/ 1(NeN )| (24)

where N and Na are the refractive indices of the material and the
ambient, respectively.

The dielectric function exhibits features which are due to singulari-
ties in the combined density of states at certain points in the BZ called
Van Hove singularities [42] or ' critical points '. To calculate modula-

tion spectra(but not the dielectric function as a whole) we can write the

dielectric function as a superposition of the local functions [6]
2 -1
¢(E,1)=(Q/E")I(E_ (K)-E-Il) (25)
where

Qzo’f’le.P_ |%/m’ (26)
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c,v denotes conduction (empty) and valence (filled) bands, respective-

ly. The quantity e is the unit polarization vector of photon electric

field, E is photon energy, m is the free electron mass and:

Pcv = <ck|p|vk> ] 27)

is the momentum matrix.
Ecv(k)=Ec(k)-£v(k) (28)

is the interband energy, and T is the phenomenclogical broadening
parameter.

Because the region is local we may assume Pcv(k) to be independent
of k. Performing the integral in eq.(25) explicitly for one two, or
three dimensions (for which two, one or none of the reduced interband

effective masses m* are infinite), we have explicitly

4 1D

2 . (1+41) -
((Q/E )Dnykzt (Eg-Eoir)

=) 2 (1+2) .
e(E,T) =y (Q/E")D,D K 1" “ln(E_-E+il) 2D (29)

{(ZﬂQ/Ez)D‘DyDzl(hl)(Eg-E*lI‘)é 3D

where

D, = 2mk21},  xy.z (30)
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K1=Ky or Kz are the cutoff lengths in the brillouin zone for one and
two dimensional critical points, and 1 Is the critical point type which
ecual to the number of negative masses. We emphasize that the above
equations are to be used to calculate difference or derivative spectra,
and consequently, constant background terms do not appear.
In modulation experiments the perturbation changes the dieiectric
function £. Let us assume that the real and imaginary parts of the

dielectric function are changed by the amounts Az, and Ae,., respective-

1
ly. Then it can be shown that
AR/R = Re (ZNaAt/N(t-za)) (31)
= Re((a-iB)Ac} (32)
= a(tl,tz,ta)Al:l + B(:l,tz,:a)uz (33)

where a and 8 are the Seraphin coefficients, which have a characteristic
energy dependence for most semiconductors, <. is the dielectric con-
stant of the ambient. In the next section we shall show how At:1 and

At2 are varied by an applled electric fieid.

2.1.2 Low Field Limit (Third Derivative Spectra)
Several method can be found in the literature ([43] ([44] [45] [46]
[47] for the calculation of the dielectric function in the presence of low

electric field. Most of derivations are algebraically complicated . We
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here present a very simple semiclassical approach [48]. Although it is
not rigorous the physical insight is quite transparent.

T+e physical mechanism responsible for electric field modulation is
the coupling of the field to the electron (or hole), causing them to
accelerate through the lattice and to occupy a range of Kk states before
they undergo a collision process (see Figure 7b). There is another
way of saying that an electron (or hole) occupies a range of energy in
the band structure prior to a coilision. This energy assists electron in
tunneling though the gap and effectively reduces the energy gap.

The energy gain of electron and hole can be calculated using clas-

sical mechanics

2

22,2
:eo

Egain t°/2m* (34)

where m* is the interband reduced effective mass, t is time between
two collision and is electric field.
The average energy (or the average energy uncertainty) during

-t/2 to t/2 is

"
Egain = 02 &2/ 24m* (35)

The change in dielectric constant due to £ is




Ae = t(E-Egam,I‘) - ¢(E,T) (36)
if the fieid is low enough so that:

Egam <T (37)
then we can make a Taylor's series expansion yieiding

At = ~Egam(d/’dE)t(E.x) (38)

= -(e28%2%/24m") (d/dE) ¢ (E.T) (39)

In quantum mechanics

t = #i(d/dE) (40)
and thus:
e - (1/3) ey 3 (a3/aE3) e (E, T) (41)
where
£2 = (2 & h°/8m%) 173 (42)

is the characteristic electro-optic energy of the system.
It can been easily seen that the electric field-induced change is

related the third derivative with respect to energy of the unperturbed

- — — ———— —— eetp—
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dielectric fgnétion.. This is in contrast to the first derivative nature of
modulation techniques which preserve translation symmetry. Thus
eiectro-modulation will give zharper structure. From the above equation
we can also see that the lineshape of At is independent of field in the
low fleld limit and its amplitude simply increases as the sguare of the
fleld and inversely as the interband mass.

It is interesting ‘o point out that this simpla derivation, unlike any
other sophisticated method. is in-apendent of the un:ertursed dielectric
constant. It does not matter if the zero field dielectric function is
Lorentzian-like or Gassian-like, the low fleld electric modulation is
always the third derivative of the corresponding function as long as
electron and hole can accelerate and gain energy from the electric fleid.
We will return to this point when we discuss the mechanism of photore-
flectance.

The {nequallity Ega < T gives the limit for the low fleld region.

in
If we approximately take t=t=f,T the average collision time, then the

energy gain prior to a collision will be

22222 154 e a0y 3 anl 43
Eain™® 8 t°/2am==(41Q) /3T (43)

Low fjeld limit condition Egam<r reads

@38 < 13 (44)
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Hence, the above low field limit is applicabie to the intraband mechanism
when the average energy gained per particle by acceleration in the fieid

is small compared to the natural lifeti~2 induced uncertainty. In pre:-

tice the above low field limit is valid if the characteristic energy QR <

~
n-

T. In this limit the fleld enters only as a scaling prefactor ¢ ~. Exper-
imentally this low field iimit can be recognized whenever the spectrai
amplitude scales as 82, and no change is observed in the lineshape.
Usually as a rule of thumb, this low field limit {s applicable whenever

AR/R 1074,

Since the lineshape is field invariant, it is not necessary
to use square wave modulation nor even to modulate from flatband pro-
vided that both dc and ac field satisfy AQ<T.

Since the low-field electroreflectance (ER) structure of a single
critical point is well localized within an energy range not exceeding
several broadening parameters, the unperturbated djelectric function

can be replaced with the local djelectric function discussed in last sec-

tion, thus we can write:
ie -n
(LR/R) = Re{|[Ce (E-Egoil‘)] ) (45)

where C and 0 are the amplitude and phase factor which vary slowly
with E, and hence can essentially be considered energy independent for

small changes in E. The parameters C and 6 determine the amplitude
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and asymmetry of the lineshape, respectively, and E‘ and T determine
the location and width of the structure. For three dimensional critical
points (i.e., all the effective masses are finit~' n=2.5, and for two
dimensional critical points (i.e., one of the masses is infinite) n=3
whereas n=3.5 for a one dimensional critical point. In the case of exci-
tcn, electric field modulates exciton binding energy as weil as acceler-

ates electrcns and holes. The first one gives a contributionn corre-

sponding to n=2 ,while the second ore corresponcding tc n=4.90

2.1.3 Franz-Keldysh Oscillations

If the low field limit is not valid, then a full quantum mechanical
description must be used. Several different but equivalent methods have
been reported in the literatures to calculate the dielectric constant in
the presence of such an electric field [49] [50] [51] {52] (53] ([54]
[55]. We outline only the simplest, i. e., the stationary state
approach in the effective mass approximation([50].

The calculation begins with the center ot mass problem of the elec-

tron and hole
" 9
[(ﬁ“,'zm*)v"oegzowlnl(z) =0 (46)
The solution of Eq(46) is given by :

0,(2) = (e£/K0) All(efz-W,)/H8] . (47)



where
3. 22,2,
(58)"=e“ A/ 2m* (48)

and Aj is the Airy function.
The imaginary part of the dielectric function is proportional to the

probability of finding 2lectron and hole at the same position, 1. e.

¢y(E) = (Q/E) I 18(0)1°6(W,-E) (19)

substituting ¢(0) from Eq(47) into the above equation yields the resuit:

Ve ] 02 2
¢,(E, &) = (Q/E)(£8) n[AI' (n)-nAi ()] (50)
2 % 3 -
¢,(E,0) = (Q/E")(K8)"(E-E ) H(E-E ) (51)
g 8
where H(x) is the step function and
Q' = (2028 /m ) e.P_ 1% (2me4) 2 (52)

= - /o
n (Eg E)/ R

This result and its Kramers-Kronig transform (i. e., Acl) can be

expressed as:



o - s
at(E, £ ) =(Q'/E™)(#8)°[G(n) *iF(n)] (33)
where
2 2 4
F(n) = <[A1'""(n)-nA1"(n)]-(-n)"H(-n) (54)
G(n) = r[Ai'(n)Bl'(n)-nAl(n)Bi(r.)]°(n)§H(n) (33)

The lineshape factor G and F, plotted as fleld induced changes in real
and imaginary part of dielectric function are shown in Figure 8.

The physical picture of Franz-Keldysh oscillations is photo-assisted
indirect interband transitions in the real space. Franz-Keidysh oscilla-
tion is also sometimes called photo-assisted tunneling. Transitions
between valence band and conduction band are now possible for energy
smaller then I:‘.g through the quantum effect, which corresponding to the
exponential tall in Figure 8 for n>0. Transitions above the energy gap
(n<0) show resonance effects, wherever the distance the electron trav-
els equals an integer number of de Broglie wavelengta, which corre-
sponding to the periodic peaks in Figure 8.

Using the asymptotic expression of the Airy function [536]

Al = 2201 Y 4sin((2/3) (-1) 3 2en/a] (56)
Notice that:
9y = #2)4 (57)
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The energy at the peak of the vth half oscillation is determined by

the relation:
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vr = 8+(2/3) [(Ev-Eg)/ﬁ'n)"’/z (33)

Thus a plot of extremum number v versus 2/.’3(Ev~‘x~:g)3/2 vields a slope
of (‘ﬁQ)-S/z. Since Q2 contains information about effective mass and the
electric field, it is important to observe as many oscillations as possi-
ble. In order to do so , a uniform modulation from the flat band was
suggested by several authors [537] [58]. That usuaily required a near-
ly intrinsic sample. In heavily doped semiconductors, the electric fleld
is always inhomogeneous since the penetration depth of fileld is so small.
We will demonstrated in next section that an homogeneous modulation

can also be obtained by applying a small ac modulation field.

2.1.4 Generalized Franze-Keldysh Oscillations

The above FKO theory is based on modulation from flat band and do
not take into account the presence of large build in dc field (e.g. in
the space charge region of heavily doped material or nipi structures).
We will show below that if the dc field is considerable larger than the
modulation field, the period of the KFO are a measure of the former
field, not the latter.

Including a dc electric field(.S dc)' the change of dielectric function

due to the ac modulation( 6ac) can be written as
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Se(E, 8c!::’ gac) = e(E, edc’ €ac).t(l':’ Edcogac) (39)

: At(E'adgsac).Ac(E’ 8dc-83c) (60)
lfgac «gdc then
8e(E. Eyor Eae) = 26,1074 8, )0 (E, &) (61)

Using relations between Airy functions and their derivatives, we have

explicity

8e(E, £ 400 E,0) = WIAE,/ 5dc)(Q'/Ez)(ﬁe)*[E(nM'f(n)l

where

Fm) = (7/2) (A2 (n) +naid (m)] (63)

C(n) = (n/2)[A1'(n)Bi'(n)*nAi(n)Bi(n)] (64)

Since n is related to the dc field, the FKO now is determined by § de
not the modulation field gac' Thus FKO provides a direct optical meas-
ure of the surface (or interface) field.

In order to compare this result to the experiment, one must take
into account the inhomogenities of the field. Aspnes and Frova [57]

pointed out that, in the presence of non-uniform field, an approximate
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solution of Maxwell equation in the simple local uniform perturtation
approximation leads to an expression for the effective change in dielec-
tric constant is

kz 4, (63)

<Ae> = lik At:(z)e-i
0
In the fully depleted space charge region the electric field changes ln-

early in the SCR
€@ = £, 2)/d  (0<z<d ) (66)

where 83 is the electric field at the surface. d' is the depletion
width. For a very short field penetration depth (i. e. heavily doped

material) the effective change of dielectric function is

Es
<ae> = iC ac(E)4E (67)

0
where C is a real constant. When applying an ac modulation, the sur-
face field 83 will change from 8dc- gac to £,.* Eyor however the
slope of electric field keeps constant (see Figure 9) provided that net
free carriers in SCR is negligible compare to the impurity concentra-

tion. The net charge of dielectric constant due to the ac modulation is




6dc’£ac
<§e> = iC j 8e(6)d6
&dc.aac
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(68)

Electric field
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Figure 9:
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In order to compare this result to the uniform modulation case, we

write electric fleld in unit of £ de

‘= eac/ gdc (69)

£ = (Eg-E)/‘ﬁedc (70)
0

(‘ﬁedc)3 = ezﬁ'édcz/2m" (71)

The lineshape of SCR modulation can be given in terms of two general-

ized Franz-Keldysh function F(n,£) and E(n.&)

6e(E, &y, ) = €& 6, [F.6)-T(,0)] (72)
where
14€
T(n, ) = (1/2£) x13E(n/x*"3ydx (73)
1-¢
1€
T(n.£) = (1/2£) xY 36 (n/x* %) dx (74)

1-¢
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The lineshapes G(n,f) and F(n,f) , plotted in unit of ﬁedc for dif-
ferent £, (i. e. the ac flled) are showing in Figure 10 and Figure 11
As can be seen that the period is almost independent of £ (the ac
modulation). The major effect of ac modulation is smear out the high
order oscillations.

The physical picture of the above result is the effective modulation
shown in Figure 9. The solid line corresponds to the positive half cycle
of the ac modulation and the dashed line corresponds to the negative
half cycle. The difference between them is the shadowed area. If 8“
is small, the effective modulation is from flat band to 8 de’ The

shadowed trapezoid approaches a thin rectangle. It is also clear mathe-

matically that

um G(n,§) = G(n) (75)
£+0
lim F(n.£) = F(n) (76)
£~0

formal uniform FRKO formula recovered when £=0. When ac increases the
effective modulation covers a region from 8dc- Eac to Edc. gac' Thus
the 88(‘ fleld produces an equivalent non-uniformity modulation.
Although it does not change the period significantly, it does smear the

high order oscillations. In order to get more oscillations, a relatively
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small ac (<0.05) is appropriate. On the other hand, the intensity ratio
of the neighboring maximum may be used as an optical method to obtain

the ac/dc ratio.

2.1.5 Mechanism of Photoreflectance

In the case of PR a modulation of the optical constants occurs
because of the photoinjunction of electron-hoie pairs by a secondary (or
pump) light beam. These free carriers can perturb the reflectivity by
various mechanisms including: 1) the screening of excitons, 2) a
Burstein-Moss effect (band fllling effect), 3) a reduction of the built-in
surface (or Interface) field through a recombination of minority species
with charge in surface (or interface) states., All of the mechanisms
given above may be operative and even dominant, depending on the
circumstances. However, in our experiments, mechanism (3)
(=electroreflectance) seems to be most important [6].

First the Burstein Moss effect (band filling effect) is negligible in
our highest pump intensity (about IOmW/cm2 and corresponding to the
free carrier concentration less than 3x106cm-3). Our experiment
showed that the ratio of different PR features remained constant even
photon energy of the secondary light beam was below those transitions
as long as photon energy is above the fundamental gap of the material.

Thus it rules out the band filling effect in our experiment completely.
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The screening of exciton effect was also small for the carrier con-
centration mentioned above [59]. For most of the QW and SL we have
studied, the PR spectrum was insensitive to the change in the intensity
of either the pump or probe beam. . It ruled out the possibility of

screening effects.

Secondary light eeuree gff

o 38 i

svaraest
svates

Secondary light seurce [

Effect of laser induced modulation in space charge
region. In a) the laser is off and the band ben-
ing and the population of the surface states are
maximum. In b) with laser on the photogenerated
holed recombine with electrons in surface states
and reduce the band bending.

L
c
5
®
I

|
I
I
I
I
|
|
I
|
|
|
|
|
!
|
|
I
I
}
I
|
I
I
I
J

e e - —— — — —— — . — . —_—— . —— —

- — —



42

The reduction of built-in surface electric field is shown schematical-

ly in Figure 12 for an n-type semiconductor. In the upper portion
(secondary light off) the band bending and the populatic~ of surface
(intnrface) states as at maximum. In the lower portion, with secondary
lght on, there are photo-excited electron-hole pairs. These photo-
excited holes move toward the surface and recombine with electrons in
the surface states and hence reduce the band bending. This cause a
modulation of the space-charge region electric field. The lineshape of
PR in this case is identical t_o the electroreflectance lineshape. We shall

be back to this point in latter section.

2.2 Experimental Details

2.2.1 Electroreflectance

In this section we describe in detail the experimental setup and the
details of the method in ER spectroscopy.

The schematic of the experimental setup for the ER system is shown
in Figure 13

Light from a 150 watt Xenon arc is passed through the monochro-
mator (in our case PTI Model 01-002 [60]). The monochromatic light
coming through the exit slit is focused onto the sample by means of a

lpherlcal' mirror or a lens. The modulating voltage is applied between
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the sample and the indium-tin oxide (ITO) layer, which was deposited
to a thickness of about 500 A by ion beam sputtering, and has a carri-

21 cm-3. The enc-gy gap of ITO is about

er concentration of about 10
3.5 eV, hence it is transparent at the region of our interesting
(1.2-2.0 V).

The modulating voltage is a square wave at 200 Hz from a function
generator (HP model 3311 A), which also provides reference signal to
the lock-in amplifier (SR510 Lock-in amplifier made by Stanford
Research Systems). The reflected light is collected by the photomultpli-
er tube (PMT S-1 for 8000A-1100A or S-20 for 2000A-8000A) or a silicon
photodiode for 3000A-10000A.

The reflected light collected by the PMT has a large dc intensity
corresponding to the product of the incident light intensity Io and the
average sample reflectivity R. Superimposed on this large dc signal is a

small modulation with an amplitude I AR, AR being the change in R due

0
to the modulating field. Hence the output of the PMT contains a dc part
proportional to IOR and an ac part proportional to IOAR. which varies
with the modulating frequency. Hence the ratio of the ac part to the
dc part gives AR/R. The changes AR/R was typically 10-4~10-6.
These changes can easily be detected by the usual phase sensitive

detection techniques. The dc output IOR. of the PMT is fed into a ser-
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vo amplifier (mechanical or electronic) which adjusts the high voltage of

the PMT in order to keep the dc output I.R, a constant. The ac com-

0

ponent of the output signal I AR, is detected by the lock-in amplifier.

0
The output signal of the lock-in amplifier is proportional to AR/R, the
relative change in reflectance.

The servo mechanism automatically corrects for any fluctuations in
the reflected intensity due to : (a) changes in the incident light inten-
sity (a common problem in arc lamps), (b) changes on the surface of
the sample. Thus in normalized modulated spectra, it is not necessary
to collect the entire reflected light from the sample surface since the
common factor !0 is eliminated.

In the event that detector such as Si or Ge photodiodes are

required, a new servo mechanism was developed. We will discuss it in

the next section

2.2.2 Photoreflectance

The schematic of the experimental set up for Photoreflectance is
show in Figure 14. The modulation is accomplished by mechanically
chopping a laser or other secondary (pump) light source of photon
energy greater than the fundamental gap of the material. In ouf
experiment, the modulating light source was one of the following a) the

6328 A line of a He-Ne laser , b) the 4579 or 5145 A lines of a Ar’ las-
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er, c¢) the light in the region of 2000A to 10000A from a second
monochromator with a Xenon arc source. The chopper frequency was
nominally at 100Hz *~ 200Hz (PTI Model 03-0c400) [60]. The measure-
ment is carried out similar to ER . Light from a white light source
(Xenon arc,tungsten lamp) is dispersed by a monochromator (probe
beam) and then reflected from the sample. The reflected light is usu-
ally pass through a filter or a pin hole collimator to limit the false sig-
nal (discussed in next section) and is then detected by a PMT or Si
detector. The signal from the detector is then processed by a lock-in

amplifier tuned to the modulation frequency of the second light source.

2.2.2.1 Elimination of False Signal

Two of the main problems in photoreflectance measurement is to
eliminate a) diffuse reflected light from the modulation source and b)
photoluminecence produced by the intense pump light. Both of them may
reach the detector and be picked up by the lock-in amplifier.

The diffuse reflected light depends quite strongly on the quality of
the sample surface and the optical geometry. We found that by normal
incident of the pump beam, the diffuse reflectance signal can be
reduced to a minimum. The best way to eliminate it is using a suitable
filter to prevent the pump light from reaching to detector. For 6328A

He-Ne line, a 7000A long pass filter (RG700 made by Melles Griot) was




48
used. For 4579A and 5145A of Ar lines, either 4900 long pass or 5900
long pass filter was used. Usually these filters cut the diffuse light to
10-3. However, because of lack of good quality low pass and band
pass filter, this method can not employed to observe those featuves
above the pump energy. In order to get the spectra above the pump
energy; a proper choice of fllter is quite difficult and hence other
methods must be applied. There are also more fundamental reasons to
carrier out the experiment without using a filter. For instance ,in the
pump wavelength dependence experiment or in rosonant'PR experiment,
the pump beam is from a monochromator and its energy must step con-
tinuously into the region of PR spectra. Then no filter can be used in
this case.

The spurious signal from photoluminecence has been found small for
bulk material at 300K or nipl structures, except at very low tempera-
ture. But it was greatly enhanced for quantum well and superlattice
because of the confinement of electron and hole inside the same well.
For example, the photoluminecence signal from a typical PR experiment
on a good quality QW at 77°K may be as 2-20 times bigger than the PR
signal and causes the major problem in the PR experiment. Since the
photoluminecence signal is at the same region as PR spectra or lower,

no suitable filter can be used to prevent it from reaching the detector.
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A number of alternate methods have been used to enhance the

rejection of the false signal (both diffuse reflection and photolumine-

cence). They are discussed below:

1.

A proper choice of the pumping power is essentially important.
The false signal (both diffuse reflection and photoluminecence) is
proportional to the pump power. However the photoreflectance
signal varies approximately proportional to the logarithmic scale
of the pump power. The use of more powerful light source as
the pump beam does not increase significantly the signal to noise
ratio, however it does increase the long term drift because the
instability of the pump light source and the experimental envi-
ronment. We found a power density being about IOmW/cm2 is
sufficient for most of the samples.

A second spherical lens was used to focus the reflected light
from the sample surface down to a very small spot (about 0.5mm
in diameter ). The aperture of this lens is adjusted to collect
all the reflected light but nothing more. An adjustable pin hole
collimator was place at the focal point and was adjusted so that
the ratio of PR signal to spurious signal was optimized. This

method is equivalent to restrain both the solid angle and the

area of interest on the sample surface. It is found that a good
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optical adjustment can reduce the false signal to a factor of 10
to 100.
A beam splitter was placed in the path of the pumping beam. A
second detector was used to monitor the pumping power. The
signal from both detectors are than sent to a difference amplifi-
er, and the gain of the second one is adjusted so to cancel the
spurious signal. This method is better than using a dc offset at
the end of the lock-in. Since the. false signal is proportional to
the pumping power , this kind of auto offset will eliminate most
of the drift from the instability of the pump beam. However the
price of thl; method is introducing additional noise from the sec-
ond detector. And also it is not a good practice in experimental
physics to extract weak structures from a big background by
subtraction. Therefore this method is only used with combination
of other methods to eliminate the small residual background.
Instead of using the light from a monochromator as a probe
beam, a tunable dye laser is used. Laser beam is much less div-
ergent and makes the job of eliminating the false signal much

easjer. This method was suggested by O. J. Glenbocki.
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2.2.2.2 A New Servo Mechanism
It should be emphasized here that the servo mechanism we discussed

in ER ‘< not very suitable for PR.
Let us first discuss why the servo mechanism used ER does nct

work well for PR. The output of the photodetector contains a dc part

Vye = ILOVRMAMKQO) (17

d

and an ac output
Vac = [lo(X)AR(X)A(xyV"s]*K(X) (78)

where lo(x) is the incident light intensity, A()\) Is the detector wavel-
ength response (including fliter response if it is used), Vr“ is the
residual part of the spurious signal, which usually is independent of
the probe beam wavelength. K()) is the adjustable amplification con-
trolled by the servo mechanism so that to keep V de constant. Let us

take V 4a = unity , then

K()) = l/Io(X)R(X)A(X) (79)

The ac component to the lock-in amplifier is then:

V'c = AR(A)/R(}) ¢ V“'/IO(X)R(X)A(X) (80)
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The first term AR/R is the normal PR signal. The second term is a false
signal which is inversely proportional to the total response of the sys-
tem (i. e. the structure at *the lamp, the blaze of the monochromator
and the wavelength dependence of the detector). This second term dis-
torts the PR signal. Since this term involves structures dependent on
the wavelength, it makes the interpretation more difficult than the
unnormalized one. Showing in Figure 15 is a 300K PR spectrum from a
multiple quantum well using the above servo mechanism. The specific
structures labeled A to E are corresponding to the second term in the
above equation. They are not real structures from the sample.

Because of the reason discussed above, most of the PR spectrum in
the literature are unnormalized. Showing in Figure 16 is one of the
unnormalized spectra. Compare to the proper normalized one (Fig-
ure 17), feature labeled D was greatly distorted. Any lineshape analy-
sis based on this kind of spectra is unreliable. In order to fit experi-
mental result to theory, normalized spectra is essentially important. An
on line division does not solve this problem since it is based on the
same mathematics formulation. One way to get normalized PR spectra is

that first vac is measured than V_, is record separately, finally divid-

dc

ed V.c-V by V The choice of Vr“ is quite critical and needs

res de’

experience. Showing in Figure 18 is the spectra obtained by this way.
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The best choice of V"' was made by reducing the false signal A, B, E
to minimum.

We have de*~loped a new servo mechanism that dose not have the
above problem (see Figure 14). A variable density filter (NDF) con-
nected to a servo motor was placed in the optical path between the
probe monochromator and the sample. The dc signal from the detector
was used as input to the servo motor which varjed the NDF to keep IOR
constant. The amplification factor K()\) is always constant and so is
the residual signal V“'K(X). Thus it can be removed easily. Figure 17
shows the spectrum obtained by this new servo mechanism.

This normalization procedure has several considerable advantages
over previously used methods [40] [61] [62]. It can be easily adopted
to any kind of detector, such as Si, Ge photodiode, PbS detector or
even PMT. The modern Si detector has better or almost the same noise
to signal ratio compared to the more expensive PMT. However the lin-
earity of Si detector is not as good as PMT. By keep I°R cox.utant, we
can set the Si detector to the best biases condition and avoid any pos-
sible non-linearity or saturation. Since R does not vary much in the
energy region of interesting, this servo mechanism essentially keeps Io
constant. There are more fundamental reasons to use this new servo

mechanism §{. e., this normalization procedure does not change operat-
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ing condition of the system as well as the detector. Some of the physi-
cal system is very sensitive to the total light intensity (i.e. nipi struc-
ture or exciton features) . To avoid ¢ self-modulation by the probe
beam, keeping the probe beam intensity constant is intrinsically impor-

tant.

2.2.2.3 Data Acquisition.

The whole system was controlled by an IBM PC/XT with IEEE inter-

facing. The pmﬁm accomplishes following functions: .

1. Automatic phase setting to maximum ac output.

2, Single or multiple scan in a preset pattern either equally spacing
in the energy scale or putting emphasis on the region where
same sharp feature appears thus making it possible to save run-
ning time without losing resolution.

3. For each step performs a servo cycle first, then wait a short
period to let lock-in stable. This will eliminate quite a lot noise.
We found that most of the noise in PR comes from the vibration
of the monochromator grating induced by the step motor driving.
(A proper choice of the chopping frequency to avoid resonant at
the Fourier components of the step function is also important.)

4. Check lock-in status (i. e. overload or unlocking), collect data,

plot on CRT and store in a floppy disk for latter analysis.
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5. Interrupt routines enable users to pause , continue, discard
some portion of the scan and set different scan pattern during

the experiment

2.3 Experimental Resuits

2.3.1 Photoreflectance: GaAs/AlAs Superlattices

2.3.1.1 Fit to Electromodulation Theory

The lineshape of PR spectra in QW and SL is one of the fundamental
questions in photoreflectance experiments. Is it first derivative or
third derivative spectrum? We have shown In the section 2.1.2 that as
long as electron and hole pairs can accelerate and gain energy from the
electric fleld, the change of dielectric function is third derivative
like(see Figure 19a). In QW ,however, electric field not only acceler-
ates charged particles but also shifts the subband energy (so called
quantized stark effect [63]). Thus energy gap modulation (first deriv-
ative) may also play a role in photoreflectance. This was first sug-
gested by O. J. Glembocki(64]. They have fitted the low temperature
PR spectra with the first derivative lineshape and compared the result
to the photoluminescence spectra. The lineshape of §¢/8Eg is shown in

Figure 19b. However, the room temperature PR spectra of their group
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[(14] [65] and this experiment revealed a strong difference from the
lineshape of 8¢/8§Eg. In this section We demonstrate that the photore-
flectance =—ectra of several GaAs/AlAs SLs can be fit by the Aspnes
third-derivative functional form (TDFF) lineshape expression.

We have investigated PR from three <l00> GaAs/AlAs SLs grown by
Molecular Beam Epitaxy (MBE) with nominal quantum well/ barrier layer
widths (W) of 113A (sample T0023), 85A (T0022) and 57A (T0019).
These undoped SLs have a total thickness of about 1 micron and were
grown on & 1 micron thick undoped GaAs buffer layer on top of a
GaAs:Si (1x1018cm-3) substrate. The measurements were carried out at
300K and 77K using as the pump beam the 6328A line of a He-Ne laser.

Shown in Figure 20a and Figure 20b are the PR spectra (dotted
line) from sample T0023 and 300K and 77K, respectively, using 6328A as

the pump beam with a power density of several mW/cmz. The solid line

is a least square fit of the data to the Aspnes TDFF expression:

P

AR/R = Re{ [Clexp(lej)(E-E"’*ll‘j)
=1

-m ]} (81)

where p is the number of spectral features in the region to be fit, Cj'

8’, E‘j and l‘j are the amplitude, phase, energy and broadening
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structure while m, denotes the type

such that the

linr~hapes were independent of the intensity of the pumping beam, i. e.

low fleld limit.

r "
I |
| Table 1: Energies, broadening parameters from the buffer and |
| the substrate of a GaAs,/AlAs superlattice |
| I
I |
| Broadening Relative |
| Spectral Temp Energy parameter amplitude |
| feature (X) (eV) (meV) |
I |
| 300 1.422£0.0002 9z1 1 |
| 7 1.503£0.0002 521 1 |
I |
I I
| 300 1.433£0.0002 1121 0.29 |
| Ey |
| 7 1.516£0.0002 10:1 0.42 |
I I
I I
I I
L J

The feature labelled EOl in Figure 20 corresponds to the direct band

gap of GaAs.

trate [12] [14],

The second structure,

This feature appears to originate from the GaAs subs-

denoted E

02

even though it is about 2 microns from the surface.

is characteristic of the samples we
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have studied and corresponds to the direct band gap of GaAlAs with
x~0.02 [66]. This peak originates in the "GaAs" buffer layer. It is
due to the fact that during the growth of the "GaAs" portions of the
sample (i.e. buffer layers and quantum wells) a small amount of Al has
escaped around the shutter of the Al effusion cell. Thus, in our case
the quantum wells are, strictly speaking, not GaAs but actually GaAlAs
(x~0.02). The energies, broadening parameters and amplitudes of EOI
and EOZ' obtained from the fit of TDFF using m=3.0, at 300°K and 77°K
averaged over the three samples are listed in Table 1. The amplitude
of E°1 has arbitrarily been taken to be unity.

The doublet structure in the energy range 1.45-1.60 eV, labelled
HH1-Cl1 and LH1-Cl, are the n = 1 heavy-hole and light-hole to con-
duction state transitions, respectively. We did not see any other fea-
tures: from these superilattices. Note that the fit to TDFF is very good.

This is the first fit of electromodulation spectra from superlattices or

quantum wells to the Aspnes TDFF lineshape. Listed in Table 2 are the
: '

energies, broadening parameters (I') and amplitudes (the amplitude of
HH1-C1 is taken to be unity) of HH1-Cl1 and LH1-C1 for all three sam-
ples as determined from TDFF for m=3.0. Also listed are the values of
W from the growth conditions. In order to show that third derivative

function does fit the experimental data best, we have also performed
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w

r 1
I I
| Table 2: Comparison of experiment results and theoretical cal- |
| culation of GaAs/AlAs superlattices |
I I
I I
| Energy (eV) Broadening relative |
| _Spectral Temp parameter amplitude |
| Sample feature (K) experiment theory (meV) I
| |
| HH1-C1 300 1.480:0.0002 1.481 9,321 1 |
| 77 1.568:0.0002 1.564 9.411 1 !
| TO0023 |
| HH1-C1 300 1.498:0.0002 1.502 8.4z:1 0.52 |
| 77 1.584:0.0002 1.585 10.0z1 0.52 |
| I
| HH1-C1 . 300 1.515:0.0002 1.511 11.4:1 1 |
| 77 1.600:0.0002 1.594 10.421 1 |
| TO0022 |
| HH1-C1 300 1.544:0.0002 1.544 13.121 0.42 |
| 77 1.628:20.0002 1.627 13.1:1 0.52 |
| I
| HH1-C1 300 1.629:0.0005 1.611 20.0t1 1 |
| 77 1.698120.0005 1.696 22.0z1 1 |
| To019 I
| HH1-C1 300 1.555¢0.0005 1.679 45.0t1 0.67 |
| 77 1.744:0.0005 1.763 26.0z1 0.67 |
| |
I I
L d

least square fit of the data to Eq(81) for different m. The xz for dif-
ferent m is listed in Table 3. We have also let m in Eq(81) variable,
the best fit was found to be for m=3.06.

We have performed theoretical calculations for the energies of these

levels based on the Schulman-Chang model. using the parameters, i.e.,
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r 1
| !
| Table 3: Comparison of fit with different order of derivatives |
| |
| |
I m K |
I I
| 1 18.6 |
i 2 6.2 |
| 3 2.32 |
I 3.06 2.30 |
I |
I I
L J

effective masses and band offsets (Q) proposed by Miller et al.[67].
We have used parameters suggested by other workers[68] and find very
little difference for the n=1 levels. For the energy gap of the quantum
wells we have used the experimental value of EOZ listed in Table 1. To
obtain good agreement with experiment, values of W different from the
growth condition had to be employed. The theoretical energy values
and corresponding widths also are listed in Table 2.

In conclusion, PR from several GaAs/AlAs SL has been measured at
300K and 77K. We have demonstrated for the first time that electromo-
dulation spectra from SL can be fit by the Aspnes TDFF lineshape thus
enabling us to accurately determine energies, broadening parameters,

phases and amplitudes.
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2.3.1.2 Pump Wavelength Dependence (Depth Profiling)

In this section we report wavelength dependence of the PR on the
same set of GaAs/AlAs superlattices (SL) mention in the previous sec-
tion.

The measurements were carried out at 300K and 77K using as the
pump beam light from a second monochromator with a Xenon arc source.
Measurements were carried out in the range 9000A - 2700A. The pump-
ing beam was chopped at about 100 Hz.

Plotted in Figure 21la, Figure 21b anq Figure 21c are the PR spectra
of sample TO0023 at 300°K using pump wavelengths (from the second
monochromator) of 7000A, 5000A and 3000A, rospoctlvely.. Measurements
have also been made at a series of wavelengths ranging from 7000 -
2700A. The pump power density was typically several microwatts/cmz.
The total pumping power was kept constant by means of a variable neu-
tral density fllter. (the same kind of filter as discussed in section
2.2.2.2, but adjusted manually.) The dotted line is the experimental
data while the solid line is the least-squares fit to TDFF Eq(81). The
obtained values of EOl' 1-202, HH1-Cl1 and LH1-C1 are indicated. There
is very little variation in these quantities as a function of pump wavel-
ength (for TO00A the error bars on HH1-Cl and LH1-Cl are $0.003 eV

since the structure is weak). This indicates that the wells are quite

uniform as a function of depth.
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Between 7000A-5000A, the signals from the QW, i. e. HH1-Cl1 and
LH1-C1, increase but the signals from the buffer (Eoz) and the subs-
trate (EO.I) decrease. This is due to the decrease in the penetration
depth of the pump beam. Note that the ratio of HH1-C1/LH1/C1
remains constant, which shows that these two signals have the same
wavelength dependence and they are coming from the same depth of the

sample. However E decreases more rapidly than EOZ' which shows

01

the former one is coming from somewhere deeper in the material.
Between 5000A and 3000A there is a dramatic change in the spec-

trum, i.e. an inversion of the phases of EOI' HH1-C1l and LH1-C1 (but

not E In fact at about 4000A, which is the energy of the AlAs

02):
barrier layers [66], the entire PR signal is approximately zero. This is
the first observation of a phase inversion in PR on a given sample and
indicates that there is more than one mechanism responsible for the
effect in superlattices, in contrast to bulk material. [69] These results
suggest that the mechanism for modulation of the electric fleld is
through light-induced charge injection, in which the nature of the field
modulation (i. e. increasing or decreasing field) depends on whether
the injection is below or above the wells.

It is also interesting that at pump wavelength 3000A, the features

E

02 and E01 can still be observed, even they are lum and 2um from the
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surface. In fact E°2

is greater than the the energy gap of AlAs barrier layers. Note that

even increases when the pumping photon energy

the penetration depth of 3000A pump beam is only about 40"A. This
result indicates that the modulation at the buffer region is through the
diffusing of photoinjected carriers. When the photoinjection is above
the wells, carrier are more mobile and hence it is easier for them te
reach the buffer layer. Thus the PR signal increases.

In conclusion we have studied the dependence of the PR signal on
the pump wavelength from GaAs/AlAs superlattices. We have demon-
strated that by using different pump wavelengths, it is possible a) to
accentuate certain spectral features, (b) perform non-destructive depth
profiling. The wavelength dependence of the PR has also revealed that
there is more than one mechanism responsible for the PR effect in SLs,

which depends on whether the Injection is below or above the walls.
2.3.2 Photoreflectance: GaAlAs/GaAs Multiple Quantum Wells

2.3.2.1 Topographical Variations

In this section we report the use of room temperature PR to evalu-
ate the topographical variations in barrier height (alloy composition)
and quantum well thickness (W) across the surface of a GaAs/GaAlAs

(%~0.24) multiple quantum well (MQW) sample with a spatial resolution of
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about 100 microns [65]. Even at 300°K, it is possible to observe sharp
structure from all n=5 confined quantum levels, as well as a signal
related to the GaAlAs barrier layers [15]. The latter observation
allows us to differnntiate between the effects of barrier height and W on
the energy of the quantum transitions. It is possible to valuate varia-
tions in barrier height to within several millivoits and W to within 2A.
Since the penetration depth of the light is such that we are laterally
sampling a number of quantum wells in this experiment, evaluations of
barrier heights and W should be considered to represent averaged
quantities. This method is contactless, (and hence non-destructive),
can be employed convenijently at room temperature and the spectrum has
a well-defined lineshape Eq(81). These latter two results gives this
technique a significant advantage over other optical characterization
methods such as photoluminescence (PL) and photoluminescence excita-
tion spectroscopy (PLE)([67].

The MQW sample used in our experiment was grown by MBE at the
Naval Research Laboratory. It consists of about 1 micron of alternating
GaAs/GaAlAs layers on top of a GaAs substrate. From the growth con-
ditions the nominal thicknesses of the quantum wells and barriers were
220A and 150A, respectively. The sample was mounted on an X-Y stage

and the probe beam was focussed to a spot size of about 100 microns
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using a high quality camera lens{70]. The pump beam, from a 1 mW
He-Ne laser, was defocussed to cover an area somewhat larger than the
region to be scanned. The pump beam power density wa~ only about
0.3 mW/cmz. At this low power level the spectra were independent of
power density. Photoreflectance data were taken on 16 spots in a
square array on the sample covering an area of about 1 em x 1 cm.
The modulating frequency was 220 Hs.

Plotted in Figure 22 are four PR spectra across the diagonal of the
sample In the energy range 1.4 -1.8 eV (dotted lines). We have iden-
tifled the origin of the peaks by arrows at the top of the figure. The
peak at about 1.42 eV corresponds to the direct gap of GaAs (E01) and
originates from the GaAs substrate. The features between 1.43 eV and
1.68 eV are the allowed (An=0) heavy hole to conduction (hl’ .o .hs) and
light hole to conduction (l.l,.. .2 4) transitions, [15] where the subscript
indicates the quantum number. We do not observe the ls transition.
The spectral peak in the range 1.7 -1.8 eV labeled A is related to the
direct gap of the GaAlAs barrier layer. The observation of this feature
is an important aspect of electromodulation spectra since it enables the
investigator to determine confinement energies.

The solid lines in Figure 22 are a least-squares fit of the experi-

mental data to the Eq (81) for electromodulation spectra. Shown in
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Figure 23 is an expend version of Figure 22. Where the dotted line is
then experimental data, then dashed line is a fit to the TDFF using
only heavy hole transitionl(hl,hz) whil~ the solid line includes the light
hole transmon:(ll, 12)‘ The signal from the barrier layers appears to
exhibit Franz-Keldysh oscillations and hence could not be fit by TDFF.
However,it is still possible to obtain accurate values for A from a
three-point fit to the spectrum [6]. Because of the quantum effects,
the feature A occurs at an energy higher than GaAlAs barrier layers,
the energy difference is a function of the well and the barrier parame-
ter. In our case, the energy of A is 30meV above the GaAlAS barrier.
From the relation Eoz(x) = Eo(GaAl) + 1.247x, valid for 0< x <0.45

[15]), we can determine the value of the aluminum concentration to be

about 24%.
Listed In Table 4 are the experimentally determined values of E‘ J
and l" for the various quantum transitions as well as A at the four dif-

ferent spots on the sample across the body diagonal. Note that there
is a systematic variation in the energy of the quantum transitions as
well as A In going across the sample. We shall show below that the

changes in E‘ ] are due to variations in W as well as barrier height.

At all points E°1 is found to be 1.415:20.002 eV with I'= 6.7 meV. The

values of I'=6-7 meV for the hl’ ‘1 transitions is indicative of the high
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quality of this material. Note that there is a systematic broadening of
both the heavy and light hole transitions as a function of quantum
number. Glembocki et al. *“ave recently reported the temperature

dependence of T for h, for a similar MQW [71].

1

Also listed in Table 4 are the theoretical values of the energies of
the various quantum transitions (in parenthesis) using the model of
Bastard (see section of 1.1.2), band offset(Q) parameters and well
width W indicated in the table. The confinement energies for the elec-
trons and holes are determined by Q and the experimentally measured
E02' The values of W listed in Table 4 are In good agreement with that
deduced from growth conditions, f.e. 220A. We find that there is a
variation not only in A but also in W in going from position A to D.

The need for a detailed lineshape fit also is clearly evident iIn
determining variations in W, which are only about 2 monolayers in going
from A to D. Plotted in Figure 24 is the experimental data (dotted

lines) for the h., ¢,, h,,t, and h5 quantum transitions for position D.

3’ 4’
This spectra has first been fit by using TDFF (solid line) and values of

E‘ 0 l'l,O’ have been evaluated. The best agreement between the
experimental and theoretical values of E‘ ’th
(see Table 4). In order to evaluate the effects of a change in W the

th
g

is obtained using W=210A

following procedure has been used. We first calculate E for

- - it —m— —
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Table 4:

Energy and broadening parameters for various quan-
tum transition at four position alone the body diag-
nal

Also listed ure the energy value of the feature A and its broa-
dening parameters. In parentheses are the theoretical value of
the MQW transitionsusing (A-30meV) as the barrier height, and
the widths W indicated at the bottom of the tabile.

1
I
|
I
|
l
l
I
|
I
|
|

position 4 |
I
I
l
I
|
I
I
I
|
I
I
I
|

position 1 | position 2 | position 3 |
E r E r E |y E r
(meV) (meV) (meV) (meV)

H1 1426:1 5.8:1 14261 6.521 1426: 1 6.9:1 142621 6.4z1
(1426) (1426) . (1426) (1426)

L1 14305 5.622 1430:5 6.3:t2 1429: 5 6.3%2 143125 6.422
(1430) (1430) (1430) (1430)

H2 145522 9.1:1 145622 9.1:1 145622 9.1:1 1456£2 9.1:1
(1458) (1459) (1459) (1460)

L2 147425 12.0:3 1475:5 12.4:3 147325 10.7+¢3 14755 9.323
(1473) (1473) (1474) (1475)

H3 1506:3 10.6:2 15103 11.4:2 151123 10.3:2 151523 11.7%2
(1508) (1510) (1511) (1512) |

L3 1537¢5 4915 1540:5 4225 154125 2525 154425 3525 |
(1540) (1542) (1543) (1546) |

H4 157223 12.6:3 157423 13.523 1577+3 12.2:3 1580x3 13.1:3
(1573) (1576) (1578) (1581) |

14 161825 39:5 162625 4225 16285 2515 163325 35%5 |
(1620) (1625) (1626) (1632) |

HS 1641:5 13.7¢4 16555 15.624 1653+5 15.2t4 1658t5 16.8:4
(1643) (1648) (1650) (1656)

A 1706%1 6.9+1 171421 7.121 172321 7.1%1 173221 6.1z1

w 214A 211A 211A

I
I
|
210A |
I
I
J
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W=208A and 212A. Using the experimentally determined values of I‘l,o’

and C, (as well as A) but quantum transition energies equal to

J

- exp
Eg.y(W=E

g g}
to generate the spectra for the 212A (dashed line) and 208A (dot-

th (210A)] we employ TDFF function

’

th
t[E W) - E
| . (W)
dashed line) cases shown in the figure. It is clear that variations cor-
responding to changes in W of about 2A can be determined. We would
like to emphasize the fact that even though the relation between W and
E is somewhat model and parameter dependent (i.e values of masses

g}

and Q [67] [72]) the variations in E‘ with W is relatively independent

')
of model parameters used.

In the analysis discussed in the sections we have considered only
allowed transitions in fitting the data to TDFF function). The addition
of forbidden features would probably further improve the fit. For
example there is a forbidden transition (HH2-C1) at about 1.44 eV
which would make the agreement between experiment and fit even better
in this region (see Figure 23) The addition of such weak forbidden
features is expected to have very little effect on the parameters of the
allowed transitions. In the next section we will discuss forbidden tran-
sitions.

In conclusion, we have used room temperature PR to investigate the

topographical variations in barrier height (and hence confinement ener-

- —— ——
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microns in a GaAs/GaAlAs MQW. The spectra exhibits features from all
confined quantum levels as well as from the GaAlAs barrier layers.
This latter feat'~e makes it possible to differentiate the effect of
changes in barrier height and W on the quantum levels. By employing a
detailed lineshape fit (Aspnes third-derivative functional form) varia-

tions In W as small as one monolayer can clearly be detected.

2.3.2.2 Forbidden Transitions

In this section we report a room temperature PR study of a GaAs/
GaAlAs multiple quantum well (MQW) in which, for the first time, for-
bidden transitions have been clearly observed at 300K. We have
detected three symmetry forbidden features from the MQW in addition to
all the allowed quantum transitions. Also, there are features in the
spectra which may be due to transitions involving unconfined states
[30]. Glembocki et al. have recently reported the temperature depen-
dence of PR In GaAs/Gal_xAles multiple quantum wells [71]. Although
they clearly observe forbidden features at low temperatures (149K and
125K) their room temperature spectra reveals only two very weak struc-
tures which correspond to the forbidden transitions.

The sample used in this study was a 100A/150A GaAs/Gal_xAles
MQW (x ~0.17) grown by molecular beam epitaxy at the Hughes
Research Laboratory. All measurements were made in the "low-field"

limit, i.e., the lineshape was independent of pump power density.
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Shown by the dotted line of Figure 25 is the experimental PR spec-
tra. The solid line in Figure 25 shows a least-squares fit of Eq(81) to
-1 experimental data originating from the MQW (we have not fit EOI
and will return to this point later) for p = 10 (i.e., ten spectral fea-
tures). The energies of the various features are given by arrows at
the top of the figure. The EOl structure at 1.415:20.002 eV corre-
sponds to the lowest direct band of GaAs and originates from the GaAs

substrate. Similar observations of E have been reported by other

01
authors [12] [15] [74]) on superlattice or quantum well systems.

The structure B is related to the direct band gap of the GaAlAs
barrier layers. However, because of quantum effects it occurs at a
somewhat higher energy, the energy difference being a function of the
well and barrier parameters. The observation of this feature in elec-
tromodulation[13] [15][{74] is important since it is an indirect measure
of the barrier height. The notation nmH or nmL for several of the

peaks represents transitions between the nth conduction subband and

the mth

valence subband of heavy hole (H) or light hole (L) character.
Allowed transitions have m=n while for symmetry forbidden transitions
m¢n. The features A,B and C will be discussed in more detail below.

The energies and broadening parameters of the various features from

the MQW are listed in Table 5 We find that the E°1 structure could not
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be fit to TDFF, since it apparently exhibits Franz-Keldysh oscillations.

However, an accurate value for the energy of EOI can be obtained from

a three-point fit [6].
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In order to demonstrate that the forbidden features 12H, 13H and
21L are indeed real we have attempted a fit to the experimental data by
excluding these transitions (i.e., p=8). This is shown by the dashed
line in Figure 25. The fit which includes the forbidden transitions (sol-
id line) is clearly better than the dashed line, particularly for the
resolved peaks for 12H and 13H. By adding 21L, which is not clearly
resolved from 22H, we have substantially improved the fit to the ampli-
tude In the region of the allowed features 22H and 22L. This result
demonstrates that there are features at the positions of these three for-
bidden transitions. |
In order to verify the origins of the structures from the quantum
wells in Figure 25, we have performed a calculation based on the two-
band tight-binding model [75]. We have employed the energy of E°1
for the energy gap of the quantum well layers. The structure B can-
not be interpreted as the energy gap of the barrier layers, however.
calculations show that the barrier gap is not directly observable as an
optical transition. The quantum effect due to the finite layer widths
raises the energy of the lowest allowed transition above the barrier
transition to slightly higher than the barrier band gap. We find the
35H transition is the first unconfined to unconfined feature. The

tight-binding model indicates it should be strong and easily observable.
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A good fit is achieved for the various transitions (including B) using a
barrier height of 1.634 eV (x~0.17) and a well width (W) of 99.1 A (35
layers of 2.83A per layer). This value of W is in good agreement with
the growth conditions. The various theoretical energies corresponding
transitions also are listed in Table 5. For several of the transitions we
give a range of energies due to the dispersion along the direction of
the minizone corresponding to the growth axis.

As can be seen from Table 5, there is very good agreement between
the experimentally determined energies of the various quantum tran-
sitions and the theoretical values, thus verifying the origins of the dif-
ferent allowed and forbidden fealtures. The forbidden features 12H,
13H and 21L have recently been reported in the low temperature photo-
luminescence excitation spectra [76] of quantum wells GaAs/GaAlAs
(x~0.30)quantum wells having dimensions similar to our sample. With
respect to broadening parameters Ref [30] finds the relation I= Cohm
meV, Co being an adjustable parameter equal to the linewidth of the 11L
transitions. As can be seen from Table 5 our room temperature broa-
dening parameters do not follow this relationship. The relative intensi-
ties of our observed transitions (except for A,B and C) appear to be in
good agreement with those of [30]. For example, we also find 21L and

22H to have about the same magnitude.



[*-]
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1.678-1.640 43H

r 2|
| |
| Table 5: Comparison of experiment results and theoretical cal- |
| culation of GaAs/ Gao. 83A10. 17A: superlattices |
| including forbidden transitions |
| I
| Experimental values of the energies, broadening parameters for |
| the various transition from a fit of Eq(81) to the experimental |
| data. Also listed are theoretical values for the various tran- |
| sitions. |
I I
I I
| Experiment Theory |
| I
| Spectral Energy r Energy Transition |
| features (eV) (meV) (eV) |
I |
| -11H 1.44820.002 81 1.449 11H !
| 11L 1.456+0.002 72 1.461 11L |
| 12H 1.470£0.010 2515 1.471 12H |
| 13H 1.498:0.005 1925 1.503 13L |
| 21H 1.529:0.005 1022 1.531 21H |
| 22H 1.545:0.005 1022 1.541 22H |
| 22L 1.580£0.003 1322 1.581 22L |
| A 1.614+0.005 30+5 1.602 24H |
| 1.618-1.632 33H |
| B 1.653:0.003 13£2 1.650-1.670 35H |
| C 1.682:0.003 1122 1.654-1.680 33L |
| I
I I
I I
L J

The origins of the A and C features are not clear at this point.
The former could be due to either the forbidden 24H transition
(1.598-1.595 eV from Table 5) or possibly the 33H transition

(1.610-1.624 eV). This latter transition is from a confined hole state to
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an unconfined conduction level. The C peak at 1.682 eV could be
attributed to a 33L transition (both states being unbound), a 43H tran-
sition, or possibly a Franz-Keldysh oscillation of the B feature. These
spectral features are under further investigation.

In conclusion we have investigated the room temperature PR spectra
of a GaAs/GaAlAs superlattice. In addition to the allowed transitions
we have clearly observed, for the first time at room temperature, three
features corresponding to forbidden transitions. The fit to the Aspnes
TDFF has allowed_us to accurately determine the energies and broaden-
ing parameters for all the transitions. For the energies there is very
good agreement between experiment and theory based on a two band
tight-binding model. There are three features which may be related te

transition involving unconfined states.

2.3.3 Electroreflectance: InP/ITO Space Charge Region

In this section we present a study of the ER spectra of the indium-
tin oxide InP (ITO/InP) system in the vicinity of the direct gap (Eo) of
InP as a function of the applied dc bias voltage (V dc) and ac modula-
tion voltage(Vac). The samples studied were <100> p-InP (Zn-doped)
with a nominal acceptor concentration (Na-N d) of (1.3-1.7 xlolscm-3.
The surfaces were prepared by polishing with 1 um diamond paste and

then by 0.3 um and 0.05 ym alumina polishing powder, respectively.
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This was followed by a chemo-mechanical polish in 0.05% Brz/Methanol
and a rinse in NH 40H. The ITO was deposited to a thickness of about
650A by jon-beam sputtering. The deposited ITO had a carrier concen-
tration of about 1021 cm-s.

Experiments were carried out at room temperature with dc voltage
ranging from 0-15V (reverse dc bias) and ac modulation voltage ranging
from 0.1-12V. The modulating ac voltage was a bipolar square wave at
120 Hz. At positive half cycle, the total applied voltage is V dc’ vac
While at the negative half cycle it is V dc-vac' The whole system was
operated at almost open circuit condition. The maximum current was
found not exceed 1mA. And also the photovoltage induced by the
probe beam was found to be small.

Shown in Figure 26 are the ER spectra the energy region of the
direct band gap of InP for various dc bias voltages (reverse bias) but
fixed ac modulation voltage (V“=0.1V). The features denoted A,B and
C are due to excitonic effects in a portion of the SCR where the elec-
tric fields are low enough not to quench the exciton. Similar phenom-
enon have been reported for electrolyte electroreflectance in GaAs{77]
and have been discussed further by Kiselev{78]. These features can

be used to gain information about the SCR but will not be the main

focus of this experiment.
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The peaks D,E,F,G,H and I at zero bias are FKO originating in the
SCR. However, as we have demonstrated in the section 2.1.4 that
these FKO are significantly different than those repor*~1 in previous
experimental and the;retlcal studies [6][79]. As the reverse dc bias is
applied to the sample, the energy spacing between the FKO increases,
indicating an increase in the electric field in the SCR. Also note that
the high order FKOs become clearer and clearer when the dc bias
increases.
Shown in Figure 27 are the ER spectra from the same sample. with
» fixed dc bias but various ac modulation voitage. The solid line is
V.c=0.1V, and the dashed line V‘c=l.5V. The spacing between the
FKO is almost independent of the ac voltage. However, as the ac volt-
age increased, the high order FKO oscillation decreased rapidly, indi-
cate an increase in the inhomogenity of the modulation field.
The above result is in good agreement with the generlized FK theo-

ry developed in section 2.1.4.

2.3.4 Photoreflectance: InP/ITO Space Charge Region

In this section we present a study of the PR spectra of the indium-
tin oxide InP (ITO/InP) system in the vicinity of the direct gap (Eo) of
InP as a function of the applied dc bias voltage (Vbh'). From the

observed Franz-Keldysh oscillations. we can quantitatively evaluate the
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dec surface electric field (8.) as a function of V This allows us to

bias’
obtain, in essence, an optical Mott-Schottky plot from which we can

determine the build-in potential (V s --ell as the net carrier concen-

w ®
tration. The samples studied were the same as we discussed in the last
section. Two samples were investigated: one consisted of unannealed
InP and a second In which the InP had been annealed at 450°C in form-
ing gas before the ITO was applied.

Shown in Figure 28 are the PR spectra for the unannealed ITO/InP
sample in the energy region of the direct band gap of InP for various
dc bias voltages (reverse bias). The notations A-J are the same as we
used in Figure 26. Note that the lineshapes of Figure 28 and Figure 26
were almost identical, which indicate that the electromodulation is the
dominant mechanisms for photoreflectance. Also note that in the spec-
trum with V dc=11.5V, the high order FKO up to 1.75V was quite clear,
which indicated that the photoreflectance gave rise a more uniform mod-
ulation than electroreflectance. According to the GFKO theory this
result suggested that potoinjected carriers only created a very small
modulation. Compare Figure 28 to Figure 27 we concluded that the
photoinjected modulation is less than 0.1V,

As we mentioned in section 2.1.3 the electric field in the SCR can

be obtained from the slope of (l':Zn-Eo):;/2 as function of index number
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n. For example, in Figure 28 feature D corresponds to nz1, feature E

has nz2, etc. We find that such plots are indeed linear, thus enabling
us to evaluate 8 as a function of vbin

In a fully depleted p-type SCR the surface electric fleld and poten-

tial are related by

&, 1=200(N N ) /ke ) (V, oV (83)

bnl)

where N.-N d is the net impurity concentration, L is the permittivity of
free space, «x is the dc dielectric constant of the material (14.2 for InP)

and V. . is the built-in potential.

bi
Plotted in Figure 29 is S'Z(dc) as a function of me for both
unannealed (open circles) and annesled (closed circles) samples, where
8'2(dc) has been evaluated from the period of the FKO. The solid
lines are least-square fits to the experimental points. We have taken
m*=0.073 m, where m, is the free-electron mass. This value of m*
assumes that the PR spectra is due predominantly to transitions from
the heavy-hole band to conduction band[80] [81). The light-hole to
conduction transitions should be a factor of three weaker due to matrix
element effects.
, thus

As can be seen from Figure 29 8'2 is linear in V.

enabling us to determine vbl and Na-N 4 We find that for the unann-
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3 while for

b
the annealed sample V, =-0.35:0.1 V and N_-N =(1.45:0.1)x10'¢ cm™3

ealed sample V, =-0.45:0.1 V and N_-N d=(1.:~35:o.1)x101°cm'

The d' ‘erences in V are just outside the experimental

bi and Na-N d
error and may represent a real effect. This will be the subject of a
future study. These values of N‘-N 4 are in good agreement with those
quoted above which were obtained from Hall effect measurements on

similar material. The values of V i measured in this experiment are

b
somewhat smaller than those deduced from prior studies on InP, which
has Fermi level pinning states at 1.2 eV and 0.9 eV above the valence
band. Thus, the surface preparation and ITO treatment of our samples
has served to lower the bullt-in potential of the InP. The annealing
may also have an effect.

Let us now return to the exciton features A-C. The sensitivity of
these structures to vbiu arises from a surface interference effect. In
the SCR there is a spatial variation in the dielectric constant due to the
exciton oscillator strength for a particular p};oton energy. Over most of
the SCR absorption due to the excitons is negligible because the dc
electric field (which varies linearly with distance from the surface)
exceeds that necessary to ionize the exciton (of order several kV/cm).

However, near the "boundary" between the SCR and the bulk, the field

is low enough for excitons to become stable and thus interact with the
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light. Thus an interference effect occurs between the light reflected
from the ITO/InP interface and the light reflected from the region of

the SCR where the exciton is not quenched. As V s is changed the

bia
width of the SCR also varies thus giving rise to an interference pattern
in the electromodulation spectra for photon energies somewhat below Eo.
Note that there is a change of phase of the exciton feature between 0 V
and 1.5 V bias, between 5.0 V and 9.0 V bias and again between 9.0 V
and 11.5 V.

In conclusion we have investigated the photoreflectance spectra from
the SCR in the model system ITO/InP as a function of vblu' In addi-
tion to exciton interference effects we observe FKO which are functions
of Vbu'. By plotting 8 .2 as a function of vblu we can obtain vbl
and the net carrier concentration. This technique is essentially an
optical Mott-Schottky method and can be used on other semiconductors.
It would be possible to obtain topographical scans of the electric field
and carrier concentration distributions in actual device configurations
by focussing the probe beam down to a small spot size (about 100 um
has been achieved [65]). It should also be pointed out that since PR
is a contactless technique measurements of 8 s could be performed on

the bare semiconductor surface (although, of course a bias dependence

study could not be performed under these conditions).
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2.3.5 Photoreflectance: GaAs Doping Superlattices

Semiconductors with a periodic profile of n- and p-doped layers,
possibly separated by undoped (intrinsic, i) regions (n-i-p-i super-
structures), exhibit interesting properties not found in either bulk
crystals or compositional superlattices [24] [35]. These nipi structures
have an "indirect gap" in real-space, long electron-hole recombination
lifetime because of the spatial separation of the carriers, and a two-
dimensional subband structure for the electrons and holes that can tai-
lored independehtly for each carrifer type. Even though there have
been considerable optical studijes. oxi the;e senuco;xdﬁctor structures,
most of the investigations have deal with the near band gap and below
band gap regions [24] [35] [36]. Recently, work on the above band
gap optical properties has also been reported [82). The quantization of
the electron states has been observed in resonance Raman scattering
[83] and photoreflectance [82]). Investigators, however, have not
reported on the quatization of the holes.

In this section we report room temperature measurements on two
GaAs nipi superlattices having considerable different periods, . e.,
2200A and 460A and therefore considerably different built-in potentials,
1. e., 85 meV and 1220 meV. In the thin period sample (460A) we

observed a number of features in the spectrum both below and above
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the band gap of GaAs. The spectrum was fit by a Derivative Function-
al Form (DFF) procedure, and we performed a theoretical calculation of
the energy levels and intensities using a two band tight-binding model
{84] with material parameters deduced from the growth conditions. In
the thick period sample (2200A) the spectrum is caused by Frans-
Keldysh (FK) oscillations [6], the period being related to the large
built-in dc field [85]. We used a second dc pump beam to change the
electron-hole concentration and hence the built-in field. This variation
in turn resulted in a change in FK oscillations, enabling us to gain

information about the nature of the bulilt-in field.

2.3.5.1 Small Period Sample -- Quantum size effect

The nipi superlattices used in this experiment were fabricated by
molecular beam epitaxy at Hughes Research Laboratories. Sample nipi
497 has nominal n=7x10"cm > and p=5x1017 cm™3 with d,=d _<233A. The
values of the bulilt-in potential, 2Vn=85mev, has been deduced from the
growth parameters by assuming that the uncompensated carriers (elec-
trons in this case) is exactly in the central region of the n layers (see
section 1.2).

The dotted line in Figure 30 shows the 300K PR spectrum of sample
nipi 497 in the 1.30-1.55 eV range using 6328A as the as pump at pump

chopping frequency Qm= 150 Hz. Experimental condition were in the
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"low-fleld regime"; i. e¢., lineshape independent of ac pump beam inten-
sity.

Before discussing the least-squares fit of the above result to deriv-
ative function from Eq(81), we would like to point out that the PR
lineshape of nipi may be quite different from that of QW or SL. It has
been proven that the subband energies of nipi structures are strong
function of light intensity [86] [87] [88]. The recombination lifetime of
electrons and holes are so long that very low electron-hole generation
rate may induce large deviation of the carrier concentration [24]. The
spatial separation between olectr.on in n layer and holes in p layer flat-
tens the self-consistent potential (see section 1.3). Thus the photo-
injected carriers not only change the electric field but also change the
subband energies. A first derivative function form for PR spectrum
must be operative and possibly dominant. This corresponds to m=1 in
Eq(81). However if third derivative is still dominant, m=3.

The solid line in Figure 30 is a least square fit of the experimental
data to Eq(81) with m=1. The energies obtained are indicated by
arrows at the top of the figure and are listed in Table 6, along with
the corresponding m. We find the fit for m=3 is indistinguishable from
the former fit, but that it yields somewhat different energies and broa-

dening parameters. There are also given in Table 6. Thus, at pres-
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r
I

| Table 6: Comparison of experimental result and theoretical
| calculation of GaAs doping superlattices

I

| A) obtained with m=1 in Eq(81), B) obtained with m=3 in Eq
| (81).

I

|

| | Experiment Theory

I (A) (B)

| Spectral | Energy T Energy r Energy Transition
| Feature | (eV) (meV) (eV) (meV) (eV)

|

| A 1.360 21 1.350 74 1.369 13H(0)
| B 1.385 20 1.386 27 1.381 22H(0)
| C 1.408 12 1.4114 23 1.408 16H ()
| 1.408 24H(0)

| D 1.420 6 1.419 17 1.417 17TH(0)
| 1.421 25H(7¥)

| E 1.434 4 1.432 13 1.433 26H(0)

| F 1.444 5 1.443 16 1.445 35H(0)

| G 1.500 20 1.507 54 1.491 55H(7¥)
|

I

L

— e ————— — — d— s e e
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.

ent, we cannot make a definitive statement about the order of the

derivative [64] [82] to fit PR spectra of nipi structures.

We have performed a theoretical calculation of the quantized energy

levels and transition intensities using a two-band tight-binding model

(84]) with material parameters cited above.

Listed in Table 6 are the

energies of the most intense transitions (based on matrix elements and

density of states) in the region of the the various spectral features.
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The not;ntlon nmH(0) or nmH(r) denotes a transition from the nth con-
duction subband to the mth valence band of heavy-hole (H) character
at the minizone center (0) or edge (m), respectively. We have fou-1
that transitions involving light-hole valence bands have considerably
less amplitude than heavy-hole transitions. For example, if we examine
the energy region in the vicinity of the D feature there is a theoretical
33H(0) transition at 1.419 eV but it is weak than 17H(0) or 25H(w) [see
Table 6] and therefore has not been included.

Unfortunately, theoretical calculation using the growth parameters
does not give a unique assignment to the experimental data. We have
also performed the calculation using other values of n, p, dn' and dp
such that 2Vn is kept constant at 85 meV. It is also possible to make a
correspondence between theory and experiment, but not necessarily
with the same transitions. Thus, for other material parameters (keep-
ing 2Vn constant) there are also fairly strong theoretical transitions in
the energy range of the various experimental features, but they do not
necessarily correspond to the same transitions. For example, in other
calculations the theoretical energies around the D feature (1.420 eV)
are not 17TH(0) or 25H(¥).

The PR of InP nipi structures at 300K and 80K has been reported in

Ref.[82]. The lineshapes have been fit by an expression based on a
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Lorentzian oscillator model originally developed for the electroreflectance
of excitons. This corresponds to m=2 in Eq(81). In interpreting their
data the above-referenced authors considered only the quantization of
the electron subbands and not the velence (and spin-orbit split) states.
We found that the valence band quantization is an important considera-
tion for our case. |
The optical transition selection rules between confined valence and
conduction band states are similar to those for a Type II superlattice,
in which the electron and holes are spatiaslly separated [89]. Thus
|n-m| must be even at the minizone center, while [n-m| must be odd at
the minizone edge. These selection rules do not hold for unconfined
states. Since miniband dispersion was not considered in Ref.[82] these
authors report contributions to the PR spectra from all miniband tran-

sitions.

2.3.5.2 Large Period Sample -- FKO

The nipi superlattice used in this section was sample NIPI 498. It
consists of 21 layers of n (nD=6.5 X 1017 cm-s) and p (nA=2.5x1017
om™3) doped GasAs layers with thicknesses of 800A (d_) and 1400A
(dp), respectively. The build-in potential was estimated as about 1220

meV.
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Plotted in Figure 31 is the PR spectrum from this sample. This
spectrum of Figure 31 looks considerably different than that of Fig-
ure 30. PR spectrum from nipi 498 showed no evidence of any quantum
confinement effect. However it exhibited the FKO features from the
fundamental gap of GaAs E‘. We denoted them by A-E. The feature

denoted F was corresponding to the spin orbit split component of E‘.
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The missing of the quantum confinement effect is due to the large
separation of electron and hole pairs in the n and p type layers. The
overlap of the quantized electron and hole wave functions is so small
that aimost no spatially indirect transition are possible. D. Miller, et
al. have recently reported a theoretical calculation [90] on the compoai-
tional quantum wells and showed that if the slab thickness is great thaam
150A, then the classical FKO was recovered. This theory should alse
applicable to the nipi structures. As we mentioned in the section
(2_.1.4), the periods of the FKO in modulation spectra were determined
by the dec field not by the ac modulation field. Thus the FKO showed in
Figure 31 was a measurement of the build-in nipi potential 2V°. From
Figure 31 we deduced a field of 1.2x105 V/em. This agreed quit well

with the result of average build-in field

] 5
2V_/[(d_*d )/2]=1.5x10°V/cm (83)

It is also interesting to compare the result from nipi498 to that from
InP/ITO. Both of them exhibited Franz-Keldysh Oscillations. However
the signal intensity from nip! was two order of magnitude bigger than
that from SCR. The biggest FKO we observed in InP SCR was about

4 2

AR/R=3x10 , In nipi 498 AR/R=3x10 “. There are two reasons for such

a great enhancement: 1) the extremely long life time of photo-exited
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carriers in nipi structure made the pump much more efficient. 2) The
probe volume in nipi was much more bigger than that in SCR. For
example, in InP/ITO the investigating depth was the depletion -vidth,
which was about 2000A. However in the nipi structure electric field
covered a depth of 21x(800A+1400a)=46200A. For this case, the investi-
gating depth should be the skin depth of the probe beam, which is
about 10000A. Note also that, in contrast to the SCR, the spectrum
from nipi shows no exciton features and no higher order FKO, which is

also the result of thicker region of strong electric field.

2.3.5.3 Pumping Power Dependence

The experimental setup in this section is somewhat different from
Figure 14. A three beam system was used here. In addition to the
probe beam and the pump beam (which is chopped and we call it the ac
pump beam), a third beam from an Ar’ laser was focus on the nfnplo
lurface'. This third beam usually has a power much stronger than the
ac pump beam. Since it is not chopped, we call it dc pump.

Plotted in Figure 32 is the PR spectra of sample NIPI 498 with dc
pump power densities of 0.0, 5.8 and 37 mW/cmz. As the dc pump
power increases, the energy spacing between the FKO decreases, indi-

cating an decreasing in the electric field in the nipi structure.



107

PHOTOREFLECTANCE

GoAs nipi 498
300K

3 632824 (oc PUMP)

51454 (dc PUMP)

S  0.0mW/ecm?

K3

5

-

4

5

g

§ J“? [ 3
| - ? 37TmW/cm?

N\
{x20) s Eo+lo

4

.30 140 150 160 170 165
Energy (eV)

Figure 32: Photoreflectance PR spectra of GaAs nipi 498 for
different dc pump power density.

The effect of the dc pump is to create more electron and hole pairs.
Those electrons and holes stay at the center of the n and p type layers

respectively (see section of nipi) and reduce the value of 2V°) and




108
hence the electric field. From the Frnz-keldysh Oscillations in Fig-
ure 32c, we deduct a build-in field of 0.3x105V/cm, a significant

decrease in relation to the case >f zero pump power (Figure 32a,

1. 2X105V/cm) .

2.3.5.4 Chopping Frequency Dependenee

We have also investigated the dependence of the amplitude of PR
signal on the chopping frequency . Showing in Figure 33 are the
result from sample nipi 497 and nipi 498. Curve A is the frequency
dependence of nipi 497 (no dc pump). Curve B, C and D corresponds
the power density of 0,60,and 600 mw/cmz for sample nipi 498. As the
chopping frequency increases, the PR signal decreases. This change
can be accounted for on the basis of the following considerations.

The chopped pump light is a square wave driver. When the light is
on, it injects electron and hole pairs. These extra carriers change the
built-in potential abruptly (see Figure 34). When the light is off, due
to the large separation of electron and holes in nipl structure, these
extra carriers decrease slowly and so dose the electric field. (Fig-

ure 34). Thus the effective modulation field can be written as
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Where t is the electron and hole recombination life time, T is the period

of the chopping frequency 2. The Fourier component at frequency % is

1c@12 = 1C)=0]2[(1-exp(-1/21)22%:2+a)/ (a2%c2+a) (85)
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The solid lines in Figure 33 are least square fit to the above equa-
tion. From the fit we extract a time constant t of 4.2 msec for sample
nipi 497. For sample NIPI 498 with different dc pump power, the cor-
responding t are listed Table 7. Increasing the dc pump power
decreases the recombination lifetime since the built-in potential is

decreased and hence there is less separation of carriers.
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r 1
| l
| Table 7: Recombination life time of extra carriers in nipi498 !
| |
| sample dc pump power recombination time |
| (mW/cmz) (msec) |
| |
l |
I 0 20 |
| nipi 498 60 6.4 |
| 600 0.25 I
| l
| I
L J

In conclusion, we have measured the room temperature PR spectra
from two GaAs doping superiatticu with substantially different layer
thickness. In the small period sample PR structure are observed which
are caused by transitions between quantized electron and hole states.
A correspondence between experiment and theory can be made, although
not uniquely. The other sample exhibits FK oscillations, the period
being related to the dc bullt-in field rather than the ac modulation
field. A second dc pump beam was used to reduced the built-in poten-
tial. The dependence of the PR on pump chopping frequency is a

measure of the recombination lifetime.




Chapter III

RAMAN SPECTROSCOPY

3.1 General Background of Raman Scattering

In recent years, with the advent of lasers, light scattering has
become one of the most powerful optical techniques for investigating
elementary excitations in solids. In semiconductors, Raman scattering
has been used to study phonons, single particle and collective charge
carrier excitations, electron-phonon lnteracﬂon, and the properties of
defects or disorder in semiconductor alloys and amorphous materials{91])
[81(92] [93] [94]. Depth profiling can be accomplished by using dif-
ferent excitation energies with different penetration depths. In addi-
tion, since it is a second-order process mn scattering can provide
symmetry information not available from first-order processes. Raman
spectroscopy is complimentary to infrared absorption techniques in the
sense that the symmetry of the modes coupled to the radiation field can
be different, for example in the diamond structure the infrared inactive

modes are Raman active.

- 12 -
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3.1.1 Polarizability Theory of Raman Scattering
In Raman scattering (RS) the incident electromagnetic field couples
with the phonon (lattice vibration field through the induced dipole
moment [91] [8). This is accomplished by the variation of the polariza-

tion tensor xlm which is defined by:
P=zx§ (86)

where P is the dielectric polarization (dipole moment per unit volume)
and & is the electric fleld.

The polarization tensor can be expended as:

(0) ”‘(l)m'“”‘mlm'“z" . (87)

™ im
where u is a nuclear displacement during a normal vibration. Thus,

for the jth normal mode:

u’=ujoe_xp(iu’t) (88)

(1)

X hu"’"un,f‘”nn”“ ) (89)

i

Since

&= G expliut) (90)

denotes the electric field of frequency v, we can write
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(1

px (0 E 0®XPiut) *x )"jo SOQXp “("’i“j)t]

’x(z)uzpsooxp[l(ulSZuj)t] ST (91)

The first term of the above equation gives rise to Rayleigh scattering
in which the frequency of the radiation remains unchanged during the
scattering process (i. e., elastic scattering). The second term,
involving the derivative of the polarizability, constitutes first-order
Raman scattering, which is an inelastic scattering process. The Inci-
dent photon (“i'kl) is absorbed, and the system makes a transition from
an initial state (n,v) where n and v represent the electronic and vibra-
tional quantum numbers, to an intermediate state(n!, v'). —The system —
eventually decays to the final state (n, v:1). In the process a phonon
'(uj,ql) is created or annihilated and a photon of different frequency

and wavevector («.,k.) is emitted so that energy and momentum are

conserved
1\0' = ﬁoi: ﬁuj : (92)
‘hk.' s ﬂkit ﬁq’ (93)

where the (*¢) sign is denoted as anti-Stokes scattering, while the (-)
sign is Stokes scattering (see Figure 35).
The magnitude of the scattering wavevector depends on the scatter-

ing geometry. The largest value for lql' is obtained for backscattering

in which case
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lqll = Ik| ¢+ 1k | =(n(e)w, + n(e ) }e (94)

where n(w) is the refractive index of the medium at frequency v and c
is the velocity of light. In typical Raman scattering experiments (in

visible or near visible) l‘u»i 2 ‘hu' z 2.5 ev and n ~ 4 and hence the

maximum wavevector transfer Iq’I < 106 cm-l. This is only a small

fraction of the typical wavevector of the Brillouin zone (BZ) edge pho-

nons (~21/sl = 108 cm-l). Thus under conditions of wavevector conser-
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vation only phonons near the zone center participate in first order

Raman scattering.

3.1.2 Microscopic Description
In a microscopic description the first order Raman scattering is
viewed as a three step process[8] [92] [95]. (see Figure 36)

1. a photon with energy w, is absorbed creating an electron-hole

i
pair in the state [1>

2. a phonon with energy w, is created (or destroyed) and the

§
electron-hole pair is scattered to the state |m>

3. the electron-hole pair recombines and a photon with energy w is
emitted.

The momentum js conserved in each step whereas as energy is con-

served only in the total process, i.e., each of the above transitions can

be real or virtual. These processes can occur in any time order giving

rise to six types of processes. Using third order time dependent per-

turbation theory one obtains the following expression for the first order

susceptibility [95] .

1 - - -
X aB(j)-Rl<0|pc|m><m|HEL|l><l|pB|0>/(Em hm')(El hul)

+ five permutation terms. (95)
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!. !
where
I
R=E-/m%u v (96)

/mw
]
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and H is the electron-phonon Hamiltonian, P, and pa are electron

EL
momentum operators and |0> is the "one electron" wave function for the
ground state. Under resonance conditions l’mj and/or hu' are close *»
the energies of the intermediate states Em or El giving rise to large
(1)

enhancements in X aﬂ(”' Figure 36a and Figure 36b distinguish two
and three band processes. The two band processes involve intraband
matrix elements of HEL whereas three band processes involve interband
matrix elements.

In addition to the allowed scattering mechanisms other perturbations
(applied or built-in electric field, stress etc.) may also affect the pho-
non induced change in the susceptibility thus contributing to the first

order Raman scattering. Including these contributions we obtain

[92] [96] :

x(l) (w,,w )=(3x_,/3u))u,+ (Ix ,/3Vu )iuq.+
af 1's af” ")) LT M B _
(ax“/aujae‘)u’ Es (3% g/3uam)um +...... (97)
OB I O IO P () IR L ) SO (98)

where we have expanded )((1)us in uj' Vuj, 8. (the applied electric

field) and n, the strain. x(l)cs(]) which depends only on uj describes

the "allowed" one phonon scattering, x(l) ) describes the contribu-

afE 4
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tion to the first order Raman scattering due to the field induced atomic
displacements. xan represents the linear g-dependent contribution in

the case of longitudinal optic (LO) phonon-Frolich int~-action and xuh
(1)

represents the contribution to X ab due to stress. The selection

rules for scattering due to X, X are usually different

(-]

BE ' YaBq and xaBn

from X and hence are called "forbidden" scattering.

]
The scattering efficiency (Raman cross section), S, defined as the
ratio of the scattered intensity into unit solid angle per unit time per

unit frequency interval, to the incident intensity is given by[92]
(1) - 2,4 4
ST Ies.x.e‘l Vu '/c (99)

where ° and e, are the unit polarization vectors of the incident and
scattered light, respectively, V is the scattering volume and c¢ is the

velocity of light.

3.1.3  Selection Rules

In addition to the restrictions on scattered light imposed by the
kinematics of the scattering process (see Figure 35) selection rules
arise for the tensor components )(“6 from the crystal symmetry. From
group theory, one obtains the condition for the existence of the nonze-

(1)

ro components X aB(” as

F(u) X zab - l'1 (100)

§

- — e - — e — e —— e e . — —
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where I's are the irreducible representations of the crystal point group

) corresponds to the normal co-ordinate u

} ¥

EGB transforms like the components of a second-rank tensor and 1'1 is

under consideration. T'(u

the totally symmetric representation. Similarly the selection rule for

other terms of X g can be written as[92] [95]

8
Eaﬂq: I‘(u’) XTl(q) X EGS *l'l (101)
chE: I’(uj) XI(E)X EGB "I‘1 (102)
zcﬂn: l'(uj) XTI X EaB "1'1 (103)

I'(E) and T'(q) are irreducible representations transforming like the vec-
tors q and E, respectively. I'(n) transforms like a second-rank tensor.
The materials under study have a zincblende structure and hence

belong to the T, point group. The optic vibrations belong to r15 rep-

d
resentation of the T q &roup which has a three fold degenerate irreduci-
ble representation at gq=0.

Choosing our co-ordinate system to coincide with the crystal axes x
= (100), y = (010) and z = (001) the "allowed" Raman tensor x(l)‘lB for
the three optic modes are listed in Table 8. Since the scattered intensi-
ty is proportional to |ei.)(.e'|2 the polarization of the incident and

scattered light further imposes restrictions on the first order scatter-
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r 1
l I
| Table 8: The allowed Raman tensor |
| |
| |0 00| 0 0 - {0 d 0] |
| |0 0d| |10 00| id 0 0] |
| 10 d 0| Id 00| 10 0 0 |
l |
| x y 5 |
| |
L J

ing. For example, in "backscattering from (100) surface only LO phonon

1s allowed. Table 8 [96].

F 2 T

r hi
| l
| Table 9: The linear q induced Raman tensor |
| o |
l leq, bay bq,| lag, bq, 0 | lq, O bq,i I
| lbq, aq, 0 | Ibq, cqy bq,| | 0aq, bq| |
| Ibq, 0 aq| | 0 bq, aq| Ibq, bq, cq,| I
| |
| |
L 4

The q-dependent and electric fijeld induced and strain induced
Raman tensors x(l) and x(l) and x(l) and are also listed in
aBq afn «BE

Table 9, Table 10 and
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i— 7
|
| Table 10: Electric field induced Raman tensor |
I I
| |cE. BE_ bE | |aE. bE »©® | |aE. 0 DbE | |
X 'y =z y X x X
| |[bE. aE_ O | |IbE_ cE_ bE | | 0 aE_ bE_| |
vy oA x 'y oz z y
] [bE. 0 aE_| | 0 bE aE_| (bE. bE_ cE_| 1
z x z y x 'y =
| |
i i
L -
r 1
I, |
| Table 11: Strain induced Raman tensor |
l l
I Icnyz . fnxy | |
I ifn eny, b"x‘x"‘"yy’“u’ I l
| Ifnxy bnxx*z(nyy*nxx) on . I |
| |
| |
| l en tng, bag cg(n n )l !
| | fnyz en fnxy | |
f Ibnw’z(nu*nxx) fnxy o, [ |
| |
| |
l | oy bn B ) |
| Ibnzz*s(nxx*nyy) en .y t, | |
| | fnyz . en,y | |
| |
L J

3.1.4 Coupled LO Phonon Plasmon Modes.
The presence of charge carriers in heavily doped semiconductors

give rise to plasma oscillations with a frequency

opz(q) : («mmaz/z“nw'-)*»(3/5)*-(qv1,)2 (104)
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where up(q) is the plasma frequency, N is the number densi.ty and u\"l
is the effective mass of the charge carriers, L3 is the high frequency
dielectric constant , e is the electronic charge and VF=hk/m* is the
Fermi velocity. If the plasma frequency is close to that of the LO pho-
non frequency the two modes of collective oscillations (electronic and
atomic) will be strongly coupled with each other through the depolariz-
ing field they produoe.

The frequencies of the coupled LO phonon-plasmon modes are the

roots of the total dielectric response, i.e.,

€(@,0) e e (0) 0 e (@) (105)

2

2 -uz)l(uzTowz)]*t.up Ju2 =0 (106)

= g

where “ o and Upo are the frequencies of the LO and TO phonons.

From the above Eqn. one obtains the frequencies of the coupled modes

2 |2 2 $

2. 2,2 _ 2
“:'“"'p *®10 :((up ‘w LO) du “w TO)

o H (107)

Shown in Figure 37 is the frequencies of the coupled modes as a func-
tion of the electron concentration in GaAs, calculated for 5145 A laser

line.




124

r |
| 1000 |
| ) ° I
| 1 GoAs 5145 A |
| go0d |
I ] I
I ] |
I ] |
| 600 - |
LN |
|° I
I 91 o |
. : ) Lo o :
| 200 “10 |
| 1 . |
S A |
I °< '. LE 1§ v l'lll' " T 7 F lﬁ]ll '. RS ﬁ‘#l!‘l "“' o
| 10 10 10 10 |
| CARRIER CONCENTRATION (CM-*) I
: Figure 37: Coupled LO phonon-plurx;on mode |
l
Lt Jd

3.2 Experimental Details

The functional block diagram of the experimental setup for Raman
scattering is shown in Figure 38. The collimated, monochromatic beam
from a 6 watt Coherent Ar’ laser was used as the incident radiation.
The laser beam is reflected from two mirrors, passes through sn inter-
ference filter (I.F.) having a band pass of ~ 5 A which eliminates any

spurious emissions, (such as the plasma oscillations from the laser

T e e e — e e
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medium), a pin hole collimator, and is then focused onto the sample by
a cylindrical lens (focal length=6 cm). The purpose of this lens was to
focr~ the beam to a line rather than a point, thus reducing the incident
power density and hence minimizing the sample heating. Typically the
laser power used was ~ 250 mw. The backscattered light was collected

at the entrance slit of the spectrometer by a camera lens composed of a

series of lenses (focal length = 13.5 cm and f number 1.8). The
large index of refraction (~ 4) of the semiconductor ensures that both
the incident and scattered angles inside the s;Mconductor are small
(typically ~10°).

The Raman spectrometer is a Spex 1401 double monochromator which
consists of two identical units. Each unit has two identical spherical
mirrors and one vertically mounted grating. The gratings were holo-
graphic and were blazed at 5000 A. A synchronous rotation of the two
gratings provides a scanning in photon energy. The photons which
emerge from the exit slit of the spectrometer are focussed onto the
GaAs cathode of the cooled photomultiplier (RCA N-40436). The ther-
moelectrical cooling of the photomultiplier cathode significantly reduces
the "dark current" which is due to thermionic emissions of electrons

from the cathode and dynodes even in the absence of any incident

light. The anode current pulses are converted to voltage pulses which
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are fed through a discriminator which filters voltage pulses which are

below a preset level thus reducing the effects of dark current.

These

voltage pulses are collected by a photon counting system and the time

averaged results are recorded on a chart recorder.
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3.3 Experimental Results

3.3.1 Surface Charge Layer in <100> GaAs

Although Raman scattering (RS) from the longitudinal optic (LO)
phonon mode has been used as a nondestructive, contactless method to
gain information about surface electric fields and space charge region
(SCR) from the <110> surfaces [11] [97] and <111> surfaces [11] [98]
(98] of zincblende-type semiconductors, relatively little work has been
done on the <100> face [94] [100] [101]. The underlying reason is that
from the <110> and <111> surfaces there is a field-independent refer-
ence, i.e. the transverse optic (TO) phonon mode (surface electric
fields affect only the LO-mode see Table 9 [96]). On the other hand, in
backscattering from the <100> face, the TO-phonon is forbidden (even
in the presence of an electric field[96)) and hence quantitative meas-
urements from this crystallographic direction are much more difficult.
However, since the <100> surface is of much more technological interest,
we have undertaken the present study.

In this section we report measurements using LO phonon RS to gain
quantitative information about the width of the SCR (and hence surface
electric filelds) as well as the bulk carrjer concentration, n, from <100>
n-GaAs. The room temperature RS, in the backscattering geometry,

has been studied from a number of GaAs samples with 4 x 1017 c:m.3
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<n<1 x 1019 cm.3 using as an excitation source several different wavel-
engths of an Ar' laser. From the position of the coupled plasmon-LO
phonon (CP-LOP) modes we have determined the carrier concentration,
n{94] [102). By comparing the intensity (at different wavelengths) of
the observed uncoupled LO mode, origination in the SCR, with the sig-
nal from a piece of undoped <100> material it is possible to experimen-
tally determine Ls’ the width of the SCR. There is very good agree-
ment between experiment and a generalized theory which considers both
non-degenerafe and degenerate charge carrier cases.

In the. general case, for optical pépetratlon depths larger than the
depletion width, the Raman spectra from an n-type zincblende-type
semiconductor will show the peaks of the CP-LOP modes (L .,L_) from
the bulk as well as the uncoupled LO phonon mode originating in the
depletion layer{94] [98]. The frequencies of L’ and L_ are w,_ and w_
in Figure 37. The intensity of the unscreened LO phonon depends on
the width of the layer and the penetration of the incident light [98]
[94]. Pinczuk et al.{98] pointed out that by assuming the Raman scat-
tering from the LO phonon in the depletion layer is similar to that in an

undoped crystal, the intensity of the unscreened LO phonon IX(LO),

originating in the SCR can be written as[98]

*(Lo) = on(LO)(l-exp[-ZL'/do(X)]) (108)
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where Ix.(LO) is the intensity of the LO mode (at excitation wavelength
1) from a pilece of undoped material, L' is the width of the SCR and do
(1) is the optical skin depth. Equation (108) can be used to determine
L' from measurements of the ratio Ix (LO)/Ixo(LO). The quantity L.
can be related to the surface band bending in a doped zincblende-type
semiconductoe.

We have investigated nine different GaAs samples, both bulk and
thin film, all Si-doped. Eight were MBE grown epitaxial layers fabri-
cated at Eaton Corp/AIL Division. They are designated samples

SUMIZC (n=5.0x10"7 em™3), CS5B (n=5.7x10 17 cm’d), SUMsSG

(n=1.1x10% cm™3), 798-7C (n=3x10'® 18

18

em 3y, SUNG-4D (n=5x10

em™d), 782-8a (n=6x10'® em™3), SUM-2D (n=7.0x10'® em™3) and 798-3G

19

(n=1x10 cm-a), The ninth sample was a piece of bulk material

(n=1.5x1018 cm-3). The carrier concentrations listed in parentheses
were determined from transport measurements. The <100> face of the
bulk sample was oriented to 1° by X-ray Laue backscattering. The
surface was then prepared by polishing with 1lum, and 0.05um, grit alu-
mina powder for 60 min, 1:4 Syton In de-ionized water polishing for 60
min. and 0.1% Br/Methanol chemo-mechanical polish for 5 min. The ref-
erence samples (semi-insulating) were CS(MBE), SUMITOMO (MBE) and

798-4 (LEC) with carrier concentration less than lxlo14 cm-a. To eval-
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uate the possible influence on the RS intensity of a thin oxide film,
several samples (both doped and undoped) were free-etched in a 0.5%
Br/Methanol solution for two minutes. No difference in the RS intensity

before and after etching was found.

3.3.1.1 Determination of Free Carrier Concentration

In order to determine n we measured the CP-LOP features (L’,L_)
using the 4880A line of an Ar’ laser. The relation between the peak
position of L . and L_ as a function of n for_dlfferent wavelengths is

given by Eq (i07). an-parabollc correctlons' to. m‘;‘l are considered
here, as discussed in Ref.[94],([102] and f103). ~ )

The Incident power was about 300 mW. The laser beam was line
focused onto the sample by a cylindrical lens to minimize heating
effects. The temperature at the surface was estimated to be about
340°-350°K from the intensity ratio between the Stokes and anti-Stokes
phonon lines.

Shown in Figure 39a,Figure 39b and Figure 39c are typical Raman
spectra obtained from <100> GaAs samples CS5B, SUMSG, 782-8A,
respectively. The CP-LOP modes are designated L and L_. In the

free-carrier density range of N>1x10°8 em™3

L_ is almost independent of
n (see Figure 37), and hence only L’ was employed to determine the

bulk carrier concentration in this region. On the other hand, in the
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region of n< lxl()l

em™® both L_ and L, were used.

The measured
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positions of L o L_ for the five samples and the corresponding carrier
concentrations n are summarized in Table 12 Also listed are values of n

from transport measurements.

. .
——— e e e - - e e e e e s e e S e e e e — —

;
Table 12: Free carrier concentration measurements :

|

|

l

SAMPLE " w (eml) w_(em™) n(em 3@ aem3H®)
|

CS5B 333210 22123 4.0x10'7s0.3x10'7  5.7%10'7 |
SUMI2C  338:10  225:3  4.5X101740.3x1007  s.0x10'7 |
SUMSG 435:10  269:2  1.1X10%%:0.1x10"®  1.1x10!® |
BULK 470t10  269:2  1.3x10'%:0.1x10'®  1.5x10'® |
798-7C 617:10  260:2  2.7x10%%:1.0x102%  3.0x10'® |
SUNG-4D  839:10  269:2  6.4X10'%:1.0x10'®  s5.0x10'® |
SUNG-2D  903:10  269:2  7.7X10%%:1.0x10'®  7.0x10'® |
782-8A 960:10  269:2  9.0x10'%:1.0x10'®  6.0x10'® |
798-5¢  1015:10  269:2  1.05x10%%:1.0x16!®  1.0x101® |
|

a) From position of L , L_ . |
b) From transport measurement . |
;

Note that in Figure 39a in addition to the CP-LOP modes, RS |is

observed from the uncoupled LO phonon (292 cm-l) originating in the

depletion layer.

As n increases the intensity of the uncoupled LO mode

decreases relative to L and L_. The intensity of this feature is of
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major interest in this section. The linewidths T of the uncoupled LO
phonon mode are less than 3 cm-l. This demonstrates that the quality
of the crystals is ~uite good [21]). Some other aspects of the spectra

1 in Figure 39a is

should also be pointed out. The features at 269 em’
the symmetry forbidden TO-mode which may be activated by thé¢ surface
morphology or slight misorientation of the sample surface while the fea-

1

ture at 520 ecm = of Figure 39b is due to a two-phonon process

[2TO(X)]).

3.3.1.2 Measurements of Depletion Widths

The measurements of the relative intensity of RS from the LO pho-
non in the SCR of the doped materials IX(LO) to that from the undoped
samples IXO(LO) were carried out with special care. Two samples,
doped and undoped, with their crystal axes oriented in the same direc-
tions (to avoid polarization differences) were mounted close together on
an aluminum plate using heat conducting epoxy. The aluminum piate
was mounted on a movable holder to enable us to alternate samples with
minimum change in the focusing conditions. Since in this aspect of the
experiment we were not Interested in the details of the line shape or
exact peak position, but rather in optimal intensity, the instrument
resolution was not important. Hence, the slits were set for 6 cm_l res-

olution. The ratio of LO intensities i.e. Ix (LO)/IXO(LO) was reprodu-
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cible to within 10% at all wavelengths. The reference quantity IXO(LO)
from different undoped samples also was reproducible to better than
10%.

Previous studies have shown that the effects of optically excited
carriers will reduce the measured depletion layer (98] [104]. To avoid
this effect, we employed a very low power density for the intensity
measurements. The laser power used was 5mW and the power density
on the sample surface was about O.IW/cmz. In order to enhance the
scattering light intensity without jincreasing the power density on the
surface, we maximized the illuminated area on the material. The geome-
trical arrangement of the optics was as follows. Two cylindrical lenses,
A and B, of focal lengths 10cm and 3.5cm, respectively, were used.
The axis of lens A was arranged horizontally and 50cm in front of the
sample. The axis of lens B was placed vertically (i.e. crossed to that
of lens A) and was placed about 4cm in front of the sample. Lens B
focused the laser beam Into a long vertical line of dimension 1.5em x
300um = 4.5 x 10.2cm-2. The long axis coincided with the entrance slit
of the monochromator. The scattered light from the sample was collect-
ed by a high quality camera lens (focal length = 13.5 cm, £=1.8). The
entrance slit of the spectrometer (about 2 cm x 400um) was fully illumi-

nated. This optical arrangement reduced the power density by a factor

- ———— —
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of 5 as compared to the usual set up when only one cylindrical lens was
used, {.e. for the evaluation of L o L_. Hence, with the same power
density, we can increase the signal by a factor of 5.

To enhance the scattering light even more, the polarization of the
incident light was in the plane of incidence and the angle of incidencs
was set at the Brewster's angle. This reduced the reflected light

intensity, hence increasing the light penetration in the crystal.

——— ——

r

|

| Table 13: Depletion width measurement using 5 lines of an

| Ar' lasor

l

I

I I

| Excitation Optical Skin Depletion |
A

| Wavelength Depth do(X) I\(LO) /Io (LO) Width |

| (A) (A) L Py |

| ‘

| l

| 5145 1093 0.37 256 |

| 4965 899 0.39 226 |

| 4880 816 0.43 236 l

| 4765 704 0.48 231 |

| 4579 517 0.62 253 I

|

I |

L J

Data were digitally recorded at the unscreened LO peak position

(292 cm-l). The sample dependent background (taken near 310 cm-l)
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was subtracted from this value. The integration time per data point
was 50 sec. Each experimental point was an average of 10 data points.

Listed in Table. '3 is the ratio of IX(LO)/IX.(LO) from sample SUMSG
using the 5145A, 4965A, 4880A, 4765A, 4579A Ar§ laser lines. Also
listed are values of d‘ (\) taken from Ref. [105]. Therefore, by using

Eq.(108) it was possible to evaluate pL**P

at five different wavelengths.
Note, from Table 13, that even though IX(LO)/IXO(LO) are 0.37 for
5145A and 0.62 for 4579A, the measured depletion widths are 256A and
» 253A respectively. This demonstrates the high degree of consistency of
our approach.

Listed in Table 14 is the summary of our resuits for the determina-
tion on n and the depletion widths L**P (averaged over the five wavel-

engths) for the various samples. The values of I.th displayed in

Table 14 will be discussed in the next section.
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r b
I -
| Table 14: Depletion width of various <100> GaAs samples |
| experimentally |
I |
| measured and theoretically correlated |
| |
| |
| |
|  SAMPLE n(em™) L **P(a) L™ 1
| |
| |
|  A(CS5B) a.ox10'” 350425 230 |
| B(suMizc)  4.5x10'7 232425 210 |
|  C(SUMSG) 1.1x10'8 240225 230 |
| D(BULK) 1.3x108 241225 210 |
| E(798-7C) 2.7x1018 10647 136 |
| F(782-8A) 9.0X10'8 657 66 |
| G(798-56)  10.5X10'8 6347 60 |
| |
| |
L J

3.3.1.3 Depletion Width at Finite Temperature
To compare our experimental rasults with theory, care must be tak-
en in determining whether or not the material is degenerate. For

example, GaAs becomes degenerate at about n = 1 x 1018 cm-3[106] .

We present below a generalized theory of the width of the depletion
region, at finite temperatures, for both degenerate and non-degenerate
material[106]. Shown in Figure 40 is a schematic representation of the
space charge region for n-type material, where V(x) is the electron

potential in the SCR, x is the distance from the surface, Vb is the
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surface band bending, (for GaAs it is approximately 0.8 eV([107]), Er

is the Fermi level, E_. is the impurity ionization energy, (for Si doped

D
GaAs ED is 0.002¢V[106]), and V. is the electron potential at the edge

of the SCR denoted by L. For our purposes we define the extent of

the SCR as follows. From Eqgs.(104) and (107), it can be seen that for

n<l x 10:l6 cm-a, the positions of L’ and LO are indistinguishable.

Hence, we define the optical SCR as the region with free carrier con-

centration n°<1 x 1016 cm-s. We shall show in the following section

that L. is quite insensitive to the choice of n, as long as this quantity

is less than 1 x 1016 cm-a.

Posson's equation for V(x) is

2

a2v(x)/dx? = 4uzp(x)/t° (109)

where L is the static dielectric constant, and p(x) is the net positive

charge density. For non-degenerate case p(x) is given by

"D
p(x) = -(2n /) Fy([Eg-V(x))/KT)  (110)

1+2exp( [EF*ED-V(x)]/kT)

and for degenerate case
p(x) = nD-(chh)Fi([EF-V(x)]/kT) (111)

where By is the donor concentration, n, is given by[106]
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n s 2(2m*kT/42)3/2 " (112)
and Fi(y) is the Fermi function

3 .
Fy(yp)= ) y /[1+exp(y-y,)1dy (113)
0

The boundary conditions on V(x) are

\1(0)=Vb051= (114)

V(=)=0 (115)
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V'(=)=0 (116)

The solution is given by

*Ep/Vy
x =L dz/2 /ézp(n)dn (117)
V(x)/Vb
where L°=(t°Vb/21ean)i (118)

and p(n) is the reduced charge density given by,
p(n)=e(V)/nyy (119)
and
n=V(x)/Vy (120)

Thus the depletion width L. is given by

L = La(ngy,T) (121)
where
IEg/V,
a=L dz/2 /sz(n)dn (122)
Vo/Vy

As discussed above the quantity Vo can be determined by the rela-

tion,

16 -3
nos 1100 em = (2nc/t)Fi([EF-V(x)]/kT) (123)
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Note that since the Fermi function P* is quite sharp even at finite
temperatures the quantity Vo (and hence L.) is quite insensitive to our
choice of n, as long as it is less than 1 x 1()16 cm-3.

In the case of a degenerate sampie at T = 0°K, we have

2/3)yf3/2 yf>0
Fy(yy) = (124)
0 yt<0

Thus using for degenerate material

n. = N = (2m*E.)Y %/3+%n3 (125)
D F )
and we can write
372
1-(1 an/EF) “<EF'Ivb
p(n) = (126)
1 "<El=/vb

For the degenerate case the quantity Vo at T = 0°K can be determined

to be

Vo=EF

since Fi is essentially a step function. It is then easy to verify that

at T = 0°K the above Equations lead to the same result of Eq.(2.46) in

Ref. [108].
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Plotted by the solid lines in Figure 41 is Lm as a function of carri-

er concentration n for the both non-degenerate case (n<1018 cm-s) and

the degenerate situation (n>1018 cm-s) for three temperatures, i.e
77°K, 300°K, asnd 400°K. The values of Lt. listed in Table 14 were
taken from this figure for the corresponding values of n. Also plotted
in Figure 41 are L®*P for th five measured samples. Table 14 and Fig-
ure 41 show that there is very good agreement between experiment and
theory.

Since a specific value of ED was used in our calculation, the curves
for the non-degenerate case are only valid for Si-doped GaAs. The

h at n about 1018 cm-3 is due to the approximation

discontinuity in Lt
used concerning the lonization energy ED' In a real material ED is a
function of n, for heavy doping levels, a situation we have not taken
into account.

In conclusion we have succeeded in gaining quantitative information
about the widths of the space charge region from <100> n-GaAs with
carrier concentrations in the range of 4 x 1017 cm-3 to 1 x 1019 cm-s
by RS from the LO phonons. We have presented a generalized theory
of the depletion width for both degenerate and non-degenerate cases, at

finite temperatures. The experimental results are in very good agree-

ment with the theory. Thus, this work demonstrates that RS can be
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used as a non-destructive, contactless probe of the SCR of <100> ori-

ented zincblende-type semiconductors.

3.3.1.4 Electric Field and Impurity Induced Forbidden LO Scattering

The observation of dipole-forbidden Raman scattering (RS) by LO
phonons in zincblende-type semiconductors has been reported by a
number of authors {9] [92] [109]. This scattering does not follow the
selection rules imposed on the Raman tensor of the I'-point phonons due
tq the translational symmetry of the material. Different mechanisms may
be responsible for the reduction of the crystal symmetry ana hence the
activation of normally forbidden RS. Such mechanisms may include
electric fields (surface and/or bulk) [96] [110] [111], finite q-vectors
{96]) [111), impurities [112] [113], etc. Recently Menendez and Cardo-
na have reported a study in which interference effects have been used
to separate intrinsic from extrinsic (impurity-related) contributions to
the forbidden scattering [112] [113}.

In this section we report on investigation of the symmetry forbidden
longitudinal optic (LO) phonon RS from the <100> surface of heavily
doped n-GaAs:Si due to the high impurity levels and surface electric
tields. Only MBE grown samples with carrier concentration

3

n>1x1018cm- in Table 12 were used in this section. They are labeled

as A SUMSG, B 798-7C, C 798-4D, D SUMG-2D, E 782-8A and F
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798-5G. The carrier concentrations of these samples are listed in

18 -3

Table 12. Since GaAs is degenerate for n>1x10 cm ° we take the

impurity concentration n, equal to *he free carrier concentration, na.

i
The measurements of forbidden scattering were made at room tempera-
ture in the backscattering geometry using the 4579A line of an Ar-iom
laser. We have studied the RS for all four possible polarization config-
urations, 1.e. I [x(y,2)x], LIx(y,y)x], I3[x(Y':Y')Xl and
14[x(z',x')x], where x =<100>, y = <010>, z = <001>, y' = <011> and z'
=<011>. From these measurements we have evaluated the coefficients of
the electric field-and impurity- induced terms.

Shown in Figure 42 we display, by the points , the experimentally
determined ratios Iz/ll, 13/11 and 1 4/11 as a function of impurity con-

centration n, for a laser excitation wavelength of 4579A. Note that as

n,*0, the ratio 12/11*0 while both 13/11 and I 4/11"1. We will show below

i
that the difference between 13/11 and I 4/I1 with increasing n, is due to

i
an interference effect similar to that reported in Refs. [112] [113].
Several mechanisms may be responsible for the activation of normally
forbidden RS. They are: linear-q terms (see Table 9), electric field
induced terms (see Table 10), and impurity induced terms {112] [113].

For the linear-q terms there some evidence to indicate that for

dimensions down to about 50A they are not important. For example,
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polarization dependent Raman scattering has been performed on jom-
damaged GaAs in which the average size of the undamaged regiem
extends down to about 40A [114]). They showed that no significant
symmetry forbidden transitions were observed in these samples. Thus
we will neglect the linear-q terms.

The electric filed induced Raman tensors are listed in Table 10.
They corresponding to the intrinsic forbidden scattering [112] [113])
and must be added to the allowed Raman tensor (deformation potential,
see Table 8) before squaring. In our case of LO-phonon scattering
<100> with the electric field 6(x) also along this crystallographic direc-

tion the Raman tensor can be written as:

aoif) o 0
0 aze“2£(x) de'’s (127)
0 de“3 120“28(:()

where al(az) and ¢ (02) are the coefficients of the electric fleld-

1
induced term while d and 03 are related to the normally allowed atomic-
deformation (AD) scattering process. Note that we have taken into
account the fact that d in Table 8, a and ¢ in Table 10 are complex.

For our scattering geometry, i.e. from the <100> surface, it can be

shown that only 32(02) and d(oa) can be observed.
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The Raman tensor for impurity-induced scattering can be written as
[112] [113])

1 00
0 1 of co's nt (128
0 01
where ¢ and ¢ 4 8T the magnitude and phase, respectively, of the coef-
ficient for this process. It has been demonstrated by Menendez and
Cardona that Eqs. (127) and (128) represent independent scattering
processes [112] [113]. Therefore, in order to calculate the total scat-
tering intensity the two processes must be added after squaring, not
before squaring.

From Eqs. (127) and (128) we can write expressions for the intensi-

ties of ratios the various polarization configurations:

12 | aZe 2 Mx 4 (129)

-2a())x dx

2= [azzaz(x)n:zni]e (130)
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L
|

I lla,0" Ex)-di®ec?n e 22 ax (131)
0
L
| ]

I [1a,0" Ex)+d1Poe?n Je 22 )% ax (132)
0

where ¢=02-03, is the depletion region and a()) is the penetration depth
of the light at wavelength 1). In Eqs. (129)-(132) we have neglected
the small difference in wavelength between the incident and scattered

light. Expressions for L' and 6(.\:) as a function of n, are given by

i
Eqs(121) and (66). The quantity a()) is obtained from the work of
Aspnes and Studna{105]. Note that Eqs. (131) and (132) exhibit an
interference between the electric-field-induced and AD terms similar to
that discussed in Refs. [112] and [113].

The solid lines in Figure 42 are a least squares fit of Egs.
(129)-(132) to the experimental points. From such an analysis we can
evaluate

8,/d=(4.820.2)x10" em/V (133)

c%/a%=(2.120.2)x10"%° cm? (134)
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9=5822° (135)

Grimsdich et al have measured and calculated the quantity d in’ GaAs as

a function of A[115]. At 4579A Ref.[115] reports d=100A Thus we can
write from 4579A

=4.8x10 Jem/v (A)2 (136)
16

la,l
le122(2.120.7)x10" €cm3(4)* (137)

This is the first evaluation of |a and ¢, the relative phase angle

2!
between a, and d. Also this is the first determination of |C| in this
wavelength region.

' In Ref.[113] a value of ¢:2=r1.5x10-12A4cm3 for GaAs is pro:ontod.

corresponding to the wavelength of E00A0 resonance. Our value of
C2ﬂ=2.1x10.16 A4cm3 is considerable smaller since we are far from any

interband resonance.

3.3.2  Polish-Induced Surface Strain

In diamond and zincblende-type semiconductors surface damage
induced by processing procedures such as polishing is an area of con-
siderable technological interest. Polish-induced damage has been stud-
jed by various methods [116] including optical techniques such as pho-
toluminescence, [117] reflectance, [118] [119] [120] absorption, [121] and
Raman spectroscopy (RS)[122] [123] [124]. RS is a particularly useful

tool for a number of reasons. The influence on the Raman spectrum of
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damage-induced perturbations such as strain [96]) [125] and disor-
der[114] (which produce different effects) is well understood. Non-
destructive depth profiling can be performed by using various laser
{ines. In zincblende-typ2 materials the longitudinal optical (LO) phonon
is a singlet; hence certain complications which occur in electronic tran-
sition spectroscopies are avoided such as strain-induced interband and
interband splittings. [126]

In this section we report an Investigation of the effects of polish-
induced strain on the line shape of LO phonon RS of <100> and <111>
InP and GaAs. Measurements were made at room temperature in the
backscattering geometry from the <100> and <111> surfaces of GaAs and
InP single crystals polished under various conditions of grit size and
polish time. The Raman source was an Ar' laser with outputs at 5145,
5017, 4965, 4880, 4765, 4579 A. A line focus (300um x 3mm) was used
in order to avoid heating effects. The laser power was 300 mW except
at 4579 and 5017 A, in which case it was 130 mW. For the <100> sur-
face, the cross polarization configuration [x(y,z)x] was used to reduce
the Rayleigh scattering from the rough surface, where x,y,z denote
[100], [010], [001], respectively. For the <111> surface, since the
cross configuration is forbidden, the scattered light was not analyzed.

No significant difference in line shape was found between different
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polarization configurations. It was sometimes not possible to obtain
meaningful data at all the above wavelengths, because of the influence
of plasma lines on the weak Raman signal of the damaged sample-

Polisting was performed using a Beuhler Model AB Low Speed Pol-
isher (Buehler Ltd., Evanston, III. 8-in. wheel) with a Politex Supreme
125 polishing pad (Geosciences Corporation, Stamford, Conn.). Samples
were mounted on a holder which was placed in a Buehler Model AB
Whirliment attachment, making it possible to rotate the sample holder in
a direction opposite to that of the polishing wheel. Typical speeds
were 5 rev/s for the polishing wheel and 0.5 revs for. the Whirliment
attachment. Pressures due to the sample holders were 1.12 x 105 and
1.47 x 10‘l clyn/cm2 for GaAs and InP, respectively.

Both the GaAs and InP samples employed were semi-insulating in
order to avoid free carrier effects[102]. Samples were obtained to

<100> or<111> within 1° using X-ray Laue backscattering. The undam-

'aged surfaces were prepared by lum, and 0.05um alumina powder pol-

ishing for 60 minutes, followed by 1:4 Syton (Monsanto Corporation,
distributed by Remet Corporation, Chadwick, N.Y. 13319.) in de-
jonized water polish for 60 minutes and finally a 0.1% Br in methanol
chemo-mechanical polish for 5 minutes. Separate pads were used for

the different polishing conditions. The concentrations of Syton in
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water and Br in methanol were found to be quite critical. The undam-
aged surfaces had no observable scratches or pits under a microscope
(magnification = 16).

The quality of the <100> surface also was examined by RS. Tran-
sverse optical (TO) phonon scattering is normally forbidden in backs-
cattering from the <100> surface.[8] ([10]. It can be shown that neither
surface electric field or linear-q effects can activate the TO phonon
from this face (see Table 9 Table 10). However, this symmetry
forbidden-TO mode has been observed by many workers in <100> backs-
cattering [8][10]. Several investigators have discussed the origins of
this mode [10] {127] [128] including a very detailed analysis by Biell-
mann et al. ([128]. The amplitude of the symmetry forbidden-TO in
relation to the symmetry allowed-LO phonon can be used as a measure
of crystal quality. The quality of the undamaged surface is important
since it serves as a standard for the unstrained LO position and linew-
idth. We measured the ratio of TO/LO in a true-backscattering geom-
etry and found it to be less than 0.2% for undamaged surface.

Damage was induced on an undamaged surface by slurries made from

0.5um, 0.3um, or lum alumina polishing powders for various time peri-

ods. Separate pads were used for the different particle sizes.
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Shown in Figure 43a is the RS in the region of the LO phonon for
undamaged <100> InP using the 5145 A line (spectrum A) and material
polished with 0.05um grit for 5 —in. using the 5145, 4965, 4880 and
4579 A excitution lines (labeled B,C,D,E and F, . respectively). The
undamaged RS is a fairly sharp, symmetrical peak centered at 345.6.
cm-l. Spectrum B has a relatively sharp feature at about 848 cm.1 and
a broad shoulder at about 355 cm-l. As the penetration depth of the
light decreases the amplitude of the high frequency 'shoulder grows rel-
ative to the low-frequency feature. The amplitude of the RS of the
damaged material were considerably less .th.an the undamaged sample
although the integrated intensities remained approximately constant.
Plotted in Figure 43b are the results for <100> GaAs. Spectrum A
is the undamaged material taken with 5145 A while spectra B-F are for
the case of 0.3um grit polish for 60 min. using 5145, 5017, 4880, 4765
and 4579 A, respectively. In this case the high-frequency shoulder in
spectrum B has become the dominant feature at the shortest wavel-
ength. As will be demonstrated below the two features in the spectra
of damaged InP and GaAs do not arise from two separate peaks but are
the consequences of the convolution of the skin depth of the damage-

induced strain and the optical penetration depth for the various wavel-

engths.
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Figure 43: Raman scattering from polished <100> GaAs and
InP. a)InP: undamaged surface at 5145A (spec-
trum A) and material damaged with 0.05um particle
size for 5 min. at 5145, 5017, 4880, 4765 and 4579
A (spectra B-F). b)GaAs: undamaged surface at
5145A (spectrum A) and material damaged with
0.3um particle size for 60 min. at 5145, 5017,
4880, 4765 and 4579 A (spectra B-F).
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Shown in Figure 44a is the RS in the region of the LO phonon for
undamaged <111> InP using the 5145 A line (spectrum A) and material

polished with 0.,05um grit for 10 minutes using the 5145, 4880, 4579 A




156
excitation lines (labelled B,C,D, respectively). For the sake of clarity
we have not plotted the spectra for all wavelengths since there are no
major differences br*ween them. The <111> and <100> ([see Fig-
ure 44(a)} undamaged RS are identical in terms of peak position and
linewidth. However, for the damage conditions, the RS from the <111>
surface are quite different from the <100> case. The relatively sharp
feature at about 3480m-1, which appeared in the RS from the <100> face
[see Figure 43a), is not seen. The broadening is fairly symmetrical,
and peaked at about 346.5 - 347.5 cm-l. As the penetration depth of
the light decreaso?, the linewidth increases and the peak position shifts
to the blue.

The RS spectra in the region of the LO phonon for undamaged and
damaged <111> GaAs are displayed In Figure 44b. As for InP the
undamaged spectra for <111> and <100> surfaces are identical. Also for
GaAs the damaged spectra are symmetrically broadened; with decreasing
wavelength the RS broaden and shift to the blue, aslthough not as much
as for InP [see Figure 44(a)].

The measured RS shift and linewidth for various polishing conditions
from the <111> InP and GaAs surfaces versus different penetration
depths, do’ of the Ar’ laser lines [105]. are plotted in Figure 45a and

Figure 45b. We find for <111> InP and GaAs damaged with 0.3um grit
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Figure 44: Raman scattering from polished <111> GaAs and
InP. a)InP: undamaged surface at 5145A (spec-
trum A) and material damaged with 0.05um particle
size for 10 min. at 5145, 4880, and 4579 A (spec-
tra B-D). b)GaAs: undamaged surface at 5145A
(spectrum A) and material damaged with 0.3um
particle size for 10 min. at 5145, 4880, and 4579 A
(spectra B-D).
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for 60 minutes, the RS shift and phonon linewidth do not change with
different do' However, for the 0.05um grit size, the RS shift and

linewidth do increase considerably with decreasing light penetration
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Figure 45: Linewidth and peak shift as a function of optical
skin depth for <111> GaAs and InP
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depth. We have also found that for the undamaged surfaces, the RS
shift and linewidth are constant with do' demonstrating that by pmp;r
mechanical and chemical polishing, a strain-free surface can be
achieved.

The above results can be accounted for on the basis of the following

considerations. Polish induces strain at the surface of the material
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thus producing a shift in the LO frequency from its unstrained value.
(96]. [124] [125] This damaged-induced strain (and hence RS shift)
diminishes as a function of depth into the sample. In addition the light
intensity decays from the sample surface. The observed RS signal is
then the convolution of the depth dependence of the LO frequency and
the optical skin skin depth of the light. Assuming an exponential
depth dependence for the Raman frequency, w(x), (and hence strain)

we can write:
u(x)=u°0Au exp(-x/d') (138)

where x is the distance from the surface, “y is the unperturbed fre-
quency, Auw is the shift due to surface strain, and d' is the skin depth

of the strain. Thus the Raman intensity I(w) is given by
I(w) -J dx L{w-w(x)] exp(-2x/d°) (139)
0

where do is the optical skin depth and L(w) is a line shape factor which
is a convolution of the Lorentzian line shape of the RS and the instru-
mental transfer function. We have neglected the small differences in

the optical skin depth for the incident and scattered radiation. For
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simplicity we have assumed a triangular instrumental transfer function

T(¢) with full width at half-maxima of T Thus L(w) can be written as

I

L(w) = 5 dE (1/2m)T(E)/[(w-5)2-(1/2)?) (140)

where T is the linewidth of the RS. Above equation can be solved to

yield the analytical form:

L(w) = (P/erlz)[R(wl' *R(w-T))-2R(w)] (141)

r
where

R(u)=(20/T)arctg(2u/T)-3In{(2w/T)3+1] (142)

It is also possible to take into account any inhomogeneous strain in
the plane perpendicular to the polishing direction (for a given value of
depth). This can be done by increasing the broadening parameter, T,
from its intrinsic value (2.4 cm-l for GaAs and 1.2 cm.1 for InP) and

assuming a depth dependence similar to that of the frequency shift,

l'(x)=l'°0M' exp(-x/d.) (143)
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where l'o is the intrinsic value and Al takes into account the inhomoge-

neous broadening.

In order to correlate the RS peak shift Aw with surface strain we

assume that the polishing produces a two-dimensional strain in the plane

perpendicular to the polishing direction. For the <100> case the quan-

tity Aw is related to the strain S by [96] [125]

K (q-_lmop)
("’o )100 :

“20 S = Kmos
where
100°C12/C11
while for the <111> situation it can be shown that
(ﬁ) (P2q)(2-1,,)-4r(1%),4)
“ /111 * 6u> § = K,,S

0

(144)

(148)

(146)
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and

=2(C11*2C -2C44)/(C11*2C +2C (147)

X111 12 12 44)

11’ C12 and C“ are

elastic stiffness constants and p,q and r are coefficients which describe

where v, is the unperturbed Raman frequancy, C

the strain-induced shift of the optic phonon. For GaAs KlOO = 1.5 and

KIII = -0.7. For InP p, q and r have no been determined; however,

since these parameters do not vary much for the III-V materials{125]

[96] we take the GaAs values for InP and hence K = 1.3 and K11 =

100 1

-0.80.
Shown in Figure 46a is a least-squares fit to the spectra at 5145 A
and 4765 A of <100> InP damaged with 0.05um grit for 60 minutes. The

adjustable parameters were Auw and d'. We have taken w = 345.6 c:m-1

1

and T = 1.2 em ; from the slit settings TI'. = 2.4 cm'l. Values of do

I

were taken from Ref.[105]. There is excellent agreement between theo-
ry and experiment at both wavelengths. It jis found that 4w = 12.3
em™! and d_ = 204 A for 5145 A and 4w = 12.3 em™! and d_ = 186 A for
4765 A, demonstrating the high degree of consistency of our approach.
Comparable values were obtained for the other wavelengths. Listed in

Table 15 are summaries of the results for InP (averaged over the dif-

ferent wavelengths) for the various polishing conditions.
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Figure 46: Fit of LO lineshape for damaged <100> GaAs and
InP. a) InP damaged with 0.05um particle size for
60 min. at 5145A and 4765A exitation lines b)
GaAs damaged with 0.3um particle size for 15 min.
.at 5145A and 4579A exitation lines

F—_— e e e e e e ——— —— e ——— ., e e e ———— —
e e e e e e v e e et s —— — ——— — —— . —— —— —— ——— — —— e oty e e o)

In Figure 46b are plotted experiment and theory for <100> GaAs at
5145 and 4579 A damaged with 0.3um grit for 15 min. using v, =292.1
em,r = 2.4 cm™), and I, = 2.4 em™'. We find for 5145 A thathu =
10.9 em™! and ds = 260 A while for 4579 A Aw = 10.1 cm.1 and ds = 230

A, again demonstrating consistency. Values of Aw and d' (averaged
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over the wavelengths) for GaAs for different polishin’g conditions are
listed in Table 15.

We have also introduced an inhomogeneous strain for the <100> case
for both InP and GaAs. We find that increasing Al to 3 t:m.1 had little
effect on the quality of the fits in Figure 46a and Figure 46b; further
increases, however, result in a significant deviation in the correlation
between theory and experiment. Therefore, we conclude that the inho-
mogeneous strain component AI‘I< 3 cm.1 for the <100> case. This is
slgnificantly less than the homogeneous shift Aw which is 9-12 cm-1 (see
Table 15).

The interpretation of the experimental results for the <111> case are
somewhat different from that for the <100> situation. By using only
Eqs. (138)-(139), i.e. no homogeneous broadening, we were not able to
get a good fit to the experimental data. We find that for the <111>
surface it is necessary to introduce Eq. (143): for this case inhomoge-
neous broadening is an important effect, as found in the prevlods RS
study[122]). In contrast to the <100> case it is difficuit to get meaning-
ful data from just the spectrum at a single wavelength since variations
in d' and AT produce similar effects on the theoretical fit. Therefore,

we obtained values of Aw, AT and d' for the different polishing condi-

tions by performing a self-consistent least square fit of Eqgs.
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Table 15: experimental results for various polishing conditions
on <100> suurface

—_—_——— e ——
— ———— e e —— )

Material Particle Time Aw AT d’
-1 - -
l size (um) (min) (em 7) (cm 1) (cm 1)I
| |
|I ¥
| 0.05 5 +12.620.5 <3.0 19025 |
| InP 0.05 60 +12.120.5 <3.0 300240 |
| 0.3 30 +12.520.5 <3.0 44050 |
| |
! 0.05 60 +9.120.5 <3.0 200£25 |
' GaAs 0.3 15 +10.5:0.5 <3.0 250£40 |
| 0.3 60 +11.410.5 <3.0 36050 |
| 1 2 +10.4:0.5 <3.0 530£50 |
| !
| I
L J

(138)-(139) to all five spectra at different wavelengths, i.e., 5145,
4965, 4880, 4765 and 4579 A. The resuitant numbers are listed in
Table 16.

Comparing Table 15 and Table 16, we find that for the <111> sur-
faces, the compressive surface strain is less than that in the <100>
case. The dominant strain is inhomogeneous. The depth of damage-
induced strain is much deeper than that of the <100> for corresponding

polishing conditions.
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Table 16: Experimental results for various polishing condi-
tions on <111> suurface

————— —— — e e

Material Particle Time Aw AT ds
1 size (um)  (min) (@) (em™  (emhH
l I
| I
| 0.05 10 +2.8¢1.0 4.8:1.0 350:100 |
| InP 0.05 60 +3.321.0 7.0£1.0 1100:200 |
[ 0.3 10 +3.6£1.0 6.0t1.0 3400:300 |
| 0.3 60 +3.6¢1.0  7.0£1.0 4500500 |
! l
| . 0.05 60 +1.320.5 6.5¢1.0 240:100 |
| GaAs 0.3 15 +1.520.5 7.3¢1.0 4402100 |
| 0.3 60 +1.0¢0.5 5.5:1.0 1200:200 |
! 1 2 +1.420.5  6.3:1.0 1800:200 |
l |
| |
L Jd

From the sign and magnitude of 4w in Table 15 and Table 16 we find
a compressive surface strain of about 2.2% for <100> GaAs, 2.6% for
<100> InP, 0.6% for <111> GaAs and 1.2% for <111> InP. With regard to
the inhomogeneous strain (l.e., Al/2) it is less than 0.3% for the <100>
surface while it is about 1.4% for the <111> surface. For the <111> case
the strain skin depth is of order the particle size while for the <100>

situation it is generally less.

¢ mm e ——— a— e c—— —r—
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We have also considered the effects on the LO phonon line shape of
other perturbations such as (a) disorder (b) temperature gradient
effects and (c) free carrier interactions (coupled plasmon-LO modes}
P.Disorder lowars the lattice symmetry and relaxes the q=0 selection
rule of Raman scattering, i.e. some scattering processes which are nor-
mally forbidden in the undamaged crystal can be activated.i123] {10]
It has been shown that the influence of this perturbation on the LO
phonon is to red shift the peak position and asymmetrically (low-
frequency side) broaden the line shape.[114] Introducing such an effect
into our equations yields a poorer fit. In addition, we have measured
the RS below the LO phonon region and find little disorder-activated
effects. [123]. Thus the disorder-activated component of the damage
corresponds to a correlation length (as defined in Ref. {114]) of great-
er than 300 A. We concluded, as Evans and Ushioda did, that the
effects of disorder are relatively minor.

With regard to temperature gradients, it has also been shown that
the influence of this perturbation is to red shift the LO phonon fre-
quency and asymmetrically (low-frequency side) broaden the line
shape.[129] Thus, it also contradicts our experimental results. Since
we used the same power for both the damaged and undamaged surfaces
there appears to be no physical reason why the temperature gradient is

greater in the damaged case than it is in the undamaged situation.
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Care must be taken in determining as to whether or not our
observed blue shift (of about 5-10 cm-l) is due to the introduction of
free carriers by the polish damage. It is well known that the L  com-
ponent of the coupled plasmon-LO phonon mode is at a higher frequency
than that of the uncoupled LO peak[102]. If the scattering volume near
the polished sample surface contains a free carrier concentration of n =
1.0 x 101.7 cm-3, then L’ will lie about 10 cm-l higher than LO. Thus,
it might be responsible for the high frequency bump in the damaged
spectra of Figure 43a and Figure 43b. It has been observed that one of
the factors altering the surface carrier density is dopant redistribution
induced by gettering to surface defects.[130] It is reasonable to
assume that such gettering decreases with increasing distance from the
damaged surface. However, RS does not determine the actual dopant
density, but only measures the free carrier concentration. The deple-
tion width for n = 1 x 101‘7 cm-s is about 1000 A. Thus most of the
pileup dopants are contained within the space-charge depletion zone.
RS would not detect any of this effect within this region. It should be
pointed out that anealing would not resolve this puzzie, since some pre-

vious studies have shown that anealing reduces both surface free carri-

ers[102] as well as surface strain.[122]
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This ambiguity can be resolved by examining the TO phonon since
this mode does not couple to the free carriers[102] [8]. We have meas-
ured TO phonon RS from the <111> damaged surfaces and obsr~ved a
blue shift from its unstrained value. However, because of the complex-
ities of the strain-dependence of the TO phonon (it is a doublet)[124]
[125], we were not able to do a detailed fit. The observed blue shift s
consistent with the strain-induced shift of the LO mode and hence we
deduce that free-carriers are not a factor in our analysis.

For the <111> case our results are consistent with those of other
investigators, including Evans and Ushioda. As shown in Table 16 we
find that the strain skin depth for both materials is approximately equal
to the polishing particle size (for GaAs d' is somewhat smaller than the
particle size). Also, for both semiconductors d. becomes larger with
increasing polishing time. The phonon line broadening is caused prima-
rily by the inhomogeneous strain distribution (both compressive and
tensile) in the polishing plane, while the shift of the RS peak is due to
the mean compressive surface strain.

For the <100> case our findings are somewhat different from previ-
ous studies {116} {117] [119] {122] [131]. Other investigations have
concluded that the polishing induced damage goes as deep as the parti-

cle size, while we find that the strain penetration depth for the <100>
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surface is considerably less than the particle size, particularly in the
o.3um and lum cases (see Table 15). However, it should be pointed
out that other workers did not examine the -100> orientation but
reported on other faces, i.e., <110> in Ref. [122], <111> in Ref. [131],
etc. Thus, it is somewhat difficult to make detailed comparisons.
Also, it should be noted that some of the earlier studies were not 'non-
destructive' but obtained their findings by etching away controlled
amounts of material from the surface. Compared with the <111> case,
the strain in the <100> surface is relatively homogeneous. The phonon
line broadening is primarily due to the exponential decay of homegene-
ous strain from surface.

At the present time we do not understand the difference in the
results from the two orientations. We believe it may be related to the
nature of the bonding at these two different surfaces. Since <100> is
of considerable technological interest, our result should serve to stimu-
late more detail work on this surface.

In conclusion we have studied the effects of polishing on the LO
phonon Raman spectra from <100> and <111> GaAs and InP; non-
destructive depth profiling was performed by using various laser lines.
The details of the line shape can be quantitatively accounted for by a

theory based on the convolution of the optical and strain skin depths.
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We find that the strains for both surfaces are compressive; the average
compressive surface strain in 2-3% for the <100> surface and 0.6-1.2%
for the <111> surface. The surface strain in <100> is fairly h“omogene-
ous fless than 0.3%), while that in <11i1> surface is significantly more
inhomogeneous (about 1.4%). The strain skin depth is as deep as the
particle size for <111> surface; while it is substantially smaller than the

particle size for <100> surface.



Chapter IV

SUMMARY AND CONCLUSIONS

This thesis is an investigation of microstructural geometries in semi-
conductor using modulation spectroscopy and Raman scattering. Sam-
ples used in this study included AlAs/GaAs superlattices
GaAll_xAs/GaAs superlattices (X<0.3), GaAs nipi superlattices, InP/ITO
system, heavily doped n-type GaAs (MBE grown n=4x1017-1.1x101’) and
bulk intrinsic GaAs and InP.

We have demonstrated that electroreflectance especially photoreflec-
tance is an extremely powerful tool for investigating microstructural
geometries. We have developed a new servo mechanism for Photoreflec-
tance by using a variable neutral density fllter, which has considerable
advantage over previously used one.

We demonstrated for the first time that Photoreflectance spectra can
be fit by a third derivative function lineshape, thus making it possible
to precisely determine energy positions and resolve hidden structures.
This result greatly enhanced the usefulness of PR to characterize
microstructural geometries and stimulated a lot of other scientific inter-
esting.
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Using Photoreflectance at room temperature we have evaluated the
topographical variations in quantum level transitions of a GaAs/

G Al As multiple quantum well(200A/150A) due to changec In

%0.7670.24

barrier height and quantum well width. The spatial resolution of the
measurement was about 100um. We can detect the barrier height chang-
es of several millielectron volts and variation in well as small as 2A.

The Photoreflectance spectra of several GaAs/AlAs superlattices
have been measured at 300K and 77k using monochromator as a secon-
dary beam, thus enabling us to study the wavelength dependence of the
PR. The result showed that there were more than one mechanism in
superlattices, in contrast to bulk material. Also nondestructive depth
profiling has been demonstrated by this result.

We have investigated the PR spectra of GaAs/Gao. 83A10.17As super-
lattices. In addition of the allowed transitions, we have clearly
observed, for the first time at room temperature, the forbidden features
12H, 13H,and 21H. the observed intensities appeared to be in good
agree with a theory based on valence band mixing effect.

We have measure the room temperature PR spectra from GaAs doping
superlattices with substantially different periodicities. The small period

sample exhijbited a number of features corresponding to transitions

between quantized electron and hole states. The thick period sample
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exhibited Franz-keldysh oscillations. The PR spectra for both samples
exhibited strong dependence on the pump power and pump chopping
frequency, which is due to the extremely long life *‘me of free carriers
in nipi structures. The dependence of PR on the pump chopping fre-
quency is a measure of the recombination lifetime.

The Franz-keldysh theory for modulation spectroscopy has been
generalized to include both dc and ac field. We demonstrated, both

theoretically and experimentally, that if Eac/E c<0.2 then the Franz-

d
keldysh oscillation is dgtermined by the dc fleld not by the ac field.
Ac fleld only smears out the higher order oscillations. According to
this result photoreflectance under small modulation pump intensity can
be used as a contactless method to detect the surface electric field.

We have succeeded in gaining quantitative information about the
widths of the space charge region from <100> n-GaAs with carrier con-

centrations in the range of 4 x 1017 cm.3 to 1 x 1019

cm-3 by RS from
the LO phonons. We have presented a generalized theory of the deple-
tion width for both degenerate and non-degenerate cases, at finite
temperatures. The experimental results are in very good agreement

with the theory. Thus RS can be used as a non-destructive, contact-

less probe of the SCR of <100> oriented zincblende-type semiconductors.
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The effects of polishing on the LO phonon Raman spectra from <100>
and <111> GaAs and InP have been studied in detail. Non-destructive
depth profiling was performed by using arious. laser lines. The detalls
of the line shape can be quantitatively accounted for by a theory based
on the convolution of the optical and strain skin depths. We find that
the strains for both surfaces are compressive; the average compressive
surface strain is 2-3% for the <100> surface and 0.6-1.2% for the <111>
surface. The surface strain in <100> is. fairly homogeneous (less than
0.3%) , while that in <111> .surface is significantly more inhomogeneous
(about‘1.4%). The strain skin &éptﬁ is as deep as the particle size for
<111> surface; while it is subsfantially smaller than the particle size for
<100> surface.

In conclusion this study can be summarized as follows:

1. Modulation spectroscopy, especially photoreflectance is a power-
ful tool to investigate and characterize the microstructural geo-
metries. Both topogravhic and depth studies can be carried out
by this technique.

2. Normalized Photoreflectance spectra without introducing false
signal can been obtained by using a variable density filter.

3. Fit to the third derivative lineshape enables us to determine the
energy of the quantized levers within a few millelectron voits at

room temperature.
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Forbidden transitions clearly observed at room temperature is a
strong support to the valence band mixing theory.
The periods of the Franz-Keldysh oscill~*ions in modulation
spectrum are dependen: on dc field not on ac field, thus pro-
viding a direct optical measurement of the built-in electric field
by a contactless way.
Photoreflectance spectra from small period nipi samples exhibits
transitions between quantized hole and electron states, while
that from thick period samples exhibits Franz-Keldysh oscilla-
tions.
The dependence of PR on chopping frequency can be used to
measure the recombination lifetime of carriers in nipi structures.

Raman scattering is demonstrated to be another powerful tech-

" nique to characterize the microstructural geometries. It has

been employed to determine the carrier concentration and deple-
tion width for heavily doped III-V semiconductors.

Electric field induced Raman tensor (both amplitude and phase)
and impurity induced Raman tensor have been determined for
<100> GaAs at 2.7eV

The effect of polishing on LO Raman spectra lineshapes can be

quantitatively accounted for by a model based on the convolution
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of penetration depth of light and the skin depth of the polish

induced strain.
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