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ABSTRACT

Eluctromodulation Study o£ ranni Laval Pinning in 
Samicondu ct ora

by
Xiaoning Yin 

Advisor: Professor Fred. H. Poliak

In this thesis we present a photoreflectance (PR) study 
of the Fermi level pinning (VF ) on (001) MBE grown GaAs with 
uniform electric field. Surface photovoltage (Vg) effects 
were evaluated as a function of temperature (77K < T < 450K), 
pump beam wavelength, W-metal coverage (in-situ) and light 
intensity. The dependence of the measured barrier height, V B 
(“ Vp - Vg) on T and light intensity P can be explained by a 
modified version of the theory of Hecht yielding values of V F 
= 0.77 ± 0.02V for n-type GaAs and VF = 0.75 ± 0.02V for p- 

type GaAs at 300K. This analysis also provides an 
experimental estimation of the densities of surface states on 
the GaAs surface. The influence of W-metal coverage (in-situ) 
is to increase the effective area of the surface states and 
hence to reduce the effect of V g .

The PR measurements with different pump wavelengths 
allowed us to accurately determine the photo-induced current.
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Using photoreflectance the effects of A r + sputtering and

thermal annealing on Vp on (001) n- and p-type GaAs were 
studied. The measurements were performed in-situ in an 
ultrahigh vacuum chamber. The effect of the sputtering was to 
move Vp from midgap to near the conduction band for both 
types of materials. Subsequent UHV annealing (350°C) and air 
exposure restored Vp its original midgap value. These 
observations have considerable implications for various 
models of Schottky barrier formation. This work also 
demonstrates the need to simultaneously measure both n- and 
p-type material in order to obtain unambiguous results.

The effects of environment on the determination of Vp 
were investigated. The air exposure tend to passivate the 
surface and hence increase the surface photovoltage effects.

We report a new contactless mode of electroreflectance 
(CER) which employs a capacitor-like system. We have measured 
the CER spectra at 300K from a number of materials including 
SI bulk GaAs and bulk HgQ gCdg 2Te ■ We demonstrate that CER 
can conveniently be used to determine the sign of the surface 
band bending in semiconductors and semiconductor structures. 
Results will be presented on n- and p-type bulk GaAs, semi- 
insulating GaAs, nominally undoped Ing igGag g5As (p-type) 
and n- and p-type GaAs and InP structures with large, almost 
constant electric fields.
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INTRODUCTION
1

Fermi level pinning at semiconductor surfaces and 
interfaces is a challenging subject of investigation from 
both fundamental and applications-oriented points of view [1- 
4]. There exists at many semiconductor surfaces/interfaces an 
appreciable density of uncontrolled electronic states, whose 
origin is still a topic of controversy. These states tend to 
"fix" the location of the Fermi level at these 
surfaces/interfaces at some characteristic energy (VF ) . Fermi 
level pinning behavior has been observed at the free surface, 
oxide interface, metal interface (Schottky barrier), MBE 
grown surface, stop-regrown homojunction and misfit- 
dislocation pinned heterojunctions of various semiconductors. 
This pinning adversely affects the performance of both high 
speed and optoelectronic devices and integrate circuits. The 
lack of understanding and solution still hampers the 
development of compound semiconductor devices.

Fermi level pinning is manifest in several ways. One of 
the most notable is the insensitivity of the Schottky barrier 
height (SBH) to the metal work function [1-5] . Despite 
decades of intense study on metal-semiconductor contacts, the 
enigma of Schottky-barrier formation still challenges basic 
solid state research. W. Schottky [6], provided perhaps the 
simplest model for this phenomenon, namely the band bending 
within the semiconductor is the difference of the work



functions of the metal and semiconductor. This model did not 
account for the relative insensitivity of the SBH on metal 
work function and the deviations were explained by Bardeen in 
terms of semiconductor surface (or interface) states [7]. In 
this approach, the Fermi level is pinned in the semiconductor 
band gap by electronic states, so that the SBH for n-type (p- 
type) semiconductor is equal to the energetic depth of the 
pinning states below (above) the conduction band edge (the 
valence band edge).

The origin and nature of these surface/interface states 
still remain somewhat of a mystery; Hampering efforts to 
identify the physical mechanisms responsible for this Fermi 
level pinning has been the narrow ranges of reported Fermi 
stabilization energies themselves, which permit a number of 
quite dissimilar explanations. These pinning theories can be 
classified into two groups, (a) Fermi level pinning as an 
intrinsic property of the semiconductor related to either 
bulk or surface band structure, e.g. metal-induced gap states 
(MIGS) [8-10] (or some variant) [11], or (b) pinning as an 
extrinsic property of the semiconductor related to native 
[12] or antisite (at or near the surface) defects [13] or 
anion phase work function [14]. The diversity of models and 
invoked assumptions can be explained by the lack of precise 
experimental results on Fermi level pinning measured on a 
g r e a t  v a r i e t y  of d i f f e r e n t  types of n o n - i d e a l  
metal/semiconductor interfaces. A detailed explanation of 
various models will be given in Chapter I of this thesis.
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For bulk semiconductor the equilibrium of the Fermi 
level in the bulk and at the surface is established through 
the formation of a depletion layer and the bending of the 
electronic bands within this layer. The Therefore, the Fermi 
level position at the surface cannot simply be derived from 
its bulk value but has to be measured separately for each 
surface, each of which may differ by crystallographic 
orientation [15] and reconstruction 116], surface chemistry 
or environment [1,17]. It seems certain that the location of 
the surface Fermi level depends strongly on the microscopic 
structure of non-ideal surfaces/interfaces. Also some of the 
reported results on SBH are measurements dependent. Thus, we 
might suspect that in order to make further progress in 
understanding Schottky barriers and/or the Fermi level 
pinning effects we need a versatile tool which can accurately 
measure Vp in a variety of ambients and semiconductor 
interfaces e.g. vacuum, air, metal/semiconductor, or 
semiconductor/semiconductor interfaces, etc. With such a 
tool, one could monitor changes in Vp over a wide range of 
experimental conditions. This in turn could produce strong 
inferences concerning the fundamental mechanisms which 
determine Vp in a wide variety of non-ideal interfaces.

In the past, the main experimental method to study Fermi 
level pinning at the semiconductor surface/interface has been 
soft X-ray photoemission (SXPS) [1-4,15] . However, as 
recently pointed out by Hecht [18] and confirmed by several 
groups [4,19,20], surface photovoltage (Vs ) effects in SXPS
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are an important factor. The measured barrier height VB is 
thus the difference between Vp and Vg, i.e., V B = VF-VS ‘ Also 
since in SXPS the photoelectron escape depth is normally on 
the order of 1 to 2nm at most, the photoemission techniques 
cannot be used on buried interfaces. Other techniques to 
evaluate Fermi level pinning include the electromodulation 
method of photoreflectance (PR) [21-27], Raman scattering 
[17,28], photoluminescence [29], internal photoemission [30] 
and device measurements such as C-V profiling [1,5]. However, 
the latter two methods require contacts and hence cannot be 
performed on the free surface. Photoluminescence cannot be 
performed over wide temperature range. Although Raman 
scattering has been used to get information on Fermi level 
pinning effects, it is an indirect method and requires high 
light levels. Hence its use is very limited.

Electromodulation method (EM) such as PR is of 
considerable interest and usefulness since it is contactless, 
employs very low light levels, requires no special mounting 
of the sample, and can be performed in any transparent 
ambient including ultra high vacuum (UHV) [25,26,31,32]. From 
the Franz-Keldysh oscillations (FKO) [21-27] observed in EM 
spectra the built-in electric field and hence V B can be 
accurately determined. The measured barrier height (VB ) is Vp 
minus any surface photovoltage (V s ) effects, i.e., VB = Vp - 
V g . Information about charge transfer mechanism at the 
surface/interface also can be obtained [25,27] since PR is 
the optical response of the system to the modulating field
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[33] and it can be performed over a wide temperature range. 
In spite of the low light levels employed the influence of Vg 
also must be considered in the PR determination of Vp [24 — 
27]. Also we recently have developed a novel contactless mode 
of electroreflectance (CER) which utilizes a condenser-like 
system and is a complement of PR [34]. The combination of PR 
and CER p r o v i d e s  one more d i m e n s i o n  to study
s u r f a c e / i n t e r f a c e  Fermi level p i n n i n g  e f f e c t s  of
semiconductors.

It has recently been demonstrated that special

structures (designated as UN + and U P +) which exhibit a large

number of FKO can be used to accurately determine V B and 
hence V F [24-27,35,36] . These structures are made by 
fabricating an undoped layer of thickness L (-lOOnm) on a

buried n + (p+) buffer (n or p - lxlO^®cm- )̂ on an n+ (P + )

substrates. Because of Fermi level pinning at the surface

there is a large, almost constant electric field F in the

undoped region between the buried n+ (p+) layer and the

surface. Thus, these structures will exhibit a large number 
of FKO in because of the high field and small broadening 
parameter in the undoped region. The field F, as directly 
measured by the FKO, can easily related to surface Fermi 
level pinning effects [24-27,35].

In this thesis we have used PR to study the surface 
barrier height on (001) MBE grown GaAs under a variety of
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c o n d i t i o n s  i n c l u d i n g  air, u I t r a h i g h - v a c u u m  (UHV), 
sputter/annealing (in UHV), temperature (77K<T<450K) in air 
and UHV, etc. Surface photovoltage (Vs ) effects were 
evaluated as a function of temperature (77K<T<450K), pump 
beam wavelength (633nm and 407nm), W-metal coverage (in-

situ), and light intensity. The effects of Ar + sputtering

(500V) and thermal annealing (350°C) on Vp were studied in- 
situ in an UHV chamber. Subsequent air exposure effects were 
also examined. The sample surfaces were monitored with Auger 
electron spectroscopy (AES) and high resolution low energy 
e l e c t r o n  d i f f r a c t i o n  ( L E E D ) . In a d d i t i o n ,  the 
surface/interface Fermi level pinning effects have been 
investigated on (001) MBE grown low substrate growth 
temperature As-rich GaAs(GaAs:A s ) using PR as well as CER. 
The implication of our results for various models of Schottky 
b a rrier formation will be discussed. The need to 
simultaneously measure both n- and p-type material in order 
to obtain unambiguous results also was demonstrated.

The (001) surface of III-V compound semiconductors, such 
as GaAs, is the most technological important since it is the 
one upon which most epitaxial growth is performed for device 
applications. A wide variety of complex surface phenomena 
driven by changes in the surface stoichiometry characterize 
the GaAs (001) surface [37,38]. Two general regimes of the 
reconstructions of this surface exist which fall into As-rich 
and Ga-rich classes [37,39], In addition, GaAs, by virtue of
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its electronic properties, has an advantage over other 
semiconductors. Although during the past few years there has 
been extensive research on GaAs surfaces/interfaces, in 
contrast to Si, our understanding and technology of GaAs
Schottky barrier are still far from complete. This is perhaps 
due to the fact that t heir b e h a v i o r  is h ighly 
process/measurement dependent.

Considerable work has demonstrated that departures from 
stoichiometry at surface/interface can affect the Fermi level 
position [14,40,41]. The explanations to these behaviors have
been ambiguous [1-3]. The previous results can not
distinguish between electronic effects due to introduction of 
native defects based on changes in atomic composition versus 
the changes in atomic composition themselves. In particular, 
the presence of excess anion (As) at III-V compound 
semiconductor surfaces/interfaces (GaAs) can stabilize the 
Fermi level due to the As work function or due to the 
formation of additional native defects which are sensitive to 
an As excess - for example, As antisite defects. Recently 
GaAs:As has attracted considerable attention for its
technological applications. It has been shown that in GaAs:As 
without annealing exists huge amount of As antisite (AsQa^ 

defects, and with annealing at 600°C there is no detectable 
antisite defect signal [43]. In the latter case excess As is 
in the form of metal clusters [44]. Thus, examining these 
surfaces/interfaces may shed light on the importance of As-
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related surface/interface effects.

Our work demonstrates the considerable utility of PR for 
both the study of environment on the electronic properties of 
semiconductor surfaces and for a better understanding of the 
charge transfer process.

The thesis is divided into three chapters. The first 
chapter reviews various models for Fermi level pinning 
effects. This part encompasses some of the very poorly 
understood problems in solid-states physics. A good overview 
of prior work can be obtained from a number of books and 
articles [1-4,45-48].

Chapter II deals with modulation spectroscopy. A brief 
t h e o r e t i c a l  background, espe c i a l l y  FKO theory, for 
understanding our experiment results are given. The sample 
structures used and their advantages will be explained. In 
the experimental section we will focus on the PR and CER 
techniques.

Our experiment results are presented in Chapter III. A 
modified photovoltage expression of M. Hecht [18] will be 
presented.

In the last chapter we summarize our results and 
conclusions.
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CHAPTER I 
REVIEW OF VARIOUS MODELS OF SCHOTTKY BARRIER FORMATION

Over the past several decades, a common theme of metal- 
semiconductor interface studies has been the insensitivity of 
semiconductor band bending to the properties of different 
metal overlayers and physical mechanisms responsible for this 
Fermi level pinning. In the last several years there has been 
an eruption of new models for the mechanism of Schottky 
barrier formation based on some new experimental data 
(10,12,14,48]. Most of these models can be traced back to the 
foundations laid by Schottky [6] or Bardeen [7] many years 
a g o .

This introductory chapter is devoted to the basic 
physics of some models of Schottky barrier formation. These 
models will be classified into two groups. One group does not 
invoke surface states, e.g., Schottky-Mott theory, EWF model 
etc. The other group, in the spirit of Bardeen, centers 
around the nature and source of the surface pinning states.

I. Work Function Hod*la
A. Ideal Casa: Schottky-Mott Theory of Metal- 

Semiconductor Contacts
The potential barrier, which forms when a semiconductor 

is contacted with a metal, arises from the separation of
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charges at the metal-semiconductor interface such that a 
high-resistance region devoid of mobile carriers is created 
in the semiconductor. The earliest model to explain the 
barrier height is given by Schottky and Mott. According to 
this model the barrier results from the difference in the 
work functions of the two single phase substances. The energy 
diagrams in Fig. 1 illustrate the the process of barrier 
formation (for n-type semiconductor). Figure la shows the 

electron energy band diagram of a metal of work function <j>m

and an n-type semiconductor of work function 0ns which is

smaller than K -  The work function of a metal is defined as

the amount of energy required to raise an electron from the 
Fermi level to the vacuum level. The vacuum level is the 
energy level of an electron just outside the metal with zero 
kinetic energy and is the reference level in Fig. la. The

work function has a volume contribution due to the

periodic potential of the crystal lattice and a surface 
contribution due to the possible existence of a dipole layer

at the surface. The work function On g of semiconductor is

defined similarly and is a variable quantity because the 
Fermi level in semiconductor varies with the doping. An 
important surface parameter which does not depend on doping

is the electron affinity Xs defined as the energy difference 

of an electron between the vacuum level and the conduction 
band minima. Note that the semiconductor shown in Fig. la
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does not contain any charges at the surface (ideal surface) 
so that the band structure of the surface is the same as that

W T A L S M I COMWCTO*

VACUUM U V tL

9n» X*

m

(A) (b)

Figure 1. Ilectron energy bend diagrams of netal contact to n-type 
semiconductor with 0a>4na (■) Neutral materials separated from each
other and (b) thermal equilibrium situation after the contact has been 
made.

of the bulk and there is no band bending. This is the case 
for the (110) cleavage face of some compound semiconductors 
where there are almost no surface steps and no surface states 
in the band gap [1,49-51]. Figure lb shows the energy band
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diagram after the contact is made and equilibrium has been 
reached. The conduction band electrons which cross over into 
the metal leave a positive charge of ionized donors behind, 
so the semiconductor region near the metal gets depleted of 
free electrons. Thus a depletion region is established on the 
semiconductor side of the interface and the electrons which 
cross over into the metal form a thin sheet of negative 
charge contained within the Thomas-Fermi screening distance 
from the interface (=*0.05-0. lnm) . Since the vacuum level must 
remain continuous across the interface transition region then 

the barrier height <{>nB looking from the metal towards the 

semiconductor is given by:

1>nB = <t>m - X s

Eq. (1) was stated by Schottky [6] and independently by Mott 
[52], The exact shape of the barrier can be calculated from 
the donor distribution in the semiconductor. Schottky [6] 
assumed the semiconductor to be uniformly doped up to the 
metal interface, which gives rise to a uniform density in the 
depletion region. The electric field strength for this 
constant space charge increases linearly with distance from 
the edge of the space charge layer and the resulting 
parabolic barrier is known as a Schottky barrier. Mott [52] 
assumed a thin layer of semiconductor, devoid of any charge, 
sandwiched between a uniformly doped semiconductor and metal.
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The electric field strength in the thin region is constant 
and the potential increases linearly across this region. This 
type of barrier is known as Mott barrier. The Mott barrier is 
encountered in situations where a thin layer of undoped, 
nearly intrinsic semiconductor (or oxide) is interposed 
between a metal and a heavily doped semiconductor.

In obtaining Eq. (1), it has been assumed that the 

surface dipole contributions to <|>m and 0ns remain unchanged 

after the metal makes contact with the semiconductor. Note 

when <j>m £ Xs' i-e, <|>nB £ 0, an ideal ohmic metal-n-t ype-

semiconductor contact is obtained. Likewise, when 0m a X s ,

i.e. 0nB S 0, a rectifying contact is obtained. Thus, for the

ideal case and for a given semiconductor, <|>nB should be

determined by the metal work function. Unfortunately, this is 
not the case for GaAs and many semiconductors.

B. Non-IdMl Casa: Kffactiv* Work Function Modal
The interaction between metal and semiconductor can 

produce new interfacial phases and these can have effective 
work functions unlike that of the bulk metal. For metal 
interfaces with III-V compound semiconductors, a variety of 
techniques frequently reveal the presence of excess anions, 
especially As, segregated to the intimate junction. Freeouf 
and Woodall have suggested a new model (EWF model) which 
assumes that, at pinned interfaces, the interface Fermi level
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location is determined by the work function of the anion 
released from the substrate by the processes used to 
generated the interface [14]. This behavior is shown in Pig.
2. The UHV cleaved (110) surface is free of intrinsic surface 
states and hence is uniform as seen in Pig. la. All other
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Figure 2. Schematic diagram illustrating principles of BMP model. 
gv, +U2 are arbitrarily choaen to demonstrate the affect, 
appropriately average the effects of the various interface phases.



15
surfaces exhibit band bending prior to any intentional 
environment. When a metal is deposited, there is a region at 
the interface which contains a matrix of native oxide
embedded with microclusters of different phases, each having 
its own work function. Since the model does not require 
surface states, Eq.(l) can be modified and rewritten as 
[14,46]:

4*nB = $eff _ X s (2>

where is an appropriately weighted average of the work

functions of the different interface phases. Thus, the

measured <|>n g can depend somewhat on the measurement

technique, i.e. C-V or I-V. In other words, the interface 
phases comprise the Schottky barrier contact. The rest of the 
bulk metallurgy has little or no effect on the barrier 
height, except when the interface phases are predominantly
the same as the applied metallurgy.

For most III-V compounds, conventional metallization,

i.e. non-UHV conditions, ♦eff 1 mainly due to 0V ,

the work function of group V component which is generated by 
either one or both of the following reactions:

V-0 + III-V > V + III-O (a)

M + III-V > (V, MVX ) + (M,III) <b)
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where v-0 and III-O are generic group v and III oxides and M 
is a metal.

TABLX I

I I I - V Ox i d *  R e a c tIo n a

AP

AT M  L af|i

Oa r* U ) S m «

u r ~ <-) 0

AlAs (•) Large

GaAs* <•) Large

IdAj * (•) Large

AlSb (•) Large

GaSb (0  Large

InSb <*) Snal

Oai.tAljAs* (♦) Large

* E ic tu  V observed m Interface 
•• Exccn V not observed «t Interface 
•••Excess P observed, JJO-JJOC anoeal

The conditions for driving the reaction (a) to the right 
and hence generating excess V at the interface is that the 

Gibbs free energy, AF, is negative. A list such oxide
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reactions is shown in Table 1 [14,46]. Note that excess group 

V has been experimentally observed when AF is negative, i.e.

GaAs, InAs, inSb [53,54] and that is not observed when AF is

positive, i.e. for Gap [54]. For GaAs, excess arsenic is 
usually observed at interface of MOSFET structures which have

high interface state densities (lO1  ̂ - IQ*4 cm~^> [55], The

EWF model suggests the excess arsenic at the interface will 
form a positive Schottky barrier of 0.8 eV to GaAs which acts

35
4.0
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— x-oc

5.5
60

InPInAs GoPGoAsAlAt Go At

Figure 3. Interface fatal level for relatively unreactive (mostly Au) 
contacts to various III-V confounds and alloys. On an absolute energy 
scale, the ferii level "pinning* energies lie within the band gaps at 
the anion work function energy (after J.L. Treeouf and J.M. Woodall, 
Ref. 14).
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like an interface state within the band gap. In addition to 
oxide reactions, excess group V can be generated by reaction 
of metals via reaction (b). For example, it is known that Au 
deposited on GaAs and GaP results in dissolved Ga in the Au 
film [56]. Also preliminary data [46] shows that an arsenic 
phase is expected at equilibrium for Au-GaAs and Au-InSb. 
Thus, a knowledge of both oxide and reactive metal chemistry 
should enable accurate predictions of the Schottky barrier 
heights for metal-III-V interfaces.

Another implication of the EWF model is that the 

observed pinning position should have a work function (0 = <J>nB

+ Xs* equal to that of the anion. Figure 3 illustrates the

interface Fermi level location for some materials [14,57]. 
The conduction and valence bands for different semiconductors 
appear on an absolute energy scale. The Fermi level positions 
all fall at approximately the same energy, corresponding to a 
work function of 4.8-5.1 eV, close to the work functions of 
As and P .

II. Bardeen's Fermi Level Finning Model
For practical m e t a 1-semiconductor contacts only in 

predominantly ionic semiconductors the dependence of barrier 

height on <J>m is observed. The insensitivity of barrier height

to metal work function in covalently bonded semiconductors 
was first explained by Bardeen [7], who introduced the 
concept of Fermi level pinning due to surface or interface
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states, an additional charge trapped there would screen the 
potential difference between metal and semiconductor.

In order to illustrate how the Fermi level can be pinned 
by surface states let us assume that surface states do exist 
in the forbidden gap, whatever their origin, and at least 
some of them are capable of acting as electron traps on n- 
type semiconductor. These surface states can be characterized

by a neutral level $q . The position of this neutral level is

such that when there is no band bending in the semiconductor

- t
♦

tc
Er

t f

U>

E*

(b)

M T U  SEMICONDUCTOR

(e>

Figure 4. electron energy band diagrams of n-type semiconductor with 
surface states. The diagrams show (a) flat band at surface, (b) surface 
in thermal equilibrium with the bulk, and |c) semiconductor in contact 
with a metal.
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the states are occupied by electrons up to <|iq making the

surface neutral. The states below 0q are donorlike since they

are neutral when occupied and are positive when empty.

Obviously the states above ()>q behave as acceptorlike.

Figure 4a shows the electron energy band diagram of an 
n-type semiconductor under flat band condition. This 
situation is a nonequilibrium. When equilibrium is reached 
the surface becomes negatively charged and a depletion layer 
consisting of ionized donors is formed in the semiconductor 
near the surface region. Because of this dipole formation a 
potential barrier looking from the surface towards the 
semiconductor is obtained even in the absence of a metal 
contact as shown in Fig. 4b. Of course, the barrier thickness 
depends on the donor concentration, as well as the barrier 
height, this, in turn, depends on the energetic position and 
number of surface states. When a metal is now brought in 
contact with the semiconductor and equilibrium is reached, 
the Fermi level in the semiconductor must change by an amount 
equal to the contact potential due to exchanging charge with 
the m e t a l . If the density of surface states at semiconductor

surface is very large (>10*^ - lO^^cm-^) then the charge

exchange takes place largely between the metal and the 
surface states, i.e., such a surface state density will 
completely screen the semiconductor from the contact

potential ( Jfs ) . Thus the space charge region in the
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semiconductor remains almost unaffected. As a result the 
barrier height in Fig. 4c becomes independent of the metal 
work function and is given by :

♦nB = Eg ” $0 <3 >

In this case the barrier is said to be "pinned" by surface 
states. In the absence of additional complications, this must 
be true for p-type material. Pinned Fermi levels therefore 

imply <(>nB + $pB = Eg .

Trapped charge at interfaces can arise from several 
sources. The attempt to identify the microscopic nature of 
these pinning skates has generated the following sections of 
Fermi level pinning models.

A. Intrinsic Surface Statas
At the surface of a semiconductor the periodicity of the 

crystal lattice is terminated. In a covalent crystal each of 
the surface atoms has one broken covalent bond in which only 
one electron is present and the other is missing. This 
dangling bond give rise to a localized energy state at the 
surface of the semiconductor. An alternative way of looking 
at this problem is that the perturbation of vacuum level to 
the periodical crystal potential at surface will generate 
localized states (Tamm states) [58], Before the 1970's these 
surface states were thought to be the dominant physics
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responsible for the Fermi level pinning. With the development 
of UHV technology in the 1970's, extensive research on clean 
semiconductor surfaces revealed that in general such states 
did not exist in the semiconductor band gap. In fact, upon 
relaxation of the semiconductor surface atoms, energetically 
favorable bond angles and bond lengths will move the dangling 
bond states out of the band gap [59]. Thus intrinsic surface 
states do not play a significant role in barrier formation.

B. fttetal-Induced Gap Statas
When a meta1-semiconductor junction forms the metal 

wavefunction extends into the semiconductor energy gap. The
tunneling of charge from the metallic overlayer into the
semiconductor band gap induces continuum localized states at
the initial interface in the semiconductor. As first 
discussed by Heine [8], the MIGS within the gap are Bloch 
states of the bulk semiconductor with complex wave vector and 
decay exponentially inside the semiconductor, but still have 
significant amplitude a few layers from the interface. The 
form of the MIGS in the semiconductor is determined by the 
volume band structure. Figure 5a illustrates a localized 
wavefunction tailing into both vacuum and the semiconductor 
band gap at a semiconductor surface. Figure 5b shows the 
metal wavefunction extending into the semiconductor energy 
gap when the junction forms. In turn, the new density of
states associated with the metallic wavefunction tail can 
alter the densities of states in the conduction and valence



23

band, as shown in Fig. Sc for different separations d of the 
metal and semiconductor [60). Here, an one-dimensional 
density of interface states develops around the semiconductor 
energy gap, associated with a resonance at mid-gap. In this 
model, the surface states, which are neutral when h alf­
filled, define a charge neutrality level. Any deviation from
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Figure 5. Localized wavefunction tunneling (a) into both vacuus and the 
semiconductor band gap at a semiconductor surface and (b) into the 
semiconductor band gap at a metal-aemiconductor interface. The 
exponentially decaying behavior leads to a continuous density of 
intensity of interface states shown in (c) (after F. Flores and C. 
Tejedor, Ref. (0) for a one-dimensional model of a covalent 
semiconductor-metal interface.
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local charge neutrality in the interface region results in 
"metallic" screening by the MIGS. Tersoff related such a 
charge neutrality level at mid-gap with the branch point of 
the complex band structure in a semiconductor [10].

A variation of this model involves a continuum of 
interface states due to atomic disorder, e.g., disorder- 
induced gap states (DIGS) [11]. Common features of such 
metal-induced gap states models are that (a) the density of 
states in the band gap exhibits a minimum at the point of 
Fermi level stabilization and (b) variations in barrier 
height are perturbations from the charge neutrality point 
whose magnitude scales with the dielectric response, i.e., 
high dielectric screening produces small deviations and vice 
versa. Thus ionic semiconductors with lower dielectric 
responses will permit larger deviations, as opposed to more 
covalent semiconductors such as GaAs and S i .

C. Advanced Unifiad Dafact Modal (or Antisite 
Defect Model) (ADM)
Defect models [3,12,48] of Fermi level pinning are based 

on the fact that only two relative constant Fermi level 
positions have been found by XPS for different 1 ML or less 
adsorbates on n- and p-type, UHV-cleaved GaAs (110) surfaces 
as shown in Fig. 6a. The ADM states that the perturbation of 
the semiconductor due to the deposition of metal produces 
native defect levels in the semiconductor just inside the 
interface and that these states are responsible for the Fermi
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level pinning.

Figure 6a indicates a 0.2-0.3 eV gap between n-and p- 
type GaAs permitting significant overlap within an otherwise 
narrow energy range. Spicer et a i . hypothesized that the two 
mid-gap energies in Fig. 6a are double donor levels related 
to an As
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Figure C. The diagram to the left is taken from Ref. 12. This energy 
level diagram indicates the pinning positions measured by XPS on n- and 
p-type GaAs (110) surfaces with very low coverages (order 1ML or less) 
of the indicated element at room tee^erature (*g"l • 42eV) . The relatively
constant energies for different adsorbates suggest that native defects 
(i.e., antiaite defects) associated with the semiconductor rather than 
the adatom are responsible for pinning the Fermi level. The right 
diagram indicates the energy of the ASg^ antisite levels from the
valence band ataxlmun measured at SK (tg"1.52eV) by Weber et al. [51] .
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antisite defect complex [12]. Theoretical approach by Allen 
and Dow suggests the antisite defects have properties which 
makes it a strong candidate for being the dominant defects in 
the interfacial region [13]. The assignment of an As antisite 
defect related double donor levels is consistent with the 
energy level scheme deduced by Weber, as shown in Fig, 6b, 
for the A s q 3 based on photo-electron paramagnetic resonance 
(EPR) spectra [61]. Depending on the electronegativity of the 
metal overlayer, the Fermi level will shift between the donor 
level energies. Furthermore, with changes in Ga-to-As 
stoichiometry produced by the metal-GaAs interface chemistry, 
the number of As antisite defects will increase or decrease, 
presumable raising or lowing the donor level occupancy (and 
thereby the Fermi level) in the band gap. A key aspect of 
this model is the observation that major changes in interface 
chemistry and cation/anion stoichiometry produce Fermi level 
changes which do affect pinning positions. However, it should 
be noted that the presence of excess As or Ga at the 
interfaces alone is insufficient to explain Fermi level shift 
in terms of antisite defects. As explained earlier, the EFW 
model can also predicts the Fermi level movement for 
different cation/anion stoichiometry. One must assume that 
the excess leads to an increase of AsGa or Ga As in the 
interface region of the GaAs crystal. In another words, 
excess As or Ga must be incorporated into the GaAs as 
antisite defects.

A quantitative calculation done by Zur, Mcgill, and
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Smith [62] has shown that for Schottky barriers formed by 
thick metal contacts, there can be only one pinning position 
for both n- and p-type materials and that regardless of the 
mechanism, pinning will not occur for "surface defect" 
densities of less than about one monolayer. Also, as recently 
pointed out by Hecht [18] and confirm by several groups 
[4,19,20], surface photovoltage effects in XPS are important 
factor. It thus appears that the underlying assumption in 
previous photoemission work on band bending and Schottky 
barrier height determination needs experimental confirmation 
in each case. Therefore, it may be regarded as established 
that much of the previous data on low coverage and coverage- 
dependent Fermi level positions on III-V semiconductor 
surfaces, and in particular those at low doping and low 
temperature, needs to be re-examined.

D. Other Extrinsic Trap States
Other extrinsic Surface/interface States could arise due 

to chemical reactions, interdiffusion, new compound phases, 
as well as metal-induced states based on the localized 
metal/surface atom bonding [63]. Experimental results of the 
early 1970's provided early indications that chemical 
phenomena were playing a role in the interface electronic 
structure. Thus changes in barrier heights were observed with 
metal-semiconductor interdiffusion which were associated with 
the formation of electrically active sites. Measured barrier 
heights could be parametrized in terms of the thermodynamic
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bond strengths and energies associated with a metal- 
s e m i c o n d u c t o r  reaction. A n a l y s i s  of s e m i c o n d u c t o r  
outdiffusion using XPS and AES revealed that the strength of 
localized bonding determined the anion /cation stoichiometry 
at the intimate junction and this stoichiometry correlated 
with a observed transition in barrier heights [64,65]. 
Recently the on intentionally misoriented (off axis) GaAs 
(100) surface has shown that major deviations from Schottky- 
like behavior can be produced via chemical interactions [15]. 
Step orientation rather than the presence of steps alone 
determines densities of chemically active sites at steps 
edges, which in turn results in order of magnitude changes in 
reaction and diffusion.

The e l e c t r i c a l  ba r r i e r s  a s s o c i a t e d  with such 
semiconductor outdiffusion, metal indiffusion and compound 
formation may arise from the creation of new electrically 
active sites in the semiconductor and /or new dielectric 
layers at the interface. These electronic phenomena are 
associated with somewhat diverse models of Schottky barrier 
formation described in above sections.
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CHAPTER II 
MODULATION SPECTROSCOPY

2.1 Principle and Techniques of Modulation 
Spactroacopy
The basic idea of modulation spectroscopy is a very 

general principle of experimental physics [66-70]. Instead of 
directly measuring an optical spectrum, the derivative with 
respect to some parameter is measured. This can easily be 
accomplished by modulating some parameter of the sample, such 
as electric field, and measuring the corresponding normalized 
change in the optical properties. Structure in the 
conventional optical spectra, such as absorption spectra, is 
c o n s i d e r a b l y  enhanced in the derivative spectra and 
structureless backgrounds are eliminated. While it is 
difficult to calculate a full reflectance spectrum it is 
possible to account for the lineshape of localized spectral 
features of modulation spectroscopy.

Differential changes in the reflectivity can be related

to the perturbation of the complex dielectric function e 

expressed as [66,67]:

AR/R - txAEj + PAEj (4>
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where R is the reflectivity, AEj and AE2 are the changes in 

the complex dielectric function, E *■ Ej_ + iE2. Ot and (3 are the 

Seraphin coefficients, which are related to the unperturbed 

dielectric function. Afi| and AE2 are related by a Kramers-

Kronig inversion. The functional form of Afij and AE2 can be

calculated for a given perturbation provided that the 
dielectric function and type of critical point are known.

The modulation techniques can be classified into two 
categories: "external" and "internal" modulations [67-69}. In 
the external modulation a material is modified directly by 
applying a repetitive perturbation such as electric field 
(electromodulation), heat pulse {thermomodulation), or stress 
{piezomodulation) . Changes in the measuring system itself, 
e.g., the polarization/wavelength of the probe light can be 
modulated or the sample reflectance can be compared to a 
reference sample (or portion of the sample), are termed 
internal modulation. The internal modulation is differential 
reflectomery and is simpler from the theoretical point of 
view since it involves only the optical properties of an 
unperturbed system. On the other hand, external method is 
simpler from the experimental point of view.

The external modulation can be subdivided into two 
groups according to the nature of the perturbation. 
Perturbations such as stress [71] or temperature [72] 
preserve the translational symmetry of the material. In this
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situation for a transition the momentum conservation must be

satisfied, i.e., Ak - 0 and either the energy gap or the

broadening parameter or both have been modulated which 
usually gives rise to the first derivative-1 ike spectra. 
Other perturbations like electric field [67] or magnetic 
field [66] destroy the translational invariance. In this

case, forbidden transitions of Ak * 0 become allowed which

gives rise to complicated lineshapes usually corresponding to 
higher order derivative-like spectra. Interpretation of these 
kinds of spectra involves rather formidable problem of the 
optical property calculations of the material in the presence 
of a perturbation.

Among all kinds of modulations, electromodulation is the 
most useful method since it yields the sharpest structure and 
is sensitive to surface/interface electric fields [66-70]. 
Electromodulation (EM) can be accomplished in several ways, 
including contact and contactless modes. Four common contact 
configurations, designated as electroreflectance (ER), can be 
divided into "longitudinal" and "transverse" categories 
[67, 69] . The "longitudinal" method can be applied in the 
semiconductor-electrolyte, semiconductor-insulator-metal 
(MIS), Schottky barrier or p-i-n configurations. In the 
"transverse" mode two metal electrodes are evaporated on the 
surface of the sample and EM is produced by applying a 
modulated high voltage across the gap (-1mm). However, this 
technique can only be used on materials with resistivities
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greater than 10® ohm-cm [67,69]

Contactless electromodulation can be performed using (a) 
photoreflectance (PR), (b) a new contactless approach which
uses a capacitor-like arrangement [34] or (c) electron-beam 
electroreflectance (EBER) [73] In EBER the sample and 
electron gun must be placed in an ultra-high vacuum chamber. 
The method of PR is not only contactless but requires no 
special mounting of the sample. PR and CER can be used in any 
transparent medium under a variety of conditions. In the 
section of experimental techniques the PR and CER methods 
will be discussed.

2.2 Lineshape Consideration of Electromodulation
Electromodulation is the most complex form of modulation 

spectroscopy. Its perturbation can destroy the translational 
symmetry of the material and hence can accelerate unbound 
electrons and/or holes [67-70,74]. As will be discussed below 
this is exactly the aspect of EM that produces a sharp, 
third-derivative lineshape under certain field conditions.

However, for bound states such as excitons, impurities, 
quantum wells or the uncoupled states of multiple quantum 
wells the perturbing field does not accelerate electrons 
and/or holes. These types of particles do not have 
translational symmetry and are confined in space. In this 
situation the modulating field can alter the binding energy 
of the particle (Stark effect) . The lineshape has a first-
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derivative character [69,74]

E l e c t r o m o d u l a t i o n  can be class i f i e d  into three 
categories, i.e., low-, intermediate- and high-field regime 
depending on the relative strengths of certain characteristic 

energies [67-70,75]. In the first range |h0| £ T where T is

the broadening parameter and h0 is referred to as electro­

optic energy and is given by:

(h0)3 - e 2h2F2/2p. {5)

In Eq. (5) F is the field and |i is the reduced interband mass

in the direction of the field. In the intermediate-field case

I h0 I 2: r but eFaQ << Eg, where 3 q is the lattice constant (or

an appropriate periodic length in microstructures) and Eg is 
the band gap. In this situation the band structure is 
unchanged. In the high-field regime the electro-optic energy 
is again much greater than the broadening but the eFa0 ~ Eg 
so that Stark shifts are produced.

2.2.1 Third Derivative Spectroscopy (Low-field regime)
For the unbound situation the case of low field 

modulation from flatband will be considered, i.e., no built- 
in dc field. Below a simple physical derivation of the 
effects of an electric field on the dielectric function will 
be presented [74]. A more rigorous and elegant treatment can
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be found in literature [67], The energy, E(F), gained by a 
free particle in an electric field F can be written as:

E(F) - q2F2t2/2H (6)

where t is the time. If we consider an optical structure near 
a critical point with energy Eg, the dielectric function has 
the general form:

£ = E(E-Eg, D  + B (7)

where E is the photon energy, and B is the featureless 
background,

The change in the dielectric function, A e , induced by a 

modulating electric field Fac , is given by:

Ae = ElE-Eg+E<Fa c), H  - £[E-Eg , T] <8)

where we have assumed that the electric field does not change 

r. If the field is sufficiently small so that E(Fac) « P  (low

field regime), Eq. (8) can be expanded in a Taylor's series 
to yield:

A e = E(F) [ (d/aE)e[E-Eg , T] (9a)

= <q2Fac2t 2 /2H) [ {3/3E)e(E-Eg, O ]  (9b)
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In quantum mechanics, the time t, is also an operator: 

t - ih <3/3e ) (9c )

so that Eq. (9b) becomes:

Ae - <q2Fac2t2/2n.) [ (33/3E3)e(E-Eg , Hi dOa)

= (he)3 [ (a3/dE3)e(E-Eg , ni aob)

where the electro-optic energy h0 is given by Eq. (5) with

F=Fc r ac •
Equation (10b) has all the essential features of low 

field EM. The quantity Ae is proportional to F ac^ (modulating

field), inversely proportional to |X and has a lineshape that

is the third derivative of the unperturbed optical function 
[67], Thus, in contrast to the first derivative modulation 
techniques, EM will give sharper structure. Note also that

the condition E(Fac) « r  is equivalent to (h0)«r if we take

tr=h, where T is a characteristic lifetime.

A more rigorous derivation of low field EM yields the 
expression (67]:

Ae = [ (h0) 3/12E2 ] [ (33/dE3)E2e(E-Eg , r)] (11)
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If the form of e is a Lorentzian E q s . (4) and (11) take

a particularly simple form [67]:

AR/R - (hO)3 Re[Ae1^ (E-Ea+ir>-m] (12a)

= (h8) 3 L (E-Eg, r) (12b)

where

L (E-Eg, T) - Re [ A e ^ E - E g + i n  ~m ] (12c)

In Eqs. (12a) and (12c) A is the amplitude, $ is a phase

angle which accounts for Eq. (4) and the influence of non- 
uniform electric fields [67, 69, 70]. The lineshape factor L (E-

Eg,T) is independent of the modulating field in the low-field

regime.
The parameter m in the lineshape factor of Eq. (12c) 

depends on critical point type. For a three dimensional M Q

critical point, such as the direct gap of GaAs, e can be

expressed a s :

e ~ (E-Eg+ i D 1/2 (13)

In this case m = 2 .5. For a two-dimensional critical point m=3
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[67] .

2.2.2 Frans-Keldysh Oscillations (Intermediate Field 
Rtgist)

In the event that the low-field criteria is not 
satisfied but that eFaQ «  Eg the dielectric function can 
exhibit Franz-Keldysh oscillations. We shall give a simple 
physical picture of this phenomenon and then present the 
results of more rigorous theories. In the following 
discussion it will first be assumed that there is no 

lineshape broadening involved, i.e., T-0.
The physical picture of Franz-Keldysh oscillations is 

photon-assisted indirect interband transitions in the real 
space. Under the influence of an electric field F in the z- 
direction the energy bands are tilted by an amount qFz. An 
electron attempting to tunnel from the valence band into the 
conduction band sees a triangular barrier. If during the 
tunneling process the electron interacts with a photon of 
energy E the effective width of the barrier to be transversed 
has been made smaller. The classical WKB approximation gives 
the same result as a more detailed treatment so that the 
former will be utilized. The probability of transmission T 
through the barrier is given by:

T - e x p ( -2 / kdz ) (14)
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where the integral is between the classical turning points 
and

h k2/2*l - Eg - E - qFz (15)

The integral yields:

T = exp f - (4/3 > Tl3/2 ] (16a)

where

T) = (Eg - E) /h8 (16b)

Equation (16a) contains most of the essential features

of F K O . For T|>0 (E<Eg) the transmission probability is

exponential as a consequence of the photon-assisted

tunneling. However, for "pcO (E>Eg) the transmission

probability becomes an oscillatory function.
In a more rigorous treatment it can be shown that for a 

three-dimensional critical point the dielectric function in 
the presence of a field F can be written as (67,69]:

E(E-Eg, F) - 1 + ic(h6) 1/2/E2 ] (G(TP + iF (T)) ) (17a)

+ D [2(Eg)1/2 - (Eg+E)1/2]/E2
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where

G(Tp - JlEAi' (Tl)Bi' (Tl)-Tl Aidl)Bi(Tl) ] + (Tl> 1/2H <Tl) (17b)

F(T1> -7l[Ai,2 (Tl> - T1 Ai2 (11) ) - (-r[> 1/2H (-11) (17c)

The quantities Gd]) and F (11) are referred to as electro-optic 

functions while Ai (T|) , Ai'(T|), Bi(T)) and Bi'CP) are Airy

functions and their derivatives and H (T]) is the unit step

function [67, 69, 76]. The parameters C and D are related to 
matrix element effects and can be considered constants over 
the vicinity of the critical point.

Plotted by the solid line in Fig. 7a is e2 (E-Eg, F) , the

imaginary part of Eq. (17a). The dotted line is Eg ,0). It

can be seen that the field produces FKO that are superimposed 

on top of the (E-Eg) ̂ 2 dependence of £2 (E-Eg, 0) for a 3-D

homogeneous critical point (MQ ) . In Fig. 7b is plotted the 
expression for

Ae2 (Tp = e2 (E-Eg, F) - e2 (E-Eg,0) (18)

= [C(h6) 1/2/E2 ]F(11)

The curve in Fig. 7b looks qualitatively similar to E q . 

(16a), i.e., an exponential tail for 11>0 and an oscillatory
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function for T)<0. From Eqs. (16) and (18) the position of the 

nth extrema in the FKO is given by:

nx (4/3X)[(En -Eg )/h8]3/2 + 4 (19)

where En is the photon energy of the extrema and $ is an

02

MW
<3

- 4  - t  •  •  4  •  •  It

- v
F ig u re  7. P lo t*  of (a) t2 (E-Eg , F) and e2 (S-E 0) f ro e  Eq. (17) and (b) 
At2 (Tl) from Eq. ( I t ) .
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arbitrary phase angle [67, 69, 76]. A plot of < 4 / 3 it) (En—Eg ) 3/2 

versus index number n will yield a straight line with slope

obtained from the period of FKO if |i is known. Or conversely

Ji can be measured if the field is known.

In the presence of Lorentzian broadening (T) the field-

induced change in the dielectric function Aedl.D can be

obtained from the unbroadened change Ae(tl,0) using the 

expression [66,67,69,78]:

where T is in units of h0. A contour integration of Eq. (20a) 

yields:

To illustrate the effects of broadening in Fig, 8 are 

plotted the values of the electro-optic functions G (TlX)

(solid) and FCnX) (dashed line) for r=1.0, 1.5 and 2.0 in

units of hG [78]. For the smallest T it is still possible to

(hG)”^/^. Therefore, the electric field, F, can be directly

(20a)

A£(ti, r> - a e (h  + i n (20b)

o b s e r v e  e i g h t  or n i n e  FKO. The e f f e c t s  of
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T becomes quite evident above about - T|=8 in relation to the

undamped case (see Fig. 7b). Only two or three FKO can still

be seen for T-1.5 while T*2.0 the FKO are completely damped

out. In this case the EM is in the third-derivative regime 
discussed in Sec, 2.2.1.

0.3

P « i . o
0.0

0.0 (xl.5)

P»2.0
0.0 (x3)

0.3

Figure I. The electro-optic function* 0(1)) end F(T|) for different 
values of the broadening parameter T (in units of h6) (after Shen and 
Poliak Ref.74).
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Although the exact form of AR/R with broadening is

fairly complicated a simple asymptotic expression can be 
written as [77,79]:

AR/R - [E2 (E - Eg )]-1e x p [-2<E - Eg)1/2r/(h6)3/2] (21)

x cos { (4/3h) [ (E-Eg)/h6] 3>/2 + 0)

Aspnes [77] has stated that a plot of I n [En2 (En-Eg)] IAR/R | n ] 

vs 2 <En-Eg) l^2/ (h0) 3/̂2 should yield a straight line with 

slope -r. However, care must be taken in utilizing this 

relationship to evaluate T since the densities of states of

real materials may not remain parabolic sufficiently far from 
the critical point [69]. Also, for inhomogeneous fields the 
oscillations may not retain enough coherent to the degree 
needed. This may be the reason why Aspnes and Studna were not 

able to obtain accurate values of T by using Eq. (21)

The period of the FKO is determined by the dominant 

field in the structure. In the expression for £(E-Eg,F) [see

Eq. (17)] the nature of that field was not specified. There 
are two limiting cases to be considered, if modulation is 
from flatband, i.e., no dc field then the field is clearly 
the modulating field, F a c * Until recently most FKO studies 
were performed in this regime [67]. However, a more 
interesting situation occurs when there exists a large dc
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electric field, Fdc/ in the material and a small modulating 
field is applied, i.e., F ac<<Fdc* In this case the period of 
the FKO are given by Fdc and not Fac {78].

The treatment of FKO discussed above has assumed a 
uniformed electric field. In the presence of non-fields, such 
as in the space-charge region (SCR) of a doped semiconductor 

semiconductor, the effective change in dielectric function Ae 

can be expressed as [67,69,78]:

where K(E) is the complex propagation vector of the light in 

the solid.
Several works have considered the effect of non-uniform 

fields on Ae in the FKO regime [21,22, 31, 78] . It has been

clearly demonstrated that for small modulation the FKO are a 
measure of the maximum field in the structure not the average 
field [22,31]. For EM in small modulation situation not only 

is e modulated but also the width (W) of the SCR. The 

resultant signal of Eq. (22) comes only from a small near­

surface region AW(<<W), where Aw is the change in the SCR

induced by Fac*<<Fdc* . In this small portion of the SCR, the 
field is almost uniformed and equal to the surface (maximum)
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field.

2.2.3 rirst-D«rivativ» Sp«ctroacopy
As discussed above the third-derivative nature of EM in 

the low-field regime is a consequence of the fact that the 
electric field can destroy the translational symmetry of the 
material and accelerate the electrons and/or holes. This is 
not true for bound states.

Confined system, such as the isolated states of quantum 
wells and multiple quantum wells, excitons, impurities, etc., 
differ significantly from the unbound states of bulk material 
because the particle (electron or hole) and its wave function 
are localized in space. Because of this confinement, the
energies (in the confinement direction for microstructures) 
are discrete and dispersionless resulting in an infinite
effective mass (in the confinement direction). An applied 
electric field (along the confinement direction) adds a 
linear potential, which tilts the confining potential, 
changing its shape. The electrons and holes become spatially 
polarized, but still remain confined. This alters both the 
electronic energies and the wave function overlap [intensity 
(I)). Also the tilting of the potential can result in a 

change in lifetime T as a result of tunneling.

In terms of EM, the infinite mass means that Eq. (10b)

and (18) are no longer applicable since h0=O. Several authors

have treated this problem in detail. They have shown that
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under these conditions the change in the dielectric function 
induced by the modulating field, Fac/ is first-derivative and 
can be expressed as [78,80-87]:

Ae= [ (3e/3Eg) <3Eg/3Fac> +{de/3n <3r/3Fac)
+ (3e/3i) (3i/3Fac) ]Fac (23)

This equation can be rewritten as [88]:

Ac± = [AE fE (i> + Ar fr <±) + Ajfj <i) ] (I/r')Fac (24a)

with

aE 

Ap

A I

and

fE (i) = (SCi/dEg) (24e)

fr (i> - ( d e ^ d D (24 f)

f: (i> = (Se-j/dl) (24g)

- (1/D (3Eg /dFac) (24b)

- (1/F)(3r/3Fac) (24c)

- (1/D (3I/3F ) (24d)

In the situations discussed above (excitons, impurities,
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isolated quantum states) the unperturbed dielectric function 
of Eqs. (23) or (24) will be either Lorentzian or Gaussian, 
depending on the broadening mechanism and/or temperature 
[78,80-82,89). For quantum wells the dielectric function is 
excitonic, even to elevated temperatures, because of the 
enhanced exciton binding energy caused by the reduced 
dimensionality. Thus the Lorentzian or Gaussian profile will 
be appropriate for these quantum microstructures.

It should be noted that in high quality bulk material 
grown by techniques such as MBE or VPE direct gap excitons 
may be present even at 300K [62]. In such cases the first-
derivative lineshape form of Eq. (23) will be appropriate 
rather than the third-derivative profile for band-to-band 
transitions.

2.3 UH+ (UP+) Structures
As mentioned in above section FKO can , in principle, be 

used as an effective way to evaluate surface/interface 
electric fields. However, in practice this has proven to be 
somewhat more difficult. For example, the electric field in 
the space-charge region of a bulk/thin film semiconductor is 
related to the donor (acceptor) concentration. In order to 
obtain fields high enough to observe FKO a certain doping 
level must be used. However, if the doping level becomes too 
high then, due to the impurity scattering, the damping 

parameter T of Eqs. (20) and (21) becomes so large that the
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FKO are washed out and one gets the third derivative spectra. 
Thus FKO can only be observed in a narrow range of impurity

concentrations of about 10*^ - 10*®cm“^. Even for these

samples only 4 or 5 FKOs are generally seen [23,69].

UN

l>A| « ttiH Nlt)

I I A | a* M STU TK

(a)

V»

►

IAS - UncprtC) 
(•A S : |«  I00M  

(•A s p* (U tS IM K

Pirgure t. Schematic representation of the bend structures of (•) UW+
end (b) UP+ configurations for buffer doping levels of 2 x 10 ̂ cm*^ for
the UM* sample and 1 a 10^*<as”^ for the UP* sample. The influence of 
light on the barrier height is shown.

The above problem can be overcome by the use of
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UN+ (UP+) structures [24-27,36] which are made by fabricating

an undoped layer of thickness L (~1000A) on a buried n + (p+ )

buffer (n or p-lxlO^cirT^) on an n + <p+) substrate. Such 

configurations, which are shown in F i g . 9, have been 

designated UN+ and UP+ [25,28,29], respectively (or SIN+ and

SIP+ in Refs. 24, 25) .

In the buried n + (p+ ) buffer/substrate the Fermi level

occurs near the conduction (valence) band edge. At the 
surface the Fermi level is pinned at some value. Therefore,

there exists in the undoped region, which has a small T, a

large, almost constant electric field, F. Thus, these 
structures will exhibit a large number of FKO in PR spectrum. 
The field F, as directly measured by the FKO, can easily 
related to surface Fermi level pinning effects as discussed 
b elow.

Using the U N + (UP + ) structure samples from the FKO of

their PR spectrum the electric field F can be accurately 
determined, A typical PR spectrum at 300K from a (001) GaAs

UN+ structure (L=110nm) is shown in Fig. 10 [25]. Note the

large number of FKO. Plotted in the inset is (4/37C) <En_Eg)^/2

versus index number n. The solid line is a least-squares fit 
to a linear function which makes it possible to accurately 
evaluate the electric field [see Eq. (19)], and hence the
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built-in potential.
The relation between F and the barrier height, v B , can 

be written as:

VB - FL + (kT/q) + SCC. (25a)

where the second term is the Debye length correction and SCC 
is the space-charge correction of the buffer. For non­
degenerate semiconductor the SCC is given by:

SCC = EF2/2qn+ (p+ ) (25b)

where £ is the static dielectric constant of GaAs (=13.2) and

n + (p+) is the doping level in the buffer. Equation (25b) is

a good approximation for the UP + sample (p + ~ 1 x 1 0 cm- )̂

since the Fermi level in the buffer is close to the valence

band edge (VB). However, for the U N + material (n+-2xl01®cm- )̂

the doping level is such that the Fermi level occurs about 
0.075 V above the conduction band edge (CB) . In this 
degenerate situation the SCC must be written as:

SCC - <4/3lt) (kT/q) (Nc/n + ) [F3/2(-£F2/2qn+)-F3/2<0) ] (25c)

+ £F2/2qn+
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where Nc is Che density of states in the conduction band and 
F 3/2 the Fermi integral of argument x.

0.09

0.0
8.0

-8.0
3 0 0 K

Energy («V)

Figure 10. Photo reflectance spectrum of the UM* sample at room 
temperature with P ^  - 3|iw-cm~2 (C33nm line) and Ppr - 2»iW-cm-2. The
inset shows a plot of («/3r) (*n-*0>3^2 as a function of PRO index n.

The effect of light on Vg is also shown schematically in 
Fig. 9. The measured barrier height Vg is equal to the Fermi
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level position <VF ) minus the surface photovoltage (Vg) 
induced by the pump/probe light, i.e., Vg = VF - V g . Thus, if 
Vg can be eliminated or determined VF can be accurately 
obtained. The detailed discussion will be given in the 
following chapter.

2.4 Experimental Techniques

2.4.1 Photoreflectance
In PR modulation of the electric field in the sample is 

caused by photo-excited electron-hole pairs created by the 
pump source (laser or other monochromatic light source) which

is chopped at frequency Om- The photon energy of the pump

source must be above the bandgap of the semiconductor being 
investigated. A typical pump source is a 5mW He-Ne laser. The 
photo-excited free carriers can perturb the reflectivity by 
various mechanism including: a) screening of excitons, b)
Burstein-Moss effect (band filling effect), c) reduction of 
the built-in electric field through the recombination of 
m i n o r i t y  c a r r i e r s  with the m a j o r i t y  c a r r i e r  in 
surface/interface region. In PR, with a typical low light

intensity pump source (£ lOOmW/cm^) , mechanism (c) is

dominant (67,69).
Shown in Fig. 11 is a schematic representation of the PR 

apparatus. Light from an appropriate lamp source passes 
through a monochromator (probe monochromater). The exit
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intensity at wavelength X, IQ (X), is focussed onto the sample

by means of a lens (or mirror) . The reflected beam is 
collected by a second lens (mirror) and is focussed onto an 
appropriate detector. For the sake of simplicity we have not 
shown the two lenses (mirrors).

The light striking the detector contains two signals: a)

the dc (or average value) is given by IQ (X)R(X), where R(X)

is the dc reference of the material, b) the modulating value

(at frequency is IC (X)AR(X), where AR(X) is the modulated

reflectance. The ac signal from the detector, proportional to

Iq A r , is measured by a lock-in amplifier (LIA). In order to

evaluate the quantity of interest, i.e. the relative change

in reflectance AR/R, a normalization procedure must be used

to eliminate the uninteresting common factor 10 (X.) . In Fig.

11 this normalization is performed by the variable neutral 
density filter (VNDF) connected to a servo mechanism. The dc 

signal from the detector, which is proportional to I0 (X)R(X), 

is introduced into the servo which moves the VNDF in such 

manner as to keep IQ (X)R(X) as a constant, i.e., I0 (X)R(X)=C.

Under these conditions the ac signal IQ (X)A r (X)= C A r (X)/ R (X). 

Thus, the signal to the LIA is proportional to the quantity 

of interest, i.e., AR(X)/R(X).
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MONOCHROMATOR
V * ' /

SERVO

X "r' V 557 \
VA A IA K C  \  ..um .
NEUTRAL \ * i £ * - C
DENSITY
FILTER

L £ 5 '  " t K " *DC SI6NAL

CHOPPCA / J - J J - j J L 0"

AR/R

AC SIGNALf OFF

LASER (OR OTHER 
SECONDARY LIGHT SOURCE)

Figure 11. Schematic function block diagram of photorafleetance set up.

It should be point out that since PR is a normalized 
optical method not every photon need to be collected. For
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example, if there is some obstruction on a viewport so that a 
fraction of the light is lost then the light striking the 

sample is only 0tIo* where a  < 1. Thus the dc reflected

component will be 0tIoR and the ac signal is 0tIoAR. However,

the normalized signal is still proportional to AR/R.

Therefore as long as there are enough photons to give a good 
signal-to-noise ratio the lineshape of the PR signal is not 
affected by the loss of some light.

The entire apparatus is under computer control. The 
computer drives the probe monochromator and the normalization 
mechanism. The computer is also used for data analysis such 
as FKO and lineshape fits.

A drawback of PR is the spurious modulated background 
signal reaching the detector because of (a) luminescence from 
the sample and/or (b) scattered light from the pump source. 
Luminescence can sometimes be a problem for measurements near 
the fundamental gap, particularly at low temperature. 
Scattered pump light can be reduced by means of an 
appropriate long pass filter in front of detector. If the 
overall spurious background signal is not too large in

relation to AR/R it can be subtracted by the normalization 

method Fig. 11.
The spurious signal also can be reduced or eliminated by 

approaches such as the use of a double monochromater [91], 
tunable dye laser probe beam [92], sweeping PR [93] or
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differential PR [94].

2.4.2 Maw Contactlaia Mod* of Cloetroaodulmtion
Shown in Fig. 12 is a schematic block diagram of a 

contactless electroreflectance (CER) system. In contrast to 
PR method, in CER the modulating field is directly applied to 
the sample by an ac power supply (~ lkv peak-to-peak) with an 
option of dc bias. The CER method utilizes a condenser-like 
system consisting of a thin, transparent, conductive coating 
(indium-tin-oxide or 5-6nm of a metal such as Au or Ni) on a 
transparent substrates (glass, quartz, etc.) which serves as 
one electrode [34]. A second electrode consisting of a metal 
stripe is separated from the first electrode by insulating 
spacers. Figure 13 is a schematic view of the condenser-like 
arrangement used in the CER, The sample ("-0.5mm thick) is 
placed between the two capacitor plates. The dimensions of 
the spacer are such that there is a very thin layer (~0.1mm) 
of air (or vacuum) between the front surface of the sample 
and the conducting part of the first electrode. This can be 
accomplished by (a) varying the thickness of the insulating 
spacers or (b) mounting the first/second electrode on a 
micrometer. Thus, there is nothing in direct contact with the 
front surface of the sample. The ac modulating (-lkV peak-to- 
peak) and dc bias voltages are applied between the metal 
strip and the transparent conductor. The probe beam is 
incident through the first transparent electrode. This 
approach can also be employed in the transmission mode by



- $ F
MOMOCMftOttATOM

/ 7 '.v MIM.I/ 7  >^F/  MTCCTOH 1— J

MODULATON
•ounce

( 'u*
ItK V O

NV
DC AICNAL

AC t lM IA t

l * I « M  * m

i
LOCKM

ACfCHCHCC < ft» )

AA/A
jcOM« # T O

Figura 12. Schama tie function block diagram of CCA itt up.
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TRANSPARENT CODUCTOR

TRANSPARENTSUBSTRATE

INCIDENTLIGHT

REFLECTED LIGHT

INSULATINGSPACER

BACK ELECTRODE
SAMPLE (-0.5mm)

ELECTROMODULATION SOURCE

Figure 13. Schematic t1«n of the condenser*like arrangement used in CtR 
system (see Fig. 12).

replacing the metal electrode with a second transparent 
electrode/substrate.

Shown by the solid lines in Fig. 14 are the CER and PR 
spectra at 300K of a sample of polished (001) semi-insulating 
(SI) bulk GaAs ('0.5mm thick) grown by the liquid
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encapsulated Czrochralski method. The PR data was taken using

  Ezpl.•••• Iinoshopo Fit0.6
CER

PR

- 5

1.501.451.401.35
Photon Energy (eV)

Figure 14. The CER and PR spectra of bulk semi-insulating GaAs at 300K. 
The dotted lines are a least-squares fits for a FDGL.

a 3mw He-Ne chopped at 200Hz as the pump source [95]. The CER 
measurements were obtained using a modulating voltage of 500V 
(peak-to-peak) at 200Hz. The spectra are in the range of the 
fundamental band gap (EQ ) of GaAs. We find that the best fit 
to the data is obtained using a first-derivative Gaussian
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lineshape (FDGL) function [74] (dotted lines) rather than the 
Aspnes third-derivative functional form [67] (TDFF) 
lineshape. The FDGL is appropriate for an exciton [74] 
associated with E c at 300K. The obtained energy of 1.424 eV 
for E q for both CER and PR is designated by the arrow at the 
bottom of the figure. Note that the two spectra are almost 
identical. Since PR produces EM this comparison demonstrates 
that CER also is an EM method.

• •••

« OrH

CER

-1 0 2.22.0 2 . 4 2.6 2.8
Photon Energy (eV)

rigura 15. Tha CKR apectrua of bulk Mg^ |C4q j** 300R. Tha dotted
line la a laaat-aquaraa fit to a TDrr for a two-diaenalonal critical 
point.
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The CER spectrum of a bulk HgQ qCcIq 2Te sample at 300K 
in the range of the El feature is displayed in Fig. 15. No PR 
signal at 300K could be obtained from this narrow gap sample. 
The solid line is a least-squares fit to a TDFF for a two- 
dimensional critical point [67-69,74]. The obtained energy 
enables us to determine the Hg composition [68]. These 
results are extremely significant since in the past it has 
not been possible to obtain signals from narrow gap 
HgxCd^_xTe (x“0.2-0.3) at 300K using other contactless EM
methods such as PR or EBER [73], These experimental
techniques have yielded signals only at 77K or below [96].

Our newly developed CER method has a number of 
advantages over PR. Since there is no chopped pump beam in 
CER there is no photoluminescence background as often occurs 
in the PR signal of high quality samples, particularly at low 
temperatures [68,69]. Also in order to obtain a PR signal 
there must be a built-in field. The field drives photo­
excited minority carriers to surface/interface charge traps 
creating the EM. While in CER the EM is produced by simply 
applying an ac voltage (with a dc bias if necessary).

In addition, from the phase of the CER signal the nature 
of the band bending (carrier type) at the surface of a 
semiconductor with a built-in electric field can be 
evaluated. Our results on various semiconductors will be 
presented in Chapter three. EBER [73] can be also used for
this purpose. However, the phase of the minority carrier PR
method does not apply.
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CHAPTER III 
EXPERIMENTAL RESULTS

Almost since its inception it has been recognized that 
EM could be used as an effective probe of surfaces and 
interfaces. This is not only because of the sharp, 
derivative-like features but also because of its sensitivity 
to electric fields. In addition to spectral features other 
variables such as phase and pump wavelength (in the case of 
PR) can provide important information. However, until 
recently little work has been done in this area. For example, 
as discussed earlier the FKO observed in EM are a direct 
measure of the built-in dc electric field that exists at 
surface/interface due to Fermi level pinning. The nature of 
the surface band bending, including flat band, can be 
determined by the phase of EM methods such as ER, CER and 
EBER. Furthermore, the contactless forms of EM such as PR and 
CER employ very low light levels, require no special mounting 
of the sample (in the case of PR), and can be performed in 
any transparent ambient including ultra high vacuum 
[25,26,31,32). Thus contactless EM methods provide a 
versatile tool which can accurately measure V F in a variety 
of ambients and semiconductor interfaces e.g. vacuum, air, 
m e t a l / s e m i c o n d u c t o r ,  or s e m i c o n d u c t o r / s e m i c o n d u c t o r  
interfaces, etc.



63

In this chapter we will first present a photoreflectance

study of Fermi level pinning (VF ) on the (001) UN+ and UP +

GaAs structures. Surface photovoltage (Vg) effects were 
evaluated as a function of temperature (77K < T < 450K), pump 
beam wavelength (633nm and 407nm) W-metal coverage (in-situ) 
and light intensities (probe, pump and dc light) . The 
dependence of the measured barrier height, V B (= Vp-Vg), on T 
can be explained by a modification of the theory of M. Hecht 
[18] . In addition, by introducing the ratio (r) of the area 
of the surface states to the illuminated area into the theory 
of Hecht we have been able to estimate the density of 
surface states on the GaAs surface.

Studies of the surface barrier height on (001) MBE grown 
GaAs under a variety of conditions including air, ultrahigh- 
vacuum (UHV), sputter/annealing (in UHV), etc., will be 
presented. In addition, the surface/interface Fermi level 
pinning effects have been investigated on (001) MBE grown low 
substrate growth temperature As-rich GaAs(GaAs:A s ) using PR 
as well as CER. The implication of our results for various 
models of Schottky barrier formation will be discussed. The 
need to simultaneously measure both n- and p-type material in 
order to obtain unambiguous results will be demonstrated.

Our recent results on the nature of band bending at 
semiconductor surface characterized by CER also will be 
presented.
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3.1 Surface Photovoltaya Kffacta
The structures used in this study were prepared by 

molecular beam epitaxy (MBE) by fabricating an undoped layer

of thickness L (- llOnm) on a buried l(lm Si-doped buffer <n+

- 2xl0^®cm-^) on an n + substrate and an undoped layer of L (=

220nm) on a ljlm Be-doped buffer (p+ - l x l O ^ c m --̂) and a p +

substrate. Such configurations have been designated UN+ and

UP+ in Chapter II. The thickness L was evaluated from C-V 

measurements.
The PR measurements were performed separately with two 

different pump wavelength beams. They were the 633nm line of
a 5mW He-Ne laser and the 407nm line of a Kr-ion laser both
chopped at 100Hz, The values of pump beam <PpU ) and probe 
beam (p p r ) light intensities were controlled by neutral 
density filters and measured by a power meter. The study of 
the W-metal coverage was performed in-situ in a UHV chamber

with an operating pressure of better than 1.5 x 10-1® Torr.

We have performed the PR measurements with different 
sizes of the illumination area for bare surface samples. They 
show no difference. This result implies that the surface 
current is not a important factor for these bare surfaces.

In order to evaluate the influence of various pump 
wavelengths on the measured barrier height we display in

Fig. 16 the PR spectra of the UN+ sample at 300K in air for
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Xp - 633nm and 407nm taken with the same optical alignment.

The penetration depth of these beams were 260nm (> L) for the 
former and 15,8nm (< L) for the latter 196). Both pump beams

had a photon flux (- P^/hco) of 2 x 10^photons-s“^cm~^. The

two spectra have essentially identical FKO periods and hence 
the same V g . The significance of this observation will be 
discussed below.

«<
‘o

407nm633nm

Photon Energy (eV)
Figure 1C. PR apectru* of the U«+ sample at 300K <ppr “ 2 with
puap wavelengths of €33nm (daahed curve) and 407nai (solid curve) . Roth 
of the ptap beams had a photon flux of 2 m lO1  ̂photons a-*em**.
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riguc* 17. The Mtiurtd barrier height of the UN* (triangles) and 
the UP* (squares) samples as a function of tesqperature with Ppu“ 3(iW- 
cm~2 (C33na line) and Ppr» 2n*-cn-2. The solid (UN4 ) and dashed (UP*)
lines are least-squares fits to Bq. (29) . The obtained values of 
Vr (300), r and 1) are ahown in the inset. Vf (300) is in units of volts.
The dot-dashad line is a least-squares fit (UN*) to Cq. (19) for t« 1.

As demonstrated in Sec. 2.3, from the FKO observed in 
the PR spectra the built-in electric field and hence barrier 
height Vg can be accurately determined. Plotted in Fig. 17

are the values of V B as a function of temperature for the UN*
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and UP + samples with PpU*3HW-cm“2 (633nm line) and Ppr-2)1W-

cni*2 , We found no hysteresis of V B with temperature cycling.

In Fig. 17 V0 saturates at about 400K. At room temperature Vg 
<« Vp-Vg) is still an appreciable factor for these low light 
levels.

0.8

o.e

S ' 0.4
> “

0.2

0 100 200 300 400 600TEMPERATURE (K)
figure I t .  Values of Vg of the UN* s a m p l e  in an ultra-high vacuum
chamber, before and after 4 monolayer of W deposition, as a function of
temperature with ■ 40pW-cm~2 (<33nm line) and Ppr “ 10*iW-cm"2 . The
solid (before evaporation) and dashed (after evaporation) lines are 
least-squares fits to Eg. (29). The obtained values of Vp(300), r and r|
are shown in the inset. Vr(300) is in units of volts.

• Before Evaporation
* After Evaporation

r  y

r -ee----■

Before After
Vr (V) o.ee*o.oe 0.04*0.08
r (Ao/Apc) o.oeeo.o9 0.5* 0.3

n o.eo*o.oe 0.85*0.06
■ 1 i i
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After completing the measurements in air the UN + sample

was placed in a UHV chamber. Fig. 18 displays Vg as a 
function of temperature before and after a deposition of four

monolayers of W in UHV with PpU = 40jlW-cm-  ̂ (633nm line) and

Ppr = lOjiW-cm-^. The illuminated area is about the same as

the W-metallization region so that the effect of surface 
current can be neglected. No attempt was made to clean the 
sample before metallization. Note that before metallization 
Vg saturates to a value of 0.70V in the UHV which is somewhat 
lower than 0.77V in air (see Fig. 17). After metallization 
VB saturates at a lower temperature in relation to the bare 
surface. The limiting value of Vg did not change before and 
after metallization.

In addition, in order to explore surface photovoltage 
effects on the determination of Fermi level pinning, 
measurements were also carried out as a function of 
temperature (77K<T<450K) and light intensity of the pump 
(PpU ) f probe (Ppr ) , and dc <Pdc) beams. The pumps beam was 
the 632.8nm line of a He-Ne laser. A second He-Ne laser was 
used to produce P^c- Plotted in Fig. 19 are the values of VB

of the UN+ sample (L=110nm) as a function of temperature for

various of PpU / Ppr and P<ic . For the lowest light intensity, 
Vg saturates at about 400K. Higher intensities decrease Vg 
(i.e., greater Vg) at a temperature and shift the saturation 
to higher temperatures.
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Temperature (K)

figure 19 . Measured barrier height vs of the UN* sany>le as a function
of temperature and light intensity. The solid lines are least-sguares 
fits to Bq. <29). The dashed line is a generated curve corresponding to
a light intensity of 0.4pw-c»“^

3.1.2. Discussion
Based on current-transport theory V s can be expressed as 

[45,97]:
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v s - (T|kT/q) ln{Ipc/I0 (T) + 1} (26)

where T| is an ideality factor, Ipc is the photo-induced

current and IQ (T) is the saturation (dark) current which 
depends on the dominant current flow mechanism [4 5] . The 
quantity Ipc is equal to the photo-induced current density, 
Jp c , multiplied by the illuminated area, ApC . On the other 
hand IQ (T) is the saturation current density JQ (T) times some 
effective area, AQ , which contributes to this current 
mechanism. For the sample configurations and temperature 
range of our experiment, thermionic-emission and diffusion 
are the main contributions to J0 (T) so that we can write
[45] :

J0 (T) - [A*T2/(1 +BT3/2)]exp[-qVp(T)/kT] (27a)

where

A m*qk2/ (2?c^h3) (27b)

is the modified Richardson constant

B = (k/27lm* ) 1/2 <300/vo ) (27c)

and Vp(T) is the temperature dependent Fermi level. We assume
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that the temperature dependence of Vp is the same as that of 
the band gap and hence can be represented by the Varshni

expression, i.e. [98]:

VF (T) = Vp < 300) - a(T +116) (T-300) / (p + T) (27d)

where Vp{300) is the Fermi level at 300K and a  (= 5.1xlO”^V/K)

and P (=190K ) are the Varshni coefficients for GaAs [98]. In

E q . (27d) the reference temperature has been taken to be
300K, rather than the more common T = OK value, since we are 
most interested in Vp{300).

The quantity vQ is the saturation velocity at room

temperature and is equal to 6xl0®cm-s- * for electrons and 

2xl0^cm-s~^ for heavy-holes [99]. We find for the UN+ sample 

A* = 8.0A~cm-2K-2, B = 3 . 3xlO-^K-^ 2 and for the U P + sample

A* = 54A-cm-2 K“2 and B = 4 . 9xlO“'’K~^/2 using effective

masses of 0.067 for electron and 0.45 for heavy-hole (in 
units of free electron mass) [100].The heavy-hole mass is 
used because of its large density of states in relation to 
the light-hole.

Since J pc consists of both drift and diffusion 
components, it can be written as [101]:
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Jpc=cJpm’y(1-R0 )/ht0 <28a)

x {[l-exp(-aw) ] + aL^exp<-aW)/(l+aL^))

where Pm is the light intensity, y is quantum efficiency (**1),

RQ is the reflectivity of the light at the semiconductor

surface (=0.34) [96],hC0 is the photon energy of the light, a
is the absorption coefficient, W is the depletion width (to 
first order W is the undoped layer thickness L) and is the 
diffusion length of the minority carriers. In the case when 
the diffusion length is much longer than the light

penetration depth, i.e., aL^ »  1, Eq. <28a) becomes:

Jpc = qPmY U - R 0 ) /hto (28b)

In this situation, effectively all the charge carriers 
generated by the light contribute to Jp c .

This is indeed the case for our sample configurations as 
shown in Fig. 16. Pump beam wavelengths are such that the 
penetration depths of the light are both larger and smaller 
than L yielded the same result. This observation demonstrates

that Jpc does not depend on a for our experiment and hence

Jpc can be determined from Pm using Eq. (28b) .
The expression for the temperature dependent barrier 

height, Vg, can be also written in terms of current densities
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as [18,97]:

V B - Vf <T> - (TlkT/q) In { [ Jpc/rJ0 (T) ] + 1] (29a)

where the quantity r is:

r - AQ/ApC (2 9b)

In Refs. 18 and 97 this factor was not used.
A one-dimensional transport equation is relevant for our 

work since the electric field is in the undoped top layer of

the samples. A background doping level of 1 x 1 0 ^  cm-^

(generally p-type) would lead to a Debye length of about 0.4 
microns. Thus, there is essentially no lateral variation of 
the potential.

From E q s . (27a) and (29a), at sufficiently h igh
temperature V s becomes negligible because of the factor exp[- 
qVF (T)/kT) and hence Vg approaches VF . This is not the case 
in Ref. 18 since the unity term in the brackets of Eq. (29a) 
was omitted. The quantity JpC can be calculated from Eq. 
(28b). For the light intensities used in Figs. 17 and 18 the

corresponding were 2.2 x 10“^A-cm-^ and 2.2 x 10~^A-cm-^.F^
The corresponding J__ for the light intensities used in Fig. 
19 are listed in Table II.

By fitting the curves in Figs. 17, 18 and 19 to Eq,
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(29a) the parameters VF (300), Tl and r can be obtained. The 

solid and dashed lines in Fig. 17 are least-squares fits of 

the experimental data to Eq. (29a) for the UN+ and UP +

structures, respectively, with VF (300), T| and r as the

variables. In order to demonstrate the necessity of including 
the geometry factor r, we display by the dot-dashed line in

Fig. 17 the least-squares fit to the U N + data to E q . (29a)

for r = 1. As can be seen the agreement between the fit and
experiment is not very good. The solid and dashed lines in
Fig. 18 are least-squares fits of the data to Eq. (29a) for a

UN+ sample in UHV before and after evaporation of four

monolayers of W, respectively.
In the insets of Figs. 17 and 18 we present the

obtained values of VF (3Q0), T| and r. Vp{300) is in units of

volts. The Fermi pinning levels, VF , of the U N + and UP +

samples in the air approximately add up to the band gap of

GaAs, This agrees with the complementary of the UN+ and U P +

structures in contrast to the results of Van Hoof et al [36] 
where the sum of their values of V F was only half of the
band gap. We believe that this deviation is due to
photovoltaic effect which was not taken into account in their 
work. Recently, Sydor et al [102] have proposed an
interpretation of the results of Ref. 36 based on a
nonuniform field in the top undoped layer. Since 15 FKO
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extrema have been detected in our structure (see Fig. 10) we 
feel that this is not the case in our experiment.

Even though we have no quantitative explanation for the 
difference in Vp in air and when placed in the UHV 
environment, the variation of surface potential, as 
characterized by photoluminescence, is well documented [103]. 
A reasonable speculation on this matter is that absorbed 
gases induce a fixed surface charge in the native oxide 
causing a shift in the measured GaAs surface potential. Since 
the GaAs surface is already "pinned" the w-metal deposition 
causes no change in V p .

The solid lines in Fig. 19 are least-squares fits of the

experimental data to Eq. (29a) for the U N + sample with

Vp(300), T| and r as the variables. The fitting results are 

listed in Table II. The obtained values for different

Table II. Fit rasults of Fig. 19

Jpc (HA-cm-2) Vj. (300) (V)
2.2 0.77±0.02 0.93±0.05 0 . 0210.01
22 0.7710.02 0.9310.05 0 .0210.01
220 0.7710.03 0.9210.05 0.0410.03

light intensities are essentially the same except for the



76

highest light intensity case which has a higher r value with 
a larger error bar. The reason is probably due to the V B 
still has not saturated at the highest temperature (450K, see 
Fig. 19) . To illustrate the importance of Vg, at even low 
light levels, we have generated the dashed line in Fig. 19

which corresponds to a light intensity of 0.4jiW-cm- 2 . This

result shows that, in order to get rid of VS, raising 
temperature is more efficient than reducing light intensity.

The parameter r in E q . (29) is introduced as a geometric
factor. It is based on the assumption that only a fraction of 
the surface has surface states [44], The effective surface 
state area, contributes to the saturation current (=
Jq A0 ) . However, the photo-induced current is equal to Jp C 
multiplied by the illumination area A p C . Therefore r is the 
ratio of the surface state area to the illuminated area.

On a perfect (001) GaAs surface the atom density is

6.3xl0*^cm~2 . Since r is the normalized surface state area 

then the density of the surface states (Dg), assuming one 

state per atom, is (6.3xl014)r cm- 2 . From the values of r in 

the inset of Fig. 17 we have Dg(n)-(1±0.6) xlO-^cm-2 for the 

UN+ sample and Dg (p) = (6±4) xlO ̂ c m -2 for the U P + sample. A 

possible speculation on the difference of the Dg for the UN+ 

and the U P +, as characterized by voltage-controlled 

photoetching [104], is that the depleted surface (the U P +
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case) has a smaller surface state density than the 

accumulated surface (the UN+ case).

In the UHV environment for UN + the densities of the 

s u r f a c e  states are Dg (n) * (2±1) x l O ^ c m - 2 before W- 

metallization and Dg (n) = (4±3) xlO*-3cm_2 after W-metallization .

The effect of W-metal coverage is to increase the effective 
area of the surface states A0 (and hence r) and also to 
reduce the influence of Vg. Our results have shown this 

trend. The relatively large change in the ideality factor T| 

after metallization is probably due to the leaking of surface 

charge to the metal clip used to hold the sample in place.

While the mechanism of PR as being due to the optical 
response of the material to the modulated surface electric 
field was established in early works [105] no quantitative 
connection between PR and the photovoltaic (PV) effect was 
made. Although several authors have compared PR and 
electroreflectance, no detailed theory relating PR and PV was 
presented [21,22]. The results of our experiment have 
established the detailed relation between the PR signal and 
V g . Since PR can be performed over a wide temperature range 
we can get some information about the nature of the charge 
transfer process at the surface. To the best of our knowledge 
these are the first measured surface state density results on 
GaAs surface.
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In conclusion, we have investigated the effects of Vg on

VB (=Vp-Vg) from (001) U N + and UP+ GaAs structures with

large, well controlled F as a function of T in the range 77K<
T <450K. We have demonstrated that the dependence of Vg on T 
and light intensity P can be explained by a modified version 
of the theory of Hecht yielding values of VF = 0.77 ± 0.02V

for U N + and V f - 0.75 ± 0.02V for U P + at 300K. These numbers

approximately add up to the band gap of GaAs. This analysis
also provides an experimental estimation of the densities of 
surface states on the GaAs surface. The influence of W-metal 
coverage (in-situ) is to increase the effective area of the 
surface states and hence to reduce the effect of Vg. The PR 
measurements with different pump wavelengths allowed us to 
accurately determine JpC • Our analysis provides the 
quantitative relation between PR and the photovoltaic effect. 
The work presented here demonstrates the usefulness of PR, 
combined with these semiconductor structures, for the 
investigation of Vp and the nature of charge transfer 
mechanism.

3.2 In-Situ Fhotoraflactanca Study of tha Iffacta of 
Sputtar/Annaaling on tha ranni Laval at 
(001) n- and p-Typa GaAs Surfacaa
As we have demonstrated earlier PR is a versatile tool 

which can accurately measure Vp in a variety of ambients and 
s e m i c o n d u c t o r  i n t e r f a c e s  e . g .  v a c u u m ,  air,
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m e t a l / s e m i c o n d u c t o r , or s e m i c o n d u c t o r /s e m i c o n d u c t o r  
interfaces, etc. Using PR, one could monitor changes in Vp 
over a wide range of experimental conditions. This in turn 
could produce strong inferences concerning the fundamental 
mechanisms which determine Vp in a wide variety of non-ideal 
interfaces.

In this section we present a photoreflectance study of 

the effects of A r + sputtering (500V) and thermal annealing

(350°C) on the Fermi level, Vp, on the (001) UN+ and UP +

GaAs. The measurements were performed in-situ in an UHV 
chamber. Subsequent air exposure effects were also examined. 
The sample surfaces were monitored with Auger electron 
spectroscopy (AES) and high resolution low energy electron 
diffraction (LEED) , Movement of Vp from midgap to near the 
conduction band, due to the sputtering, was found on both n- 
and p-type GaAs samples. The implication of these 
observations for various models of Schottky barrier formation 
will be discussed. The need to simultaneously measure both n- 
and p-type material in order to obtain unambiguous results 
will be also demonstrated.

3.2.1 Experimental Details and Results
The structures used in this study were the same as in

Sec. 3.1.1, i.e., the UN+ and UP+ configurations. They were

prepared by MBE by fabricating an undoped layer of thickness
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L ( = llOnm) on a buried l(lm Si-doped buffer (n+ - 2x10^cm"^) 

on an n + substrate and an undoped layer of L (= 220nm) on a

lpm Be-doped buffer (p+ - lxl01®cm-^) and p + substrate. In

the PR measurements the pump beam was the 633nm line of a 5mW 
He-Ne laser chopped at 100Hz. A Perkin-elmer Phi 04-161

sputter ion gun was used in the Ar+ sputtering study. The

argon background pressure was lxl0~5Torr. The A r + energy of 

500eV with emission current of 15mA, beam size of about 3mm 

in diameter and incident angle of about 80° were chosen to 

give a controllable, slow sputtering rate ir, order to have 

minimum lattice damage. The study of the Ar + sputtering

(500V) and thermal annealing (350°C) was performed in-situ in 
a UHV chamber with an operating pressure of better than 

1.5x10“ ^® Torr, The surfaces were also monitored with Auger

electron spectroscopy (AES) and high resolution L E E D . The 
importance of simultaneously study both n-and p-type material 
will be discussed later.

Shown Fig. 20 are the effects of Ar-ion sputtering,

thermal annealing and air exposure on Vg at 300K for the UN+

((Vg(n))] and UP+ [VB (p)] samples. Also displayed are the sum 

VB (n)+Vg(p) and Eg < = 1.42eV), the band gap of GaAs. Light 

intensities of PpU = 30jiW-cm~2 and p ^ r = lOpw-cm-^ were used
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in these measurements. Initially, on the undamaged surfaces 
the barrier height V B (n) - VB (p) are at midgap. The quantity 
vB (n) + V B (p) is only about O.ISeV below Eg. This small

2.0

S
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m

o .o
0  10 2 0  SO 4 0  A n ^ S O m t a .
Ar* •puttering—total time (min.) •n ao aU n f
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a t 350C expoeure

Figure 20. The aeasured barrier height Vg of the UN* <square*} and UP+
(circle*) sanples as a function of Ar + sputtering tine, the ratal 
annealing and air exposure, the triangles are the sun of Vg(n) +Vg(p) .
The band gap of GaAa, Eg ■ 1.42eV, also is denoted.
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difference is probably due to the photovoltage effect [24— 
27]. With increasing sputtering time V B (n) decreases while 
VB (p) increases although VB (n) + V B (p) remains approximately 
constant. After 40 minutes of sputtering no PR signal could

obtained from the U N + sample which indicates that the built-

in field and hence vB «  0 .IV) is too small to observe. 
Therefore, VB (p) has a value approximately equal to that of 
VB (n) + VB (p) for the previous conditions. These observations 
indicate that the major movement in V B is due to changes in 
Vp not by differences in V g . After 40 minutes of sputtering 
Vp has been moved from midgap to near the conduction band for 
both types of materials.

It is important to note that if only n-type material 
had been investigated the interpretation of the changes in 
VB (n) would have been ambiguous, e.g., was the decrease due 
to the unpinning of the surface or pinning at a position 
closer to the conduction band. The above observations clearly 
show the importance of simultaneously studying both n- and p- 
type systems.

Thermal annealing at 350°C for 30 minute in UHV reversed 
the movement of V B and hence V F . The parameter V B (n) went 
back to its original midgap value while v B < p) decreased but 
did not go back to its original position. About 3 days after 
the samples were removed from UHV chamber VB (p) went back to 
approximately its original midgap value and VB (n) remained
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unchanged. These observations have considerable implication 
for the validity of various Schottky barrier models.

The surfaces were also monitored by AES and high 
resolution L EED. Before sputtering the AES shown that there 
were about 4 monolayers of oxygen and carbon on the surfaces 
which were probably due to the air exposure of the samples 
prior to the experiment. The LEED showed no clear diffraction 
spot because of the oxygen and carbon. As the sputtering time 
increased the oxygen and carbon decreased. After ten minutes 
of sputtering only one monolayer of oxygen and carbon were 
observed. Forty minutes of this procedure resulted in no 
detectable surface coverage. The surfaces still had no clear 
LEED pattern. This suggests that the surfaces were disordered 
by the sputtering. After the thermal annealing a clear zero- 
order LEED spot was observed indicating that order had been 
restored to the surface. However, since we cannot detect 
higher-order spots with the high resolution LEED, it was not
possible to determine the detailed nature of the surface
reconst ruct ion.

3.2.2 Discussion
The results in Fig. 20 show conclusively that Ar +

bombardment moves Vp from midgap and repins it near the

conduction band for both U N + and U P + structures. Our

observations cannot be explained by midgap models such as 
metal induced gap states (MIGS) [8-10], disorder induced gap
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states (DIGS) (11] or the advanced unified defect model (ADM)

[12,13]. If it turns out that the damage caused by the A r + is

insufficient to significantly perturb the bulk band structure 
near the surface, then these results would clearly rule out

the importance of the MIGS model as the dominate physics in

the Ar+ treated surface. This is because the MIGS model puts

Vp near midgap for G a A s . Even if the surface region is
disordered by sputtering, as the LEED results suggest, the 
fact that the Vp moves close to the conduction band for both 
n- and p-type material also is in contradiction with the DIGS 
approach. The behavior of Vg (and hence Vp) illustrated in 
Fig. 20 does not, however, rule out the application of the

effective work function (EWF) model [1,14] If the A r +

treatment generates a low work function phase, e.g. Ga, at 
the surface, the EWF model would predict Vp near the

conduction band for both U N + and U P + structures. Of course

these results could be due to new defects which have yet to 
be modeled. The important point is that the PR technique,

combined with the U N + and UP+ structures, supplies new and

important information about Fermi level pinning at the 
surface. In addition, we have demonstrated the need to 
investigate both n- and p-type material in order to draw 
unambiguous conclusions about the influence of various 
surface treatments on Vp.
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In conclusion, using PR we have studied the effects of

Ar+ sputtering and thermal annealing on Vp on (001) n- and p-

type GaAs with large, uniform F. The measurements were 
performed in-situ in an ultrahigh vacuum chamber. The effect 
of the sputtering was to move V F from midgap to near the 
conduction band for both types of materials. Subsequent UHV 
annealing (350°C) and air exposure restored Vp its original 
m i d g a p  value. These observ a t i o n s  have c o n siderable 
implications for various models of Schottky barrier 
formation. The movement of VF with sputtering from midgap to 
near the conduction band, for both n- and p-type material, is 
inconsistent with midgap models such as MIGS, DISG or the ADM 
but could be explained by the EWF approach. This work also
has shown the need to simultaneously measure both n- and p-
type material in order to obtain unambiguous results.

3.3 Evolution of th« Surface Voltage of Air 
Exposed MBE-Grown (001) GaAs
In order to explore the role of environment and Vg on 

the evaluation of Vp we have used PR to study the surface

barrier height on the (001) MBE-grown UN + and UP + GaAs both

in-situ in the MBE growth chamber and after exposure to air.
Shown by the solid and dashed lines in Fig. 21 are the

PR spectra of the U N + <L = 228nm) at 300K in the UHV MBE

chamber and immediately after exposure to air, respectively,
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with Ppu- 10nW-cm  ̂ and Ppr*2|AW-cm-^ . Similar results were

obtained for the UP+ (L=228nm) sample. Shown in Fig. 22 is a

plot of the FKO fit (see Sec. 2.3) from which the built-in 
field F can be determined.

From the above analysis, listed in Table III are the

values of the measured barrier heights V B for the the UN+ and

UP+ samples in UHV and in air.There is a significant

difference in surface potential between the UHV and air 
e x p o s e d  s u r f a c e s .  F irst we see that in UHV 
[VB (n)+VB (p) ] =1 .43eV, (the band gap energy for GaAs) and is 
greater than the sum of the n- and p-type surface potentials 
for air exposed surfaces (=1.23eV). Therefore, the air 
exposed surface is more "flat band" and hence less "pinned" 
than the UHV surface. We can understand this difference from 
the following considerations. In Ref. 15 it was shown that 
surface state density and hence "pinning intensity" is 
correlated with the degree of misorientation for (100)

Table III. THE MEASURED BARRIER HEIGHT FOR BOTH
IN UHV AND IN AIR

VB (n) (V) 
in UHV 0.69 ± 0.025
in air 0.57 ± 0.025

VB (p) (V) 
0.74 ± 0.035 
0.66 ± 0.035
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surfaces. This in turn correlates with atomic step density. 
Furthermore, Ref.15 showed that there is increased chemical 
reactivity at these atomic steps. If so, we might expect 
enhanced selective oxidation at atomic steps during air 
exposure. Therefore to explain the results of this work we 
surmise that in the UHV condition there is a maximum in 
surface state density due to "unpassivated" atomic steps. Air 
exposure causes preferential oxidation and hence passivation 
at the atomic steps. This in turn reduces the surface state 
density and hence the pinning density. Or, in the spirit of 
Sec. 3.1, less surface state density corresponds to smaller r 
factor and hence smaller VB [see Eq. (29)].

In conclusion, from the FKO oscillations observed in the 
PR spectra of n- and p-type GaAs samples with well controlled 
built-in field we have investigated the effects of 
environment on the determination of VF .

3.4. Nature of Band Banding at Semiconductor 
Surfaces by CKR
In this Section we demonstrate that the CER can be used 

to evaluate the nature of band bending in a contactless 
manner. Results will be presented on different spectral 
features of bulk n- and p-type GaAs, semi-insulating (SI)

GaAs, nominally undoped InQ ^ G a p  gsAs, as well as the UN+

and U P 4 GaAs and InP structures. The contactless 

determination of the character of band bending (and related
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carrier type) has considerable ramifications. For example, it 
is often difficult to make the necessary contacts to samples 
for this assessment by traditional conductivity and Hall 
measurements. Also such experiments are difficult to 
interpret for the case of epitaxial layers fabricated on 
conducting substrates. Our technique will be compared to 
other contactless approaches for band bending determinations 
such as EBER [73,108], reflection difference spectroscopy 
(RDS) [107,108] and optically-induced electromagnetic 
radiation (OIEM) [109].

The n- and p-type bulk GaAs used in this study had

c arrier c o n c e n t r a t i o n s  of 2x l 0^ c m " ^  and 2x l0cm- ,̂

respectively, as determined from Hall measurements. The SI 
GaAs sample was Cr-doped Czrochalski grown material. The 
other samples investigated were prepared by molecular beam 
epitaxy. The undoped InQ ggAs material was an epilayer

of about l(im in thickness grown on a (001) GaAs substrate.

The undoped layer thicknesses L of the UN+ and UP+ structures

used in the measurements were 228nm for GaAs and lOOnm for 
InP. The CER apparatus has been described in Sec. 2.4.2. The 
modulating voltage was a square wave having 500V peak-to-peak 
at 80Hz . This value of the modulating voltage was 
sufficiently small so that all the measured lineshapes were 
independent of the modulating voltage.

Shown in Fig. 23 are the CER spectra at 300K in the
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region of the direct band gap (EQ ) from p-type GaAs (solid 
line), n-type GaAs (dotted line), SI GaAs (dashed line) and 
In0 15Ga0 85A s line). The spectra are in the low-
filed regime since the lineshape is independent of the 
magnitude of the modulating voltage and there are no FKO 
[67,69]. The In composition of the latter sample was 
determined from the relation [110] E Q (InxGa^_xAs) * EQ (GaAs>

- 1.53x + 0.45x^. While all the lineshapes are fairly similar

*o*4

v  \! lnc.uG*0j«A*

-1
IS

Photon Energy (oV)

Figure 23. Contactless electroreflectance spectra at 300X in the region 
of B0 f roM p-type GaAs (solid line), n-type GaAs (dotted line), SI GaAs
(dashed line) and nominally undoped ln0 15Ga0 t5Aa (dot-dashed line).
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there is a distant change in phase between the n- and p-type 
GaAs samples. The SI GaAs material has an n-type band bending 
while the InQ i j G a Q 95As has a p-type surface electric field. 
This latter observation is consistent for a p-type background

doping level of about 5 x l 0 14cm-  ̂ in the MBE growth. The

penetration depth of the light in the region of E 0 is 
typically several thousand angstroms [111)

For GaAs these results are confirmed in Fig. 24 which 
displays the signals of the three samples in the region of

Si
o*4 XI

-1 1.0LI
Photon Energy (eV)

Figure 24. Contactless electroreflectance spectra at 300K in the region 
of 1^ from p-type GaAs (solid line), n-type GaAs (dotted line) and SI 
GaAs (dashed line).
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the Ej feature (A3-AJ transitions in the Brillouin zone)

[67,68], Again there is a phase flip between the p- and n- 
type material and also the SI sample is n-type. The 
penetration depth of the light in the region of the Ej 
resonance is typically several hundred angstroms [111].

I%

Photon Energy (eV)

§
9

Figure 25. Contactless electroreflectance spectra at 300K in the region 
of and transitions froe UP* and UN* GaAs structures.

In Fig. 25 are displayed the CEF spectra from the GaAs 

UP+ and U N + samples at 3C0K in region of the E Q and
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features, respectively. Because of the large field 

<-2.5xl04v/cm) the EQ signals display F KOs. The Eĵ  traces do

not show FKOs since the broadening parameter F (-35meV) is 

larger than the electro-optic energy h6 <*-17meV). However, 

the most significant aspect of these spectra is the 

difference in phase between UP* and UN* materials for both 

E0 and E j .

UPXS

£9 IbE
" e

UN

u t.4
Photon tn o rg j («V)

1.4

Figure 24. Contactless electroreflectance spectra at 300K in the region 
of K0 and ♦ 4^ transitions from UP* and UN* ZnP structures.
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Similar results have been obtained for E Q , and E^ +

of the InP UP+ and UN+ configurations as shown in Fig. 26

For E c the two samples exhibit somewhat different periods for 
the FKOs probably due to the difference in Fermi level 
pinning on n- and p-type InP.

The reason for the phase change in electroreflectance 
(ER) associated with the nature of the band bending can be 
understood as follows. Consider n-GaAs, in which the bands 
are bent upward. If a modulating voltage is applied such that 
in the first (second) half-cycle V ac increases (decreases) 
the surface field an ER signal of certain phase will be 
produced. However, in p-type material the first (second) 
half-cycle will decrease (increase) the field, thus leading 
to an opposite phase. Thus, flatband could be determine by 
observing the change in phase of ER signals. This property of 
ER has been known for many years [67,68, 112] and is true 
whether the sample is in the low or intermediate (FKO) field 
regime [67]. In the past it has been used in contact modes to 
determine the nature of band bending including the evaluation 
of flatband [67,68,73,112]. In principle this method can be 
used on any crystallographic orientation. Photoreflectance 
signals do not have this phase information since the 
modulating light beam drives both n- and p-type material 
towards flatband.

Electron beam electroreflectance also could be used for
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the band-bending evaluation [71]. However, to employ this 
method the sample must be placed in an UHV chamber. The RDS 
approach measures the polarization anisotropy of the near­
normal reflectance of light linearly polarized along 
particular crystallographic directions, e.g., [110] and [110]
in the plane of a (001) surface. To determine band bending 
this method takes advantage of the anisotropy produced by the 
linear electro-optic (LEO) effect. In the vicinity of the 

and E! + features the LEO effect transfers oscillator

strength from one transition to the other linearly in the 
space charge field normal to (001) or (110) surfaces [but not 
(111)]. There is no LEO effect for the E Q feature. Since the 
amplitude of the RDS signal is proportional to the surface 
field it also can be used as a measure of carrier 
concentration [107]. In OIEM a femtosecond laser beam 
illuminates a bare semiconductor surface creating electron- 
hole pairs. If there is a built-in field present, free 
carriers driven by the internal field are swept across the 
depletion layer and form a photocurrent normal to the 
surface, this transient photocurrent radiates a subpicosecond 
electromagnetic pulse with submillimeter wavelengths, thus 
OIEM yields information not only about the sign of the band 
bending but also field strength (doping concentration) and 
c arrier mobility. However, it re q u i r e s  expensive, 
sophisticated equipment.

In conclusion we have demonstrated that CER, which
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employs a simple capacitorlike arrangement, can conveniently 
be used to determine the sign of the surface band bending in 
semiconductors and semiconductor structures. Results have 
been obtained on n- and p-type GaAs, SI GaAs (n-type band 
bending), undoped In^ is^aQ g$As (p-type) and n- and p-type 
GaAs and InP structures with large , almost constant electric 
fields. Thus this method is appropriate for either low or 
intermediate (FKO) field regimes.

3.5. A Elwctromodulation Study of GaAs with 
Excess Arsenic

The MBE growth of GaAs at temperature in the vicinity of

200°C results in GaAs with an arsenic rich stoichiometry in

excess of 1%. In the as-growth conditions this excess arsenic 
correlates with a large arsenic antisite defect concentration

[43] . When this material is annealed at about 600°C, the

excess arsenic is converted into arsenic precipitates 
(GaAs:As) which have been shown to behave as buried Schottky 
barriers with a "pinned" barrier height of 0.7eV [44]. Less 
is known about the electrical behavior of the GaAs dominated 
by arsenic antisite defects.

We have used the PR and CER techniques to determine the 
electrical behavior of thin films of both types of GaAs with 
excess arsenic. The MBE grown structures used in this study 
were as follows: an N or P buffer layer with an undoped (U) 
layer followed by an as-grown low temperature layer (LT) or
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an annealed LT (ALT) layer. Four different sequences were 
formed: LTUN, LTUP, ALTUN, and A L T U P . The key to the 
experiment is the fact that the electric field is non-zero 
and almost constant in the EM signals contains "useful" FKO 
from only the U regions of all samples. The FKO determines 
the electric field in the U region and/ hence, the potential 
in the LT (ALT) region relative to the Fermi level in the N 
(P) region. Our results show that the Fermi level in the LT 
GaAs is 0.9eV above the valence band edge: whereas, the Fermi 
level in ALT GaAs (GaAS:As) is 0.7eV above the valence band 
e dge.
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CHAPTER XV 
SUMMARY AND CONCLUSIONS

In this thesis we have used PR to study the surface 
barrier height on {001) MBE grown GaAs under a variety of 
c o n d i t i o n s  i n c l u d i n g  air, u l t r a h i g h - v a c u u m  (UHV), 
sputter/annealing {in UHV), temperature (77K < T < 450K) in 
air and UHV, etc. Surface photovoltage (Vg) effects were 
evaluated as a function of temperature (77K < T < 450K), pump 
beam wavelength, W-metal coverage {in-situ) and light 
intensity. Our results have considerable implications for 
various models of Fermi level pinning and Schottky barrier 
formation.

The results of our experiment have established the 
detailed relation between the PR signal and V g . In addition. 
The work presented in this thesis demonstrates the usefulness

of PR, combined with the U N + and UP+ structures, for the

investigation of Vp and the nature of the charge transfer 
process.

We have d e v e l o p e d  a new c o n t a c t l e s s  form of 
electromodulation which employs a capacitor-1 ike system. It 
has several advantages over other contactless mode of EM. The 
utility of this approach has been demonstrated by measuring 
the CER spectra at 300K from a number of materials including 

SI bulk GaAs and bulk Hgg g ^ O  2Te> 8C<*0 2Te resuits
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are particularly significant since in the past it has not 
been able to obtain a contactless EM signal at 300K from this 
narrow gap material.

we have investigated the effects of Vg on Vg (= Vp-Vg)

from (001) UN+ and UP+ GaAs structures with large, well

controlled F as a function of T in the range 77K<T<450K. We 
have demonstrated that the dependence of V B on T and light 
intensity P can be explained by a modified version of the

theory of Hecht yielding values of Vp = 0.77 ± 0.02 V for UN +

and Vp — 0.75 ± 0.02 V for U P + at 3 0 0 K . These numbers

approximately add up to the band gap of GaAs. This analysis 
also provides an experimental estimation of the densities of 
surface states on the GaAs surface. The influence of W-metal 
coverage (in-situ) is to increase the effective area of the 
surface states and hence to reduce the effect of Vg. The PR 
measurements with different pump wavelengths allowed us to 
accurately determine JpC * Our analysis provides the 
quantitative relation between PR and the photovoltage effect.

Using PR we have studied the effects of A r + sputtering

and thermal annealing on Vp on (001) n- and p-type GaAs with 
large, uniform F. The measurements were performed in-situ in 
an ultrahigh vacuum chamber. The effect of the sputtering was 
to move Vp from midgap to near the conduction band for both 

types of materials. Subsequent UHV annealing (350°C) and air 

exposure restored Vp its original midgap value. These
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observations have considerable implications for various 
models of Schottky barrier formation. The movement of V F 
with sputtering from midgap to near the conduction band, for 
both n- and p-type material, is inconsistent with midgap 
models such as MIGS, DISG or the ADM but could be explained 
by the EWF approach. This work also has shown the need to 
simultaneously measure both n- and p-type material in order 
to obtain unambiguous results.

From the FKO oscillations observed in the PR spectra of 
n- and p-type GaAs samples with well controlled built-in 
field we have investigated the effects of environment on the 
determination of VF . The air exposure tend to passivate the 
surface and hence increase the surface photovoltage effects.

we have demonstrated that CER can conveniently be used 
to determine the sign of the surface band bending in 
semiconductors and semiconductor structures. Results have 
been obtained on n- and p-type GaAs, SI GaAs (n-type band 
bending) , undoped InQ j^GaQ 85AS (p-type) and n- and p-type 
GaAs and InP structures with large , almost constant electric 
fields. Thus this method is appropriate for either low or 
intermediate (FKO) field regimes.
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