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Photoellipsometry determination of surface Fermi level in GaAs (100)

Yi-Ming Xiong
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University of Nebraska, Lincoln, Nebraska 68388
Paul G. Snyder and John A, Wooliam

Department of Electrical Engineering, Center for Microelectronic and Optical Materials Research,

University of Nebraska, Lincols, Nebraska 68588

{Received 8 December 1992; accepted 14 March 1593)

Photoellipsometry, a new contactless optical method, is presented. Related to photorefiectance,
this method wtilizes spectroscopic ellipsometry with the addition of a laser pump beam directed
at nearly normael incidence onto the sample surface, where photoexcited eleciron-hole pairs
modify the built-in electric field as a result of the photovoltaic effect. The field-induced changes
in the real and imaginary parts of the complex pseudodielectric function can be directly
measured, and analyzed in terms of the pump beam power density or the probe beam photon
energy to determine parameters, such as surface Fermi level, built-in field sirength, depletion
depth, broadening, critical point energies, etc., of a semiconductor under study, Demonstration
of this method was made with two n-type GaAs (100) substrates, where the measurements were
taken in room air near the band-gap £; region, for determination of surface Fermi level

i INTRODUCTION

Because of its derivative nature {which produces sharp,
highly structured spectra) and high sensitivity to surface
and interface electric fields, electroreflectance’ ( ER)is a
useful technique for studying the band structure of semi-
conductors, and characterizing electric field-induced effects
on these materials. ER measures electric field-induced
changes in the reflectance spectra from a sample surface,
where electromodulation is accomplished by applying an
alternating electric field. Commonly used configurations
for producing the modulating field include immersing the
sample in an electrolytic field or coating the sample with a
transparent or semitransparent metallic film which serves
as an electrode. Each of these configurations is likely to
introduce perturbations to the sample surface, making the
measured spectra difficult to interpret. A contactless form
of ER is phctorcﬁectance2 (PR}, in which electromodula-
tion is produced internally by photoexcited electron-hole
pairs {free carriers) generated by a secondary light pump
source. This method has been widely used as a tcol for
characterizing semiconducter band structure, surface
Fermi level, built-in electric field strength, etc.?® Com-
pared to ER, PR is more powerful in that it is a contactiess
method, and therefore is noninvasive to the sample surface.
In addition, this feature permits an independent control of
the ambient and of the temperature, and has already
proved useful for in situ studies of semiconductors and
semiconductor microstructures.’ In spite of these advan-
tages, there are still some drawbacks; for example, both
methods only measure the electric field-modulated reflec-
tance spectra, and therefore are not overly sensitive to sam-
ple surface conditions and interference effects in layered
structures.

Spectroscopic ellipsometry (SE), a contactless optical
method, offers complementary features to ER and PR.
Since its inception,>’ SE has been generally recognized
as one of the most sensitive and reliable tools for accurate
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determination of the optical properties of a wide variety
of bulk semiconductor materials,'>'* and for quantitative
characterization of semiconductor surfaces and inter-
faces,”” "% as well as semiconductor muliilayer struc-
tures.*?2 SE measures the polarization state of a refiected
light beam, rather than its intensity. Compared to ER and
PR, SE has the following advantages: (1} high {mono-
layer) sensitivity to surface overlayers and other thin films;
{2} direct measurement of both the real and imaginary
parts of the bulk dielectric function € without the need
for a Kramers—Kronig transformation; (3) very high ac-
curacy for € measurements over a wide spectral domain;
(4} nondestructive depth profiling capability through mea-
surements as a function of photon energy. One drawback
of SE is that it only measures the absolute € spectra, as
opposed to the derivativelike spectra by the ER and PR
methods. As a result, weaker structures, such as those by
eleciric field-induced effects, are difficult to resolve, with-
out being enhanced by numerical differentiation and
smoothing techniques.

Modulation ellipsometry (ME) was first developed by
Buckman and Bashara®® for analyzing electric field-
induced effects on the dielectric functions of Au and Ag,.
This method utitizes SE with ER, therefore combining the
features of both methods and providing more complete
information not available in separate applications. Follow-
ing similar experimental procedures by Buckman and
Bashara,?’ Tachti er al ** and Glembocki® studied the field-
induced effects on the dielectric functions of GaAs and §i,
respectively. These results indicated that ME indeed was
able to provide more information about the sample from a
single experiment; for instance, using ME, the field-
induced changes in both the real and imaginary parts of €
can be simultaneously determined without recourse to the
Kramers—Kronig analysis. Despite this and other advan-
tages, ME still has not been widely used as an effective tool
for characterizing semiconductors and other materials.
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One of the reasons is the difficuity in implementation of the
technique itself; for example, phase-sensitive detection
(lock-in amplifier) must be implemented in signal process-
ing to extract the field-induced smali changes in the mea-
sured spectra. Another major drawback is closely related
to the contact configuration, in which the modulating fieid
is applied. As in the case of ER, regardless of which con-
tact method is chosen, surface perturbations are likely to
occur, making the resulting spectra more difficult to inter-
pret.

Photoellipsometry (PE) is a new contactless form of
ME and can be used to study the built-in electric field-
induced effects on the dielectric functions of semi-
conductors. This method was developed based on
the observation®® of the built-in field-induced Franz-
Keldysh effect’” on conventiona! SE spectra from
GaAs/AlLGa;_ As heterostructures. PE incorporates con-
ventional SE with the addition of a secondary laser pump
beam directed at nearly normal incidence onto the sample
surface. It thus combines the features of both SE and PR,
and therefore is completely contactless and can be applied
in any transparent ambient environment at any tempera-
ture. As in PR, the absorption of pump beam photons
results in the creation of free carriers, which in turn modify
the built-in field strength within the sample as a result of
the photovoltaic effect.”® The field-induced change in the
complex pseudodielectric function {¢) can be directly mea-
sured using PE and analyzed with an appropriate method
to determine parameters, such as surface Fermi level,
built-in field strength, depletion depth, broadening, critical
point (CP) energies, etc., of a given semiconductor. The
pseudodielectric function {€) alsc includes all surface and
depth-dependent effects possibly present on ¢, such as sur-
face native oxide overlayer and dielectric inhomogeneity.
A major advantage of PE over reflectance modulation
methods is that it allows direct measurements of field-
induced changes in both the real and imaginary parts of
(€), i.e., 6(e;) and 6(e,), on a wavelength-by-wavelength
basis, without the need for a Kramers-Kronig transforma-
tion or electrical contacts to the sample. This unique fea-
ture permits a direct observation of the Franz-Keldysh
effect from a given semiconductor. Moreover, because both
8{e,) and 8{e,) specira are available experimentaliy,
tighter constraints can be imposed on the models repre-
senting more complicated structures, thereby increasing
the confidence in the calculated resuits.

The main objective in this work is to describe how PE
can be used to determine the surface Fermi level, and the
built-in surface electric field strength, in bulk deoped GaAs.
To this end, two commercial #-type GaAs substrates were
studied in as-received conditions. The measured data were
analyzed in terms of the pump beam power density and the
probe beam photon energy.

. SAMPLES AND EXPERIMENT

The two samples were commercial Si-doped n-type
GaAs (100) wafer substrates, with nominal doping densi-
ties N~ 1.3 10'7 and 4.0x 10" cm ™ ?, respectively. The
wafers were cut from single crystal GaAs ingots, grown by

J. Vac. Sci. Technol. A, Voi. 11, No. 4, Jul/Aug 1993

Xiong, Snyder, and Woollam: Photoellipsometry determination of surface Fermi level in GaAs {100)

1076

Light
source

Goniometer

Cho

Moncchromator

i
|
|
|

Microcomputer [-| Interface |- - -~ ~ ~-m =~ o N

F1G. 1. Schematic diagram of the photoellipsometer apparatus.

the Bridgman method. The front surface of each sample
was chemomechanically polished, giving a mirrorlike fin-
ish, and the back surface was unpolished.

Figure 1 shows the schematic diagram of the PE appa-
ratus used. It consisted of a conventional rotating analyzer
spectroscopic ellipsometer similar to the one described in
Ref. 9, and a 7 mW He-Ne (with wavelength 4 = 632.8
nm) laser used as the pump light source. The probe beam
light source for the ellipsometer was a 75 W xencn lamp,
coupled to a scanning monochromator with an average
bandwidth of ~2 nm. The probe beam diameter was about
! mm. The laser pump beam, directed at nearly normal
incidence onto the sample surface, was spatially filiered
and expanded to completely overlap the probe beam sam-
pled area. The pump beam intensity was controlled by a set
of neutral density filters. Colored glass filter was used to
prevent the scattered pump beam light from entering the Si
detector.

The samples were studied in as-received conditions. The
measurements were first taken with two different pump
beam power densities at a particular photon energy in the
above-band-gap E, region, where the field-induced change
in {€) was large. The measurements were then made with
a single pump power density, in a spectral range from 1.30
to 1.65 eV. All the measurements were taken in air at
T =297 K. The probe beam angle of incidence was 75°,
near the pseudo-Brewster angle’” for GaAs. The average
uncertainty for the eilipsometric parameters ¢ and A was
within +0.005° and +0.01°, respectively, in the above
spectral range.

iil. SPECTROSCOPIC ELLIPSOMETRY AND
PHOTOELLIPSOMETRY BASICS

Details about ellipsometry can be found in Ref, 29, only
a brief description is given here. Ellipsometry deals with
the measurements and interpretation of changes in the po-
larization state of a linearly polarized light undergoing ob-
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ligue reflection from a sample surface. In SE, one measures
i and A, as a function of photon energy {(or wavelength ),
which are defined by®

tan P exp(iA) = R/R,, (13

where R, and R, are, respectively, the complex reflection
coefficients for light polarized parallel () and perpendic-
ular (s) to the plane of incidence. Both R » and R, contain
information about the sample’s optical properties.

With each pair of ¢ and A measured, the corresponding
real and imaginary parts of the complex pseudodielectric
function {€), i.e., {&;) and {&,), can be directly obtained,

assnming a two-phase {ambient-substrate) model?’

el ) ,[08* 20—sin’ 2 sin® A\
(e1) = € sin’ ¢| 1 + tan ¢( (1 + sin 2P cos A)’ ) ’
{(2a)

and

(2b)

sin 49 sin A
{&;) = €, sin’ ¢ tan® ¢( ys )7

(1 + sin 29 cos A)*

where ¢ is the probe beam angle of incidence and ¢, is the
dielectric constant of the ambient (e,=~ 1 in air). The term
“pseudo” means that a siraple uniform bulk substrate with
no overlayers is assumed. Therefore, the effects of surface
overlayers and other inhomogeneities, which are in reality
present, are impiicitly included in the {e).

For absorbing materials such as GaAs, SE has maxi-
mum sensitivity at the pseudo-Brewster condition,”’ in
which the reflection coefficient R, takes a minimum value.
Noting that R, depends on the angle of incidence ¢ and the
pseudodielectric function {€), the pseudo-Brewster condi-
ticn is satisfied only for a particular angle ¢ (pseudo-
Brewster angle} and a particular value of {€) for a given
sample under study. For GaAs and its alloy materials such
as Al,Ga,_,As, ¢ is close to 75°.1%1821 Ay ¢ 5, an abrupt
variation occurs, between — 1 to I in the cos A spectrum
near a certain photon energy corresponding to a particular
value of {¢). This variation is exiremely sensitive to any
‘perturbations introduced in the sample, such as the pres-
ence of surface overlayers, and is responsible for the high
sensitivity of SE measurements.

PE incorporates SE with the addition of a secondary
laser pump beam, directed at nearly normal incidence onto
the sample surface. It directly measures the built-in field-
induced changes in the real and imaginary parts of {¢) for
a given sample under study. PE data are obtained by taking
the difference between two sets of SE data {¢), measured at
the same photon energy without and with the pump beam
on. Specifically, if F, and F, are the built-in electric fields
in the direction normal to the surface, corresponding to the
pump beam on and off state, respectively, the field-induced
changes 8¢} and 8{¢,} are cbtained using

5{€,(F3,F|,E}) = {¢;(pump beam off,E})
—{¢;{pump beam on,E))
§<61(F2)E)>—<61(F§:E)) (33)
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F1G. 2. Energy band diagram of an #n-type GaAs surface with and without
the effects of pump light irradiation.

and
8{€,(F,,F,,E)) = {&;(pump beam off,E))
—{&;{pump beam on,E))
=6y (F3,E)) —{e(F,E)), (3b}

where E represents the photon energy of the probe light,
and (&;(F,E)), (&(F,E)), {&;(F,,E})}, and {&(F,,E))
are obtained from Egs. (2a) and {2b). These two equa-
tions are the means by which PE data are obtained. Equa-
tions (3a) and (3b) can be also written, respectively, as

5<€2(F2:FbE)> = {{61(F2)E)>_<61(03E)>]
~ [ {e;{(F,E)y —{e (0, E))]
=8(e{F,,E)) —8{e,(F,E}) {4a)

and
8{ey(F2.F,E)) = [{&(Fp.E)) —{6,(G,E)) ]
— [{&(F,E)) —{(0,E)) ]
=68(6,(Fy,E)) —8{;,(F|,E}), (4b)

where {€{0,K)}) is the unperturbed pseudodielectric func-
tion of the sample. Equations (4a) and (4b) are the means
by which PE data will be analyzed, as next described.

i¥. THEORETICAL BACKGROUND

For an n-type GaAs surface exposed to air, it is known
that, because of the existence of surface states and the ad-
sorption of oxygen which is electronegative, the Fermi
level is pinned at the surface, and that the energy bands are
bent upward, giving rise to a consequent built-in field
across the depletion region beneath the surface.’’ Figure 2
shows the energy bands of an n-type GaAs surface with
and without the effects of pump light irradiation. Under
pump light irradiation, free carriers are generated within
the sample. The carriers generated near the surface are
separated by the built-in field to produce a photovoltage
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(V,), which in turn reduces the band bending and the
original field strength. This phenomenon is known as the
photovoltaic effect.

Based on the depletion approximation,’’*? the built-in
electric field sirength due to the presence of a Schottky
surface barrier in a uniformly doped semiconductor is
known to vary linearly from a maximum value at the sur-
face to zero at the edge of the depletion region, in the
direction normal to the surface. Solving the Poisson’s egua-
tion with the appropriate boundary conditions, the maxi-
mum built-in field strength F,, is’!

Fmax = {[ (zeND)/(Eﬂer) I [ Vs‘" (EC“_EF')/Q]}Uzs (5)

where ¢ is the electron charge, N 5 is the doping density, ¢,
is the dielectric constant of vacunom, €, is the relative di-
electric constant of the sample material. V= (Ezs
—kT')/e is the Schottky barrier height, where Ej. g is the
surface Fermi level and kT is the thermal energy term. Eo
and E are the conduction band minimum and the Fermi
energy in the buik, respectively.

In the low-field limit, Aspnes> showed that the magni-
tude of the change in the dielectric function is directly
proportional to the modulating voltage measured relative
to the flatband condition, which implies that the following
equation is valid for the situation shown in Fig. 2:

l5<52(F2»F1,E»; ZBV,;, (6)

where §{e,(F,,F,,E)) is given by Eq. (3b), B is a propor-
tionality constant depending on the sample’s properties
only, and ¥, is the photovoliage.

Recently, Kanata ef al.% studied the surface Fermi level
in GaAs (100}, using PR and taking intoc account the
photovoltaic effect at the semiconductor surface. They
showed that, wunder the condition of V,—(E,
—Ep)/e>V,, Eq. (6) also holds in the intermediate-field
fimit. According to Kanata er gl if the recombination
current in the depletion region is neglected and the diffu-
sion length of free carriers in the semiconductor is much
longer than the penetration depth of the pump light, under
the steady-state condition, the pump beam power density
P, the Schottky barrier height ¥, and the photoveltage V),
are related to each other through the following equation:

Py(1—R) A*T*? eV, eV, . .
. == exp(—ﬁ) eXP(Ek_T)_ ], (7

where y~1 is the quantum efficiency in the sample, v
is the photon energy of the pump light, R is the reflectivity
of the pump light at the sample surface, =1 is the ideal-
ity factor, and A¥ is the effective Richardson constant.
For n-type GaAs with a free surface, A*=80 A
cm ~2 K 1833 Missous and Rhoderick®® showed that the
value of A4* was about 0.4 A cm™? K2 for epitaxially
deposited Al on n-type GaAs, which was consistent with
results found earlier by Srivastava er al.>® for n-type GaAs
with contacts of Al and Au. These results suggested that
the Richardson constant might depend on the metal as well
as on the semiconductor. However, in this work each sam-
ple was measured in as-received conditions, i.e., neither
surface treatments nor metal contacts were applied to the
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sample. Thus, the choice of 4*=8.0 A cm > K ™2 made
here was based on the assumption that this value would
hold for n-type GaAs with a free surface.**>** Our results
for ¥, are not very senmsitive to 4¥%; V, values obtained
assuming the lower 4% value are only about 0.05 V below
those cbtained assuming the higher 4% value.

Solving for Vp from Eq. (7), one obtains the following
expression:

2= M TR T expl — eV (KT T

kT In( Py(1—R) )

{8)

From Egs. (6) and (8), the following equation can be
obtained:

15{e,)(Fy,F,E)} |
kT
=lstey| = B
Py(1—R)
Xln((A*Tf/e)huexp[._,eVS/(kT)] + 1), (9)

which directly relates the experimentally measured param-
eters 8(&,), P, and R to the unknown parameter ¥ at a
given temperature.

Thus, if two different pump beam power densities,
namely, P, and P,, are used, two corresponding 5{¢,), and
8(€,), can be measured using PE, which means that, from
Eg. (9), one has

k
l5(€z)i! = Bg‘e—”r

Py(3i—R)
><1n((/ﬁ*Tz/e)hv expl —eV/(kT)] + 1)’

=12 {10}
From Eq. (10), one has

{5<fz>1
i§<€2)2]

i Piy(1—-R) )
- n((A*Tz/e)hv exp| —eV,/(kT)] Al

1 Pyy(1—R) A
n<(A*Tz/e)hvexp[—-eVs/(kT)]+ )j ‘

(11)

Equation {11) can be rewritten in the following form:
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TABLE 1. Measured and calculated data at £ = 1.425 eV for both samples.

Nplem™3) 18¢€), ) [8¢€2),] P (mW/cm?) Py(mW/cm?) R VAV) Ey 5(eV)
1.3x 10" 0.057 £0.002 0.046+0.002 7.73 0.58 0.344 0.84-20.06 0.84+0.06
4.0x 10" 0.060+0.002 0.038£0.002 7.89 0.21 0.344 0.69-£0.06 0.69+0.06
r Py(1—R) Ty expls (B’ —Ey)], where [ is the broadening param-

l(A*Tz/e:f}hu expl —eV/(kT)] + 11 {6(€2)a|

_ Pyy{1-R}
T AT oY exp —eV /(KT

]+ lj !8(9_)_)1[.
(12}

Bguation {12} can be solved graphically to give the
Schottky barrier height ¥, and consequently the surface
Fermi level By ¢ from V= (Eps—kT)/e.

For a uniform electric field F, the field-induced change
in the dielectric function € from the Franz—-Keldysh effect,
near an My CP (e.g., near the GaAs band-gap E; CP), is
given by*"¥

8e(F,E) = b€, (F,E) + iSe)(F.E)
=(COV/EH GO +iF(m], (13}

where parameter C contains the interband optical transi-
tion matrix element. Parameters 8 and 7 are defined by
(XF2/2uf)'? and (Ey— E)/#0, vespectively, where y is
the interband reduced effective mass at the #, CP in the
direction of the field. G(n) and F{%) are the electro-optic
functions, given by combinations of Airy functions, their
derivatives, and a unit step function. Note that Eq. (13)
does not include broadening.

In the case of a nonuniform field F(z) where its value
varies spatially over a depth 4 in the z direction normal to
the surface, the overall effective change in the dielectric
function can be approximated by*"*

0
Se(F.E) = ——2in 8e{F(z),E Jexp({ —2iKz)dz,
~-d
(14

where 8[F(z},E], the change due to a local field, is ob-
tained from Eq. (13) and K = 27¢'/%/A is the unperturbed
propagation constant of the probe light in the sample. Note
that Eq. (14} was derived assuming that the probe beam
was incident normal to the surface.

Details about the treatments of broadening have been
given in Ref, 27. In this work, the effect of broadening was
assumed to be Lorentrian type. Consequently, the field-
induced change in € in the presence of Lorentzian broad-
ening was obtained from the unbroadened term 8¢(F.E)
by using®’

] 1 ¢~ Se(F.ENT ! )
66(F,E+1F)-=7T J‘o de, (13)
where I" is the broadening parameter.

Recently, Batchelor efal® made extensive ER
studies in GaAs. They modeled the effect of broadening
in the E, CP region by expressing I in terms of

4. Vac. Sci. Technol. A, Vol. 11, Ho. 4, Jut/Aug 1883

eter and § is a proportionality factor. This empirical ex-
pression was proposed based on the assumption that more
highly excited electrons in the conduction band wouid un-
dergo more rapid relaxation due to collisions with lattice
defects, and therefore T" would be likely to increase with
increasing energy. This approach was also adopted in
this work.

V. RESULTS ARD DISCUSSION

To determine the surface Fermi level, PE measurements
were first taken with two different pump beam power den-
sities at a particular photon energy in the above-band-gap
E, region, where the field-induced change in {¢) was large.
Using Eq. (12), the measured data, i.e., §(&,), and 8{€,),,
were analyzed graphically to give the Schotiky barrier
height ¥,. Table I lists the calculated values of Schottky
barrier height ¥ and surface Fermi level £ 5 for the two
GadAs samples, together with the experimentally measured
data, namely, |8{€,);}, |8{&y),|, the two corresponding
pump beam power densities P, and #,, the probe light
photon energy E at which the measurements were made,
and the reflectivity R at the wavelength of 632.8 nm. As
can be seen, the values of surface Fermi level Ef 5 in both
samples are within the range between 0.6 and 1.0 eV, com-
parable with those determined by PR,** high resolution
electron energy loss spectroscopy,” and photoemission
spectroscopy.*’

Next, 6{¢) measurements were made with a single
pump beam power density, over a spectral range from 1.30
to 1.65 eV near the E, CP region. Figures 3 and 4 show the
experimental data and theoretical caiculations for the two
semples studied. These experimental results represent the
direct observation of the Franz-Keldysh effect, without
using the Kramers-Kronig transformation. The theoretical
calculations were obtained using the following procedure:
the unbroadened results were first obtained using Eq. (14}
together with Eq. (13}, where only the heavy-hole contri-
butions were considered (the reduced mass y was taken to
be 0.059m,, where m, is the free electron mass) and the
unperturbed propagation constant £ for GaAs was calcu-
lated using the data from Ref. 41. These unbroadened re-
sults were then broadened using Eq. (15) to give the final
theoretical data. For all the calculations made here, a lin-
early varying field profile was assumed with a maximum
built-in field F ., at the surface and a minimum field F
at the edge of the depletion depth 4. Parameters, such as
Fass d, Ty, 8, and the CP energy £,, were variables to be
determined in the theoretical calculations, while F . was
held fixed at 3.0 10? V/cm, a value small enough to make
significant contributions to the overall theoretical spectra.
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Fi1G. 3. Experimental and theoretical data in the £; CP region, for the
GaAs sample with N 5= 1.3 10" cm 3. The pump beam power density
was 6.85 mW/cm?.

More specifically, for the sample with the doping density
Np=~1.3x10" cm ™3, the theoretical results shown by the
solid lines in Fig. 3 were generated using a field F,, of
1.63x 10° V/cm, a depth 4 of 91.0 nm, a CP energy E, of
1.41 eV, and a broadening parameter I'y = 0.015 eV with
§=20 eV, Using F,,=163x10° V/cm,
Np=~13x10"7 cm™% and Eq. (5), along with the expres-
sion ¥V = (Eps—kT)/e, the surface Fermi level Ep 5 was
found to be ~0.77 eV, which compares well with the cor-
responding value listed in Table 1. For the sample with
Np=40X 1ol cm‘3, the theoretical calculations in Fig. 4
were obtained with a field 7, of 2.71 X 10° V/cm, a depth
d of 49.0 nm, a CP energy K, of 1.41 €V, and a broadening
parameter 'y =0.022 eV with §=3.0 eV~ Using
Fopy = 2.71X10° V/em, N p=4.0x 10" cm %, the surface
Fermi level Er g was calculated to be ~0.65 ¢V, which
again compares well with the corresponding value listed in
Table 1. In addition, it can be seen that, as the doping level
increases, so does the broadening, likely due to the increase
in collisions between electrons and lattice defects.

It should be mentioned that the above field profile was
chosen based on the depletion approximation3 132 for a bulk
semiconductor of uniform doping. In other words, it was
assumed that the experimental PE spectra measured in this
work were due to the Franz—-Keldysh effect on the dielec-
tric function of the sample produced by a linearly varying
field over a depletion depth 4. Therefore, the model also
assumed a linear field profile, and the modeled (theoreti-
cal) spectra from Eq. (14) contained contributions from
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Phaoton energy {eV)

FiG. 4. Experimental and theoretical data in the E, CP regicn, for the
GaAs sample with N ,=4.0x 10" ¢cm ™, The pump beam power density
was 5.60 mW/cm?.

the full profile, rather than from the maximum built-in
surface field alone or from the average field.

Observing the 8{¢;) spectra in Figs. 3 and 4, it can be
seen that each theoretical curve has a similar type of shift
towards higher energies with respect to experimental
curve. The cause of this type of shift is believed to be
mainly due to the facts that the effects of the native oxide
overiayer were not included in the theory, and that the
theoretical calculations were made assuming a normal in-
cidence for the probe beam rather than 75°, the actual
probe beam angle of incidence for the measured data. Note
that, for n-type GaAs, (¢} and 8{e,) are approximately
proportional to A and &, respectively, in the £, CP re-
gion as shown in Figs. 5 and 6. 84, being related to the
phase change,” is extremely sensitive to overlayers (such
as a native oxide) and changes in the angle of incidence,
this is why the largest discrepancies between the experi-
ment and theory are seen from the 8{¢,) specira in Figs. 3
and 4. On the other hand, 8¢, being related to the ampli-
tude change,29 is less sensitive to overlayers, and this is
why good agreement between the experiment and theory
has been obtained in the 8{e;) spectra. This observation
also illusirates the importance of having the experimental
8{€,) spectrum available in the data analysis. Quantitative
analysis of these overlayer and non-normal incidence ef-
fects produces good fits to the 5{¢;) spectra.”?

Vi. SUMMARY

Photoellipsometry, a new contactiess optical method,
has been described. It allows direct measurements of the
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built-in field-induced changes in both the real and imagi-
nary parts of the pseudodielectric function of a semicon-
ductor under study, without the need for a Kramers—
Kronig transformation. The method was used to determine
the surface Fermi level Ep ¢ in two a-type Gahs (100)
samples. The measured data were analyzed in terms of
the pump beam power density and the probe beam photon
energy. Both techniques have yielded consistent results
for Ep .
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