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The effect of residual strain on photoreflectance (PR) signals near the heteroepitaxial interface in
gallium arsenide (GaAs) grown directly on a silicon substrate has been systematically investigated.
With use of data on the stress-induced splitting and the shift of the E, (I'g,-I'¢.) fundamental tran-
sition, the distribution of residual strain in the vicinity of the heteroepitaxial interface in the GaAs
layer has been evaluated. It has been found that compressive strain caused by the lattice mismatch
between the materials is not completely compensated and is about 0.4% near the heterointerface in
the GaAs layer grown at relatively low growth temperature. This compressive strain gradually re-
laxes with increasing thickness and then transforms to tensile strain around thicknesses greater than
2 um. The residual tensile strain at the surface of a 3.6-um-thick GaAs layer is about 0.2%. In the
thickness range from 0.5 to 2 um, the observed PR spectra demonstrate the presence of two regions
with different strain in the epitaxial layer. For thicknesses less than 0.5 um, crystal quality is de-
graded by defects associated with misfit compensation during the initial stage of growth.

I. INTRODUCTION

Recently, heteroepitaxial-growth technology of gallium
arsenide (GaAs) on a silicon (Si) substrate has attracted
much attention because of the promise of hybridization
of GaAs integrated circuits (IC’s) with Si IC’s and high-
efficiency solar cells. Recently laser’? and field-effect
transistors>* (FET’s) have been developed, and high-
efficiency (more than 18%) solar cells® have been fabricat-
ed with heteroepitaxially grown GaAs on a Si substrate.
The key issue of success in this technology is the elucida-
tion of a mechanism for the accommodation of a large re-
sidual strain in the GaAs layer. Residual strain is intro-
duced in GaAs films as a result of the different lattice
constant and thermal-expansion coefficient of the constit-
uent materials.®~!! The structural, electrical, and optical
properties of this heterostructure depend strongly on
such internal strain. The lattice mismatch between two
materials is 4.1% at room temperature (25°C) and 4.2%
at the growth temperature (570°C). This lattice
mismatch induces biaxial compressive strain in the GaAs
film. It is generally believed that this strain is completely
relaxed by the formation of misfit dislocations during the
growth because of the very thin critical layer thickness
(less than several angstroms). On the other hand, the
difference of the thermal-expansion coefficient between
the constituent materials is large. This large difference
induces bimetal-type tensile stress in the GaAs film, when
the substrate temperature is cooled down from the
growth temperature to room temperature.

Many reports on thermally induced biaxial strain in
this particular material combination have been pub-
lished,® ' showing that the observed strain depends
strongly on the thickness and growth temperature. In
particular, compressive strain has been observed in the
GaAs epitaxial films grown at relatively low temperature
(<420°C).® These experimental results suggest that
compressive strain caused by lattice mismatch is not
completely compensated at the initial growth stage. This
experiment has been performed to examine the accommo-
dation process of this strain in the epitaxial GaAs film
grown by molecular-beam epitaxy (MBE) on a Si sub-
strate at a relatively low growth temperature (570 °C).

The residual stress and strain have been studied by
photoreflectance (PR). A modulation spectroscopy, PR
is a reflectance modulation produced by a secondary light
beam,'?”* which is a “contactless” form of
electroreflectance (ER). It is possible to easily observe
the signals due to the fundamental-band edge even at
room temperature by this reflectance modulation. With
use of this PR method, characterization of semiconduc-
tors and semiconductor microstructures such as superlat-
tices and heterostructures has been performed.*~2° This
electromodulation technique was especially powerful for
the investigation of stress effects in semiconducting ma-
terials, such as the determination of deformation poten-
tials.?! =23

In this work, thickness dependences of the residual
strain have been carefully studied by PR measurements.
The PR spectra have been analyzed to elucidate a possi-
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ble mechanism for the accommodation process of the
strain in the vicinity of the heteroepitaxial interface in
the GaAs layer grown on a Si substrate.

II. EXPERIMENTAL DETAILS

A. Growth of GaAs on a Si substrate

GaAs single crystals were grown on a Si substrate by
MBE. The GaAs growth was monitored by reflection
high-energy electron diffraction (RHEED) during the
growth, and single-monolayer growth was confirmed by
oscillations in the RHEED pattern.?* Si substrates are
tilted at 4° away from the [001] orientation toward the
[110] direction, and the thickness was 300 or 500 um. In
order to reduce contamination by carbon and heavy met-
als, the Si substrate with a thin oxide film was loaded in
the growth chamber of the MBE system, and the oxide
film was removed thermally above 750°C for 10 min just
before the growth.?> The cleaned Si substrate showed the
single-domain 2 X1 reconstructed surface. After the ox-
ide dissociation, the substrate temperature was lowered
to 300°C, and a nucleation layer of 20-nm-thick GaAs
was grown at a slow growth rate of 6 monolayers/min at
300°C. A spotty RHEED pattern was observed in this
stage. This shows the island growth with small grains.
The growth temperature was then raised to 570 °C under
As, flux. At this temperature, solid-phase epitaxy (SPE)
was performed for 5 min. The spotty pattern of RHEED
changed gradually to an arrowheadlike shape, and finally
a clear streak pattern appeared which is associated with
the 2X4 reconstructed surface. After this SPE, the
GaAs layer was grown at a growth rate of 1 monolayer/s
at 570°C. The oscillation in the RHEED pattern at this
stage is shown in Fig. 1; the peak-to-peak time interval
corresponds to a single monolayer in the growth process.
The 2X4 reconstructed surface was observed during the
growth.

Two types of samples were prepared. One is 3.6-um-
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FIG. 1. Oscillation of the specular beam with the [110] az-
imuth in the RHEED pattern from the GaAs(001)-2 X4 recon-
structed surface. The period exactly corresponds to the growth
of a single monolayer.
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thick GaAs doped with 1X10'7 cm ™2 Si grown on the
300-um-thick substrate and the other is undoped 1-um-
thick GaAs grown on the 500-um-thick substrate. The
etch-pit density (EPD) of these two GaAs crystals was
1.3X 107 cm~? for the 3.6-um-thick GaAs and 4.8 X 10’
cm 3 for the 1-um-thick GaAs. To investigate the thick-
ness dependence on PR spectra, the GaAs film was
etched by a mixing solution of [H,S0,]:[H,0,]:[H,0]
=6:1:1 at 4°C with the rate of 0.2 um for one step. The
etching rate was 16 nm/s.

B. PR measurement

PR, which is a contactless form of electromodulation
spectroscopy, is a useful tool to study the interband tran-
sitions in a strained semiconductor, because even at room
temperature, one can observe sharp and derivativelike
spectra of all allowed transitions. A schematic represen-
tation of the experimental arrangement for PR measure-
ments is shown in Fig. 2. The reflectance modulation was
achieved by photoexcited electron-hole pair generation
due to a secondary photon source. A 2-mW He-Ne laser
(operating at a wavelength of 632.8 nm) chopped at 80
Hz was used for this purpose. The typical power density
on a sample was about 1 mW/cm2. The probe light from
a tungsten lamp passed through the monochromator was
irradiated on the surface of GaAs film at near-normal
reflection alignment with a reflection angle smaller than
30°. The reflected light intensity was detected by a pho-
tomultiplier (PM). The PR signal (AR /R) was obtained
by the phase-sensitive detection of the ac component
(corresponding to a change in reflectivity, AR) through a
lock-in amplifier under the condition that the dc com-
ponent of the photomultiplier (corresponding to the
reflectivity R) was kept constant by changing the high
voltage through an electronic feedback circuit, i.e., con-
trolling the sensitivity of PM. All the PR measurements
were performed at room temperature (25 °C).

ND FILTER
CHOPPER

He-Ne
LASER

LOCK-IN
AMP.

VAR/ R

MICRO
COMPUTER

FIG. 2. Block diagram of photoreflectance measurement sys-
tem.
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III. THEORETICAL BACKGROUND

A. Transitions at k =0 under stress

In the GaAs/Si system, stress (strain) originates mainly
from a large thermal-expansion mismatch between the
constituent materials, if the compressive stress caused by
large lattice mismatch (4.2% at the growth temperature
of 570°C) is assumed to be relaxed by the formation of
misfit dislocations during the growth of GaAs on a Si
substrate. The stress caused by thermal-expansion
mismatch was discussed in detail by Feng et al.26 As-
suming that the Young’s modulus of GaAs and its
difference between room and growth temperatures are al-
most the same as those of Si, the stress at the surface of
GaAss epitaxial form is written

E AT
Uz—dz—dSi(ZdGaAs—dSi)(aGaAs_aSi) ’ (1)
where ag,n, and ag are the thermal-expansion

coefficients, and the thickness d is given by the relation
d =dg,as +ds;. Figure 3 shows this stress and strain cal-
culated as a function of the thicknesses of epitaxial film
and substrate.

For a zinc-blende-type material such as GaAs, the
valence-band edge at k=0 is a sixfold-degenerate multi-
plet with orbital symmetry I's, which consists of a four-
fold P;,, multiplet [(J =3, m;==+3,+1) in spherical no-
tation] and a twofold P,,, multiplet, (J =4, m;=%13).
The application of biaxial stress splits the P;,, multiplet,
because of the reduced symmetry.?>?3 The hydrostatic-
pressure component of the strain results in a shift of
centers of gravity of the P, (2 and P, ,, multiplets relative
to the conduction band.?>*3 In this experiment, we ex-
amined the P;,, multiplet. The bands are labeled
HH(J =3, m;=%3) and LH(J =4, m;=13) in this pa-
per. It has been shown that the orbital-strain Hamiltoni-
an H, for a given band at k=0 can be written as?

o tar 500 ym
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FIG. 3. Theoretical calculation of tensile stress caused by
thermal-expansion mismatch in GaAs on a Si substrate, assum-
ing no compressive stress at the growth temperature.
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H,=—al(e, te,+e,)—3b[(L}—L?/3)e,, +c.p.]

_ 6d
V73

where e;; is the component of strain tensor, L is the
angular-momentum operator, c.p. denotes cyclic permu-
tations with respect to indices x, y, and z, and the quanti-
ties in the curly brackets indicate the anticommutator
{Ly,L,}=L,L,+L,L,. The quantity a is the
hydrostatic-deformation potential, and b and d are the
shear-deformation potentials appropriate to strain of
tetragonal and rhombohedral symmetries, respectively.
For biaxial stress, that is, o,, =0 ,,=0 and o0, =0, and
all mixed terms xy, xz, and yz are zero, the strain com-
ponents are

(+{L,,L,}e,,+c.p.), )

e =€, =(S;;+S)0, (3a)
e,; =280, (3b)
e, =e,,=e, =0, (3c)

where o is stress which is positive for compressive stress.
S, and S, are elastic compliance constants. From Egs.
(2) and (3a)-(3c), H; is rewritten by

H,=—2a(S,,+25,,)0+3b(S;;, —S;)a(L2—L?/3)
@)

and becomes
H,=—8E}—38E(L2—L?/3), (5)

where 8Ef =2a(S,, +2S,)0, which indicates the shift
of center of gravity of the P;,, multiplet, due to the hy-
drostatic component of strain, and S8E¢=—2b(Sy,
—S,)o, which indicates the linear splitting of this multi-
plet. On the other hand, the conduction band does not
split under the application of stress, but shifts by the hy-
drostatic component of strain. This energy shift for the
conduction band is denoted by 8E.. Therefore, the
change in energy for the lowest direct gap is given by

SEC-LH =8EH + % SES ’ (63)
5EC_HH=3EH+%5ES y (6b)

where 8Ey =08E,.+08E;. In Eq. (6b), the higher-order
terms were neglected because of relatively small residual
strain (Fig. 3).

B. PR spectra

Reflectance modulation in PR is caused by the modula-
tion of built-in electric field in the surface potential bar-
rier due to photoexcited barriers. The built-in electric
field produced by surface states is described by Poisson’s
equation. The electric field ©(z) as a function of the dis-
tance z from the surface is written by

O(z)=eNp(W —z)/(€p€,) , (N

where e is the electron charge, €, the dielectric constant
of vacuum, €, the relative dielectric constant, and Ny, the
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donor concentration of a sample. W is the depletion-

region width and is given by
W =[2€,e40/(eNp)]'%, (8)

where ¢ is the built-in potential. Equations (7) and (8) in-
dicate that the electric field depends on Ny and ¢.
In the low-field regime, the AR /R spectra are ex-

pressed by a derivative line shape of the dielectric func-
tion, 18,2738

P i -—m;
AR/R=Re| 3 Cje'(E—E,,+iT)) ™|, ©

Jj=1

where p is the number of interband transitions included,
and C}, 0;, E, ;, I';, and m; are the amplitude, phase fac-
tor, energy, broadening parameter, and a parameter that
depends on critical point type and order of derivative of
the jth feature, respectively. In the surface barrier of a
semiconductor, the modulating light power P, the modu-
lated surface voltage V by the modulating light, and the
average field © have the following relation:

In(P)cVx@®?, (10)

where AR /R is proportional to © 2 in this field range.?
Therefore, AR /R is proportional to In(P) in low-field re-
gime.

In the intermediate-field regime,2 we must treat care-
fully the modulating field which consists of an ac electric
field ©,, and a built-in dc electric field ©4, because the
period of the observed Franz-Keldysh (FK) oscillations
and the envelope function are related to ©,4. and 6,./60,,
respectively.!* In PR measurements, the built-in electric
field O, is larger than ©,.. Therefore, the theory based
on the modulation from the flat band?® cannot be applied
directly to an analysis of the PR spectrum. Recently,
Bhattacharya et al.'* treated electromodulation under
the conditions of a large ©4. (>6,.). They give the per-
turbed dielectric function 8¢e( E, 03, O;.) by

8

Se(E, 05, 0°,) « é(@;c)”’

X 03[ G (9}, §) +iF (1}, €)1 , (11)

where ©y. and ©;. are the surface dc and ac_electric
fields, respectively. The functions F(73.,&) and G(n§., &)
are the newly defined functions in Ref. 14. Here,

Mg =(E; —E) /by , (12a)
(#1605, =(e#iO%.) /21 (12b)
gzesac/eﬁic ’ (120)

and 7 is Planck’s constant and p the reduced interband
mass.

Since the Seraphin coefficients a and B are a>>f
around the band edge Eg (1.428 eV) of unstrained GaAs
at 300 K, AR /R is determined by the real part of Eq.
(11). The observed PR signal is the summation of the
contribution of the transitions from the light and heavy
holes to the s-like conduction band. Therefore, AR /R is
given by
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AR /R =(AR/R),+(AR/R), , (13)

where (AR /R); and (AR /R), are the PR signals related
to light and heavy holes, respectively.

IV. EXPERIMENTAL RESULTS
AND DISCUSSIONS

Figure 4 shows the thickness dependence of PR spectra
of 3.6-um-thick GaAs (N, =1X10' cm™3). In these PR
spectra, two major features are observed: (i) The PR
spectrum drastically changes around the thickness of 2.0
pm, and (i) FK oscillation is observed at more than 1.5
eV in each spectrum. The modulation-light-power
dependence of the PR signal was carefully investigated in
the range 0.01-10.0 mW/cm?. Although the clear
change of the amplitude of PR spectra was observed,
there is no change in the line shape of the spectra. The
dependence of PR amplitude on In(P) does not show the
low-field properties as demonstrated by Eq. (10). This re-
sult and FK oscillation in Fig. 4 indicates that the PR
line shape of this heavily doped sample is explained by
the modulation in the intermediate-field regime. The
identical line shape in the range 0.01-10.0 mW/cm? does
not always mean that the PR spectra are in the low-field
regime. According to the recent theoretical and experi-
mental investigations by Bhattacharya et al.,'* PR line
shapes measured at the various modulating light intensi-
ties are identical, when the modulating field is very small

3.6 ym
h—'gﬁ\/‘/\/\/“’
22—
3.0

ﬁ/\/\/\,
:\/\/\/V
—~S" e~
—2 SN~
- S MNe—

2.2

4R/ R (arb. units)

2.0

1.8
1.6

1.4

1 1 |

1.3 14 15 16
PHOTON ENERGY (eV )

FIG. 4. Thickness dependence of PR spectra of 3.6-um-thick
GaAs (Np=1X10" cm™3).
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compared to the built-in field. In PR measurements, the
built-in electric field is larger than the modulating field.'*
Therefore, it can be considered that the spectra in Fig. 4
are in the intermediate-field modulation. If the observed
PR spectra are the superposition of the relatively sharp
exciton spectrum and the interband transitions, the am-
plitude, phase, and broadening of the spectral line shape
associated with the exciton are extremely sensitive to the
magnitude of the modulating and dc bias voltage, i.e., the
modulating light power in the PR measurement.'#2%3°
Since the line shape in the range of the modulating light
intensity from 0.01 to 10.0 mW/cm? is identical, the
prominent feature in PR spectra in Fig. 4 is due to the
nonexcitonic interband transitions. The heteroepitaxial
films have a large dislocation density greater than 10’
cm 3. This dislocation almost quenches the exciton in
GaAs film at room temperature. Therefore, it is con-
sidered that the signal from the quenching of the exciton
by the applied field could not be observed in PR measure-
ments.

The PR spectral profile in the intermediate-field regime
can be simulated theoretically from Egs. (11)-(13). Fig-
ure 5 shows a comparison between the calculated and ex-
perimental PR spectra at 2.8 um. The power density of
the modulating light was 10.0 mW/cm?. In this calcula-
tion, spectral broadening was not considered, and the am-
plitudes of spectra originated from light and heavy holes
were taken as fitting parameters. The band-edge ener-
gies, the period of FK oscillations, and its damping
profile give the information about the stress effect and the
built-in electric field. We have obtained the following
values from this analysis: O8Ec;uy=—8 meV,
8Ec yy=—38 meV, 65, =1.0X10° V/cm (4=0.33 V),
and £=0.21. It can be seen that the calculated band-edge
energy and oscillation period agree well with those of the
experimental PR spectrum. According to Egs. (7) and

Power density 10 mW cm?2
GaAs :Np=1+10"7cm3
(a)Experiment | FK oscillation :
)
€
3
g
° A
o (b) Calculation
x
-3
e-lh g
1 Il ‘ 1 L
13 14 15 1.6
PHOTON ENERGY (eV )
FIG. 5. (a) Experimental PR spectrum of GaAs

(Np=1X10" cm™3) at 2.8 um, and (b) theoretically calculated
PR spectrum.
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(8), the built-in surface electric field ©3, and the space-
charge width W of this sample are 1.4X10° V/cm and
103 nm, respectively. In this calculation, we assumed
¢=0.7 V, which corresponds Fermi-level pinning below
the conduction band.’! It is noted that the calculated 6,
is smaller than the value expected by Fermi-level pinning.
The evaluated £ indicates that the modulating field at the
maximum modulating-light intensity of 10.0 mW/cm? is
about 1 order of magnitude smaller than the built-in field.
The identical line shape observed in the range of the
modulating light intensity from 0.01 to 10.0 mW/cm? can
be explained by this small value of £.!* Applying the
similar analytical process to the other spectra, the band
edges were obtained as a function of the thickness of
GaAs film. The results will be discussed later.

For 1-um-thick GaAs (undoped), the same PR mea-
surement was performed. The results are shown in Fig.
6. In this case, FK oscillations were not observed in a
higher-energy region. Figure 7 shows the modulating-
light-power dependence of the PR amplitude of AR /R.
It can be seen that AR /R increases in proportion to
In(P). According to Eq. (10), these PR line shapes are ex-
plained by the low-field ER theory expressed by Eq. (9).
Furthermore, it was found that the prominent spectral
features in Fig. 6 are due to the nonexcitonic interband
transitions, because the change of the spectral features
was not observed by varying the modulating-light intensi-
ty. In the photoluminescence (PL) experiments®!® at low
temperature for GaAs/Si, the spectra originating from
the two different strain regions were observed in the sam-
ple with some cracks in the GaAs film, and the actual
splitting of the valence-band degeneracy in each region
was observed by PL excitation measurement, that is, four
valence bands exist in the sampling region. In the sample
having only small cracks, the PL spectrum ascribed to
only one kind of strain region in the GaAs film is ob-

—
1.0 pm j\
b /\\) VA
P ERAGIVA /\
£ of— a
5 \\]V
g 068 A
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= | os2 NY
< o /\’\ /\
7
0.36 \/
0 /\\f/\
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\
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12 13 14 15 16

PHOTON ENERGY (eV)

FIG. 6. Thickness dependence of PR spectra of 1-um-thick
GaAs (undoped).
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FIG. 7. Pumping-light-power dependence of the amplitude of
AR /R.

served.’® Since it was checked by an electron-
beam-induced current (EBIC) image that the samples
measured in this experiment clearly have some cracks in
the GaAs films,? the former case is possible; that is, two
different strain regions cause the splitting of the valence-
band splitting in each region in our samples. Therefore,
we try to explain the PR spectra by a superposition of
four line-shape functions described by Eq. (9). In this cal-
culation, m; =3 is appropriate for the observed PR spec-
tra due to the nonexcitonic nature of these features. Fig-
ure 8(a) shows a typical result of the least-squares fit of
Eq. (9) for m;=3 to the experimental PR spectra. The

— EXPT
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VANLW.\N
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(b) DIFFERENCE
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T | (c) CALCULATION

S| Eg4=1396 eV
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Egl3=1.447 eV

Eg.,=1478 &V

L I L 1 I
12 1.3 14 1.5 1.6
PHOTON ENERGY ( eV )

FIG. 8. Low-field PR spectrum [solid line in (a)] of GaAs
(undoped) at 0.84 um and theoretically calculated PR spectrum
[dotted line in (a)]. The difference between them is plotted in
(b). Calculated spectrum consists of four interband-edge spectra
shown in (c).
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solid and dashed lines are the measured and calculated
PR spectra, respectively. The calculated line shape is the
summation of four different PR spectra plotted in Fig.
8(c). Figure 8(b) shows the difference between the experi-
mental and calculated PR spectra, and indicates a ground
agreement between them. Since the accuracy in the eval-
uation of the band gaps E, ; for each critical point was
within 5 mV, this calculation can be considered to be
unique. In the thickness dependence of the PR spectrum
shown in Fig. 6, each peak position gradually changes
with decreasing the thickness. For thicknesses less than
0.5 um, however, the PR signal becomes extremely weak
and it is very difficult to determine E, ; precisely from the
fitting of the spectra. This result indicates that the crys-
tal quality is degraded by defects associated with the
misfit compensation during the initial stage of growth.
The E, ; evaluated from PR spectra in Figs. 4 and 6
are plotted as a function of the film thickness in Fig. 9.
The data of Figs. 4 and 6 are expressed by the open and
solid circles, respectively. The dash-dotted line shows the
position of Eg. According to Egs. (6a) and (6b), the ener-
gy shifts can be transferred to the strain (stress) scale.
Figure 10 shows the thickness dependence of the strain
and stress. The open and solid circles in Fig. 10 are cal-
culated from the data in groups 4 and B in Fig. 9, re-
spectively. The obtained strain profile reflects the pres-
ence of the systematic change in the strain of two
different strain regions in one sample. The open circles
show that compressive strain exists in one region at the
initial stage of the growth and is gradually relaxed. Then
this region transfers to tensile strain around thicknesses
greater than 2 pum. It is noted that for thicknesses
around 2 pum, the compressive stress balances with
thermally induced tension. In the other region (solid cir-
cles), tensile strain exists. This region has a band-edge
energy of about Eg at about 0.5 um, and the tensile strain
becomes large with increasing thickness. However, this

1.50f
e

—~ 3 Group A
TS g
~ E§ =1.428 eV
5 Ty
5 C’Y\QO&O.QQ.
=4
Wisor 0o~
z dvooa
©
o
z Group B

1.35¢

0 10 20 30

LAYER THICKNESS ( pm )

FIG. 9. Thickness dependence of E,,: the open and solid
circles denote the data of Figs. 4 and 6, respectively. Dash-
dotted line shows the position of the band edge of GaAs with no
strain (EJ=1.428 V).
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FIG. 10. Stress and strain calculated from Fig. 9. The open
and solid circles are calculated from the data in groups 4 and B
in Fig. 9, respectively.

region disappears around thicknesses greater than 2 pum.
These large thickness dependences of strain are quite
different from the theoretical estimation by the thermal-
expansion mismatch (Fig. 3), in which the strain slightly
changes in the thickness range 0.5-3.6 um. Our experi-
mental results indicate that the compressive stress due to
the lattice mismatch between GaAs and Si should be tak-
en into account together with thermal effects. Ogasawara
et al.® pointed out that there is a relaxation mechanism
produced by a compressive stress component in the
thermally induced strain system, when GaAs is grown at
relatively low temperature (<600°C). In particular, it
has been noted that the materials grown below 420°C
show only compressive strain.® In this experiment, GaAs
was grown at 570°C, which is relatively low in compar-
ison with the substrate temperature reported previous-
ly.671011 The observed transition from compression to
tension demonstrates the presence of the relaxation pro-
cess produced by a tensile component in GaAs grown at
low temperature on a Si substrate.

V. CONCLUSIONS

Single-crystalline GaAs was grown directly on a Si sub-
strate at a relatively low growth temperature (570°C).
The residual strain in the epitaxial film was investigated
by PR measurements. PR signals measured at room tem-
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perature were very clear, and this led to the reliable as-
signment of the fundamental band edge.

The observed PR spectra indicate that the hydrostatic
component of the residual strain in the heteroepitaxial
film induces a shift of center of gravity of the P, ,; multi-
plet and that the biaxial component splits this multiplet.
The compressive strain caused by the lattice mismatch is
not completely compensated by the formation of misfit
dislocations during the growth, but the compressive com-
ponent is gradually relaxed by the tensile component
originating from the thermal-expansion mismatch. For
thicknesses greater than 2 um, only tensile strain was ob-
served, while in the thickness range from 0.5 to 2.0 um,
the observed PR spectrum reflected the presence of two
different strain regions in one sample of GaAs on a Si
substrate. Furthermore, for thicknesses less than 0.5 um,
the crystal quality was degraded by defects associated
with the misfit compensation during the initial stage of
growth.

A clear difference in the PR signal has been found with
the impurity concentrations in the GaAs layer. The spec-
tral line shapes of highly doped and undoped samples are
well explained by FK oscillations and the derivativelike
feature in the low-field regime, respectively. In the low-
field regime, the PR spectrum was expressed by a third-
derivative line shape of the dielectric function, and the
pumping-light-power dependence of the amplitude of
modulated reflectance was well explained by the photo-
voltaic effect. In the intermediate-field regime, FK oscil-
lations were observed. The period and envelope function
of these FK oscillations are related to the built-in and
modulating surface electric field. According to a general-
ized FK theory in which a large built-in electric field is
taken into account, the built-in electric field and built-in
potential at the surface of GaAs film on a Si substrate
were determined. The obtained value was somewhat
smaller than that expected under Fermi-level pinning.
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