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The optical absorption of strained, chemically lifted GaAs films was measured. The films were
grown by molecular-beam epitaxy, and then were chemically released from their substrates using a
preferential etch and were glued to a quartz plate. Because of the differential thermal expansion of
GaAs and quartz, the semiconductor film is under tension below room temperature. From the opti-
cal absorption of the film between 10 and 160 K, the hydrostatic and uniaxial deformation poten-
tials were found to be a = —7.6+0.6 meV and b = —1.92+0.04 meV, respectively. Very narrow ex-
citonic linewidths were observed at low temperatures, but the exciton-phonon coupling was found
to be the same as for an unstrained, bulk GaAs film. The spin-orbit splitting A, was found to be in-
dependent of temperature between 20 K and room temperature.

I. INTRODUCTION

The growth of lattice-mismatched epitaxial layers has
enabled a wide range of strained semiconductor materials
and devices to be fabricated and studied, and has prompt-
ed great interest in the effects of strain on these materials.
The major rationale for the interest in lattice-mismatched
material systems has been the desire to combine the prop-
erties of two (or more) disparate materials for a single
electronic or optoelectronic device. This has resulted in
the recent development of, for example, the GaAs/Si,'
GaAs/InP,”> and In,Ga, ,As/GaAs (Ref. 3) lattice-
mismatched systems. Recently, much interest has cen-
tered on the selective chemical release of epitaxially
grown material from its substrate.*”’ This technique
opens up significant new areas for materials research and
device fabrication®~’ and may provide a novel and tech-
nologically useful method for combining lattice-
mismatched materials.

Recently, we reported® the near band-gap optical ab-
sorption of a chemically released GaAs film on a quartz
substrate. It was shown that the optical properties of the
epitaxial films were not degraded by the liftoff process, as
evidenced by strong excitonic absorption features that
persisted even to room temperature. Due to the
differential thermal expansion coefficients of GaAs and
the much thicker quartz substrate, the semiconductor
layer is under tension at temperatures below room tem-
perature. Varying the sample temperature therefore pro-
vides a simple technique for investigating the effects of
strain in GaAs.

The valence band of GaAs at the center of the Bril-
louin zone consists of a fourfold-degenerate multiplet
(J=3%, m;=+3,4+1) and a spin-orbit-split doublet state
(J=1,m,= i%).g’m If the material is uniaxially or biaxi-
ally strained, the degeneracy of the J =3 multiplet is
raised and it splits into m, =+ [*heavy” hole (HH)] and
m,==x1 [“light”” hole (LH)] bands. We were able to ob-
serve both electron-to-LH and electron-to-HH absorp-
tion, as well as electron to spin-orbit-split transitions in
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the transmission spectra of the thin GaAs film.

The strong, narrow absorption peaks exhibited by
these thin films allow the excitonic positions to be accu-
rately found. We were able, therefore, to determine the
hydrostatic and uniaxial deformation potentials of GaAs
at temperatures between 10 and 160 K and could also
measure the spin-orbit splitting up to room temperature.
The linewidth of the heavy-hole exciton was found to
broaden with increasing temperature due to exciton-
phonon coupling, with the strength of the coupling being
in agreement with earlier measurements.

II. EXPERIMENTAL

The preparation of a GaAs thin film on a quartz sub-
strate has been described in detail previously*® and will
only be outlined here. On a (100)-oriented, semi-
insulating GaAs substrate, a 0.4-um undoped GaAs
buffer layer was grown using molecular-beam epitaxy
(MBE), followed by a 500-A AlAs release layer and then
1.3 um of undoped GaAs. After the growth, 4 X4-mm
squares of material were coated with “Apiezon W* wax,
and the AlAs layer was selectively removed using a 10%
HF etch at a temperature a few degrees below 0°C. The
lifted-off GaAs layer was then bonded to a quartz sub-
strate using uv-cured Norland optical adhesive No. 81.
Finally, the wax was removed with trichloroethylene.

For the transmission measurements, mechanically
chopped light from a tungsten lamp was passed through a
1-m Chromatix monochromator and focused onto the
sample. The transmitted light was detected using either a
Si p-i-n detector or a room-temperature GaAs photomul-
tiplier tube (PMT), in conjunction with a lock-in
amplifier. The sample was mounted film side down on
the cold finger of a closed-cycle He cryostat, the tempera-
ture of which could be varied from 10 to 300 K. To en-
sure that good thermal contact was maintained between
the GaAs and the cold finger, the two were held together
by a slight force applied by springs on the back of the
quartz substrate. The temperature was monitored with
two Chromel/gold thermocouples, one on the copper
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mount and one on the back of the quartz. These agreed
to within 1.5 K at all temperatures. Transmission was
measured through a 0.5-mm aperture in the cold finger,
with care being taken to prevent stray light by-passing
the sample and reaching the detector.

Three different transmission measurements were made
to verify that there was no stress on the GaAs due to con-
tact with the copper mount. Firstly, a spectrum was
measured with the sample mounted in the cryostat;
secondly, the sample and the copper mount were re-
moved from the cryostat and immersed in liquid nitro-
gen. Finally, the sample was loosely held in liquid nitro-
gen. In each case the spectra were identical in terms of
the strength, linewidth, and energy position of the
features.

In addition to absorption measurements, photo-
transmission (PT)!' was also employed to characterize
this material, using the experimental arrangement shown
in Fig. 1. This technique is similar to the better known
photoreflection (PR) technique.!>!> White light is passed
through the monochromator and an order-separating
filter and focused onto the sample. The 515-nm light
from an argon ion laser is chopped and ~5 mW/cm? is
also directed onto the sample. A long pass filter was used
to block the laser light from the Si p-i-n detector used in
these measurements. The signal at the detector consists
of an unmodulated component (the transmission spec-
trum) and a modulated component, made up'® of PT and
photoluminescence (PL). This latter component, which
becomes dominant at low temperatures, appears at the
detector as a wavelength-independent modulated back-
ground and so can be subtracted from the PT. At 10 K,
this PL was so strong, however, that the weaker PT sig-
nal could not be determined at all. The final spectrum is
obtained by normalizing the PT to the (unmodulated)
transmission spectrum.

To determine the unstrained band gap of GaAs as a
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FIG. 1. Schematic view of the experimental arrangement for
observing phototransmission (PT) spectroscopy. Similar ar-
rangements were used to measure transmission and
photoreflectance (PR) spectra.
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function of temperature, we analyzed another sample of
GaAs that had been grown at the same time as the
lifted-off sample. As this layer was not removed from its
substrate, it remained unstrained at all temperatures.
Transmission measurements could not be used to charac-
terize this sample (because of the substrate), so the band
edge was measured using reflection, photoreflection, and
photoluminescence spectroscopies. The PR was mea-
sured using a similar arrangement to that of Fig. 1, and
the PL was measured using the argon ion laser and the
GaAs PMT.

III. RESULTS AND ANALYSIS

The differential thermal expansions of the quartz sub-
strate and the GaAs film causes the latter to be under
tension at temperatures below room temperature. The
known expansion coefficients for the two materials'* !’
can be used to determine the (positive) biaxial strain at a
given temperature via

T
€)= [ [aGuad T~ Cquar TT" (1)

where € is the strain, T the temperature, and a the expan-
sion coefficient. This strain is shown in Fig. 2 and can be
seen to reach a maximum value of about 107 at 0 K,
equivalent to an external pressure of ~0.8 kbar. The bi-
axial tension in the GaAs film causes a corresponding
compression in the direction perpendicular to the layer.
The total strain can be regarded as being made up of a
hydrostatic component and a uniaxial component acting
in the perpendicular direction. The direct energy gaps at

T are altered by the strain as follows:*1°
EgHi(e, T)=E\(T)+8E, —8E, , @)
ESMYM(e, T)=Ey(T)+8Ey+8E, —28E}/A,, ()
E{SS(e,T)=Ey(T)+8Ej;+Ay+28E% /A, , (4)
where E§'"HH (e T) is the energy of the electron-to—
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FIG. 2. Calculated strain in a GaAs thin film on a quartz
substrate. The dashed curves show the thermal contraction of
freely suspended GaAs (Ref. 14) and quartz (Ref. 15), while the
solid line shows the biaxial strain induced in a GaAs film con-
strained by quartz. Error bars refer to total strain.
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(light-) heavy-hole band gap, and E§5(¢, T) the energy of
the electron-to—spin-split-hole band gap as a function of
strain, €, and temperature 7. Ey(T) is the unstrained
band gap of GaAs,

C,—Cp

SEH=20 C“

(5)

and
Ch—Cp

" =2q’
SEH a C“

(5

are the hydrostatic strain shifts of the energy gap (which,
for € >0, result in a decrease in the gap), and

C,,+2C,

BEy=b | =&

(6)

is the uniaxial contribution to the energy shifts (which
splits the HH-LH degeneracy, with the light-hole band
moving to higher energy than the heavy-hole band under
tensile strain). C,; and C, are the elastic constants and
a and b are the hydrostatic and uniaxial deformation po-
tentials, respectively. The elastic constants have a small
temperature dependence, which is assumed to be linear.'®
The hydrostatic deformation potential is related to the
pressure derivative of the band edge (under hydrostatic
strain) by

a=—By3E,/oP , (7)

where B,=(C,, +2C,,)/3 is the bulk modulus. 4, is the
splitting at I" between the degenerate LH and HH bands
and the spin-orbit-split-hole band at zero strain, and is
taken to be 341 meV.!7 The final term in Egs. (3) and (4)
accounts for the interaction between the light hole and
the split-off hole, which causes the two bands to move
apart from each other as || increases.
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FIG. 3. Transmission of a 1.3-um GaAs film on a quartz sub-
strate, measured as a function of temperature. The light-hole
and heavy-hole excitons are split by the biaxial strain in the thin
film, with the light hole shifting to a lower energy than the
heavy hole.

7751

Transmission measurements in these strained thin films
yield spectra with strong, sharp excitonic features,® as
shown in Fig. 3. From the observed splitting of the LH
and HH absorption peaks as a function of temperature,
the uniaxial deformation potential b can be determined.
Using the strain from Fig. 2, the splitting is fitted very
well with b =—1.924+0.04 meV, as shown in Fig. 4. In
obtaining this result, we have assumed that the LH and
HH exciton binding energies are equal. Above 160 K,
the splitting cannot be obtained from our spectra since it
is too small and the linewidths are too large to resolve it.
The value of b obtained is constant over the temperature
range considered and is in good agreement with measure-
ments of other workers made at fixed temperatures. A
comparison with some of these previous measurements is
shown in Table I.

To determine the hydrostatic deformation potential a,
the unstrained band gap E, was determined as a function
of temperature. As already described, an unstrained sam-
ple of GaAs was analyzed using reflection, PR, and PL
spectroscopies. In Fig. 5 representative data for the
reflectance R, its (calculated) logarithmic derivative
(1/R)(dR /dE), and the PR signal at 100 K are shown.
The PR signal is fitted with a third derivative functional
form'? and the position of the two significant features is
marked with vertical arrows. One feature arises from the
exciton and the other is due to the band edge, the latter
being ~4 meV —an exciton Rydberg—higher in energy.
It can be seen that the strong dip in the (1/R)(dR /dE)
spectrum'® is very close in energy to the exciton position
found by PR. This was so for spectra at all temperatures
above about 50 K. Below this temperature, the PR signal
is more difficult to measure, since PL is also present at
the detector, and it was found that the two techniques
differed by up to 2 meV. The dip in the reflectance
derivative was taken to be a more accurate measure of
the band edge below 50 K. PL spectra were measured at
temperatures up to 160 K and the variation of the peak

Splitting (meV)
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FIG. 4. Observed and calculated light-hole—heavy-hole split-
ting as a function of temperature. The solid curve was calculat-
ed using Egs. (1)-(6), assuming a temperature-independent uni-
axial deformation potential b =—1.92 meV. The data points
were determined from transmission spectra.
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TABLE 1. Hydrostatic (a) and uniaxial (b) deformation po-
tentials for GaAs at various temperatures. The values from this
work were determined over the temperature range indicated,
with the sample under a small biaxial tension. (RT denotes
room temperature.)

Temperature a (meV) b (meV)
20-160 K —7.6%+0.6* —1.92+0.04*
RT —8.1+0.03° —1.7+0.2°
—9.0+0.4° —2.0+0.2¢
—8.7+0.2¢
—9.1+1°¢
—9.3f
150 K —8.5+0.18
120 K —7.4
77 K —8.8+0.03° —1.7+0.2°
—8.7+1" —1.7+0.1"
—8.5%+0.18
—-8.4'
8 K —8.5+0.18
5K —8.5+0.%
2 K —9.1+0.5 —1.96+0.1%
*This work. eReference 28.

"Reference 9.

'Reference 29.
JReference 30.
kReference 31.

"Reference 23.
‘Reference 24.
dReference 25.
‘Reference 26.
‘Reference 27.

position with temperature agreed with the temperature
variation of the reflectance dip.

The measured position of the exciton as a function of
temperature was fitted with a fourth-order polynomial to
allow smooth interpolation of the data. The uncertainty
in the band edge is estimated to be 0.5 meV. Using our
value of the deformation potential b =—1.92 meV, the
position of the strained light- and heavy-hole excitons ob-
served in absorption could be fitted with a temperature-

independent hydrostatic deformation potential a = —7.6
R }
(omita)
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R dE

Energy (eV)

FIG. 5. The reflectance R, its (calculated) logarithmic deriva-
tive (1/R)(dR /dE), and the PR spectrum of unstrained GaAs
at 100 K. Circles and crosses represent experimental points,
while the solid line is a fit to the PR using a third derivative
functional form (Ref. 12), with an exponent of —3. The arrows
show the energy positions of the band edge and exciton found
from the PR fitting procedure.
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FIG. 6. Observed and calculated strained exciton position as
a function of temperature. The unstrained excitonic position
was determined from reflectance measurements. The dot-
dashed (dashed) curves represent the calculated heavy- (light-)
hole exciton position assuming @ =—7.6 meV and b =—1.92
meV and an uncertainty of +0.5 meV arising from the uncer-
tainty in the unstrained exciton position (solid line). The error
in the measured points (crosses) is only ~+0.1 to £0.2 meV and
so is not visible on this scale.

meV up to 160 K, as shown in Fig. 6. An uncertainty of
+0.6 meV in the calculated value of a is estimated, due
mainly to the +0.5-meV uncertainty in the unstrained
band gap, and also to the smaller uncertainty ( ~ 0.1 to
10.2 meV) in the strained exciton positions. This value
of a is in good agreement with previous values, measured
at both lower and higher temperatures, as shown in Table
I. This is believed to be the first measurement of the
strain deformation potentials of GaAs with the material
in tension, and also the first over a wide, continuous tem-
perature range. It shows that both a and b are tempera-
ture independent up to 160 K.

The spin-split hole was observable in both transmission
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FIG. 7. The spin-split hole in the GaAs thin film on quartz,
as observed with transmission and phototransmission (PT) spec-
troscopy. PT allows the spin-split hole position to be deter-
mined to within a few meV, even though the feature in the
transmission spectrum is very broad.
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and PT spectra, as shown in Fig. 7. PT allows us to
determine the energy of this transition to within a few
meV up to room temperature, even though the feature in
the transmission spectrum is very broad. The PT feature
was fitted with a similar line shape to the PR as described
above. It was found that the energy difference between
this feature and the average position of the light- and
heavy-hole excitons was 340.5+3 meV at all tempera-
tures, as shown in Fig. 8. It is expected from Egs. (2)-(6)
that the spin-orbit splitting will be independent of strain
and temperature if A, is temperature independent and the
deformation potentials @ and a' are equal. The two de-
formation potentials have been estimated® to differ by less
than 1%, and since 8Ej; is much smaller than A, the
effect of this small difference is negligible for the small
strains present in our experiment. Our result therefore
indicates that the spin-orbit splitting is temperature in-
dependent from 20 K up to room temperature. The actu-
al value of A, depends upon whether the observed spin-
split feature arises due to excitonic or band-edge absorp-
tion. In the former case, assuming a split-off exciton
binding energy of 3.4 meV,!” we find Ay=340%3 meV.
In the latter case, A, will be 33613 meV. A previous
measurement of the spin-orbit splitting over this temper-
ature range'® also indicated that A, is temperature in-
dependent, with a value of 350 meV. Measurements
made by others at room temperature’® and 4 K (Ref. 17)
give values of 340 and 341 meV, respectively. Our results
are clearly in excellent agreement with Refs. 17 and 20
and confirm the temperature independence of Aj over the
entire temperature range of 20 to 300 K.

Finally, an analysis of the linewidths of the transmis-
sion peaks is of interest. Using the technique described
elsewhere,? the transmission spectra are converted to ab-
sorption and the linewidth [full width at half maximum
(FWHM)] of the heavy- and light-hole excitonic peaks
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FIG. 8. The energy difference between the spin-split feature
observed in PT (see Fig. 7) and the average position of the
light-hole and heavy-hole exciton in the strained GaAs thin
film. This energy difference is 340.5%3 meV over the tempera-
ture range shown.
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can be determined using a fitting technique. The exciton-
ic absorption is fitted with Gaussian peaks, and the band
edge is modeled semi-empirically as a broadened continu-
um.?! For the light-hole exciton, the linewidth could
only be determined at the lowest temperatures and was
found to be 0.9+0.1 meV, as shown in Fig. 9. This figure
also shows the HH linewidth as a function of temperature
up to room temperature. The HH linewidth broadening
as a function of temperature is found to be matched very
well by a model of exciton scattering from longitudinal
optical (LO) phonons. The linewidth is made up of a low
temperature value I';, and a term due to the scattering,21

N(T)=Ty+Tlexp(E, /kT)—1]7", (8)

where E, is the LO-phonon energy and is 36 meV for
GaAs, kT is the thermal energy, and th is a measure of
the exciton-phonon coupling. A good fit is obtained with
[,=1.31£0.1 meV and I';,;=14 meV for the heavy hole,
as shown. For the light hole, I’y is 0.9 meV, but I';, ap-
pears to be smaller than the 14 meV observed for the
heavy hole. T, compares very favorably with previous
measurements,’"?? indicating the high quality of this ma-
terial. The strength of the exciton-phonon coupling ",
in our thin film agrees exactly with an earlier measure-
ment on bulk, unstrained GaAs (Ref. 22) but is smaller
than measurements of the coupling in a GaAs/AlGaAs
multiple quantum well?! (11 meV).

In summary, we have studied strain effects in a chemi-
cally released GaAs thin film using absorption and
reflection spectroscopies. The strong, sharp excitonic
features observed allowed determination of the hydrostat-
ic and uniaxial deformation potentials, which were shown
to be independent of temperature up to 160 K. The

FWHM (meV)

heavy hole

200 S { ........... {

light hole
I

1

0 100 200 300
Temperature (K)

FIG. 9. The measured full width at half maximum (FWHM)
of the light-hole and heavy-hole excitons as a function of tem-
perature. The solid line is a fit to Eq. (8) with [',=1.3 meV and
[, =14 meV and shows that the heavy-hole broadening is well
described by a model of exciton-phonon scattering. The light-
hole FWHM could only be determined up to 77 K.
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spin-orbit splitting A, was shown to be temperature in-
dependent up to room temperature, and the heavy-hole
linewidth was shown to broaden with temperature due to
exciton-phonon coupling, with a coupling strength identi-
cal to unstrained GaAs.
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