PHYSICAL REVIEW B

VOLUME 22, NUMBER 4
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Wavelength-modulated reflectivity spectra are performed on the direct exciton spectrum of InP under uniaxial-
stress conditions. Working at liquid-helium temperature, both the fundamental (E,) and spin-orbit split-off
transition (E,+4 ) are investigated. For unstressed crystals, at 5 K the 1s excitons are found at 1418.2 = 0.5 and
1526.3 = 0.5 meV, respectively. The spin-orbit splitting energy (4 ;) is found to be 108 = 1 meV. Next the stress
dependence in configurations X parallel to the [001], [111], and [110] crystallographic axes are investigated. An
inability to apply stress magnitudes larger than 3 kbar necessitates analyzing the data with a simple model of orbital-
strain interaction which neglects the stress-dependent spin-orbit interaction. Three deformation potentials are
deduced: A fully symmetric, interband, deformation potential C,+a,= —8.0 + 0.4 eV, which gives hydrostatic
pressure coefficient dE,/dP = 11.1 = 0.6 meV/kbar and two shear deformation potentials, b = — 2.0 = 0.2 eV
andd = — 5.0 £°0.5 eV. The first one, associated with pure I",,(2e,, —e,, —e,,) components of the strain tensor,
gives the stress-induced splitting of the valence band under [001] compression while the second, associated with
I' ;5 components, corresponds to pure [111] stress. The ratio of experimental splittings in both configurations is
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related to the anisotropic behavior of the valence band. For InP it is found to be about 0.7.

PACS numbers: 71.25.Tn, 71.70.Ej, 78.20.Hp

INTRODUCTION

Compared with GaAs, for example, it is well
known that very little work has been done on the
fundamental properties of the closely related com-
pound InP. In the literature there is a careful
study* of the excitonic transition I'y,~ Ty, (E, tran-
sitions) but no effect of uniaxial stress has been
reported and the deformation potentials associated
with the shift of the band gap and the splitting of
the valence band are not known. Up to now, the
only published data*? concern the hydrostatic pres-
sure coefficient of the band gap which is found to
be about 8.7 or 9.1 meV/kbar according to the re-
sults of Ref. 2 or Ref. 3, respectively.

In this work, we give results obtained on large
single crystals of InP for uniaxial stress directed
along the [100], [111], and [110] crystallographic
axes. Two direct transitions I'y )~ T, and T, - T,
(E, and E,+ A, in the notation of Ref. 4) have been
investigated with the help of a high-resolution
wavelength-modulated spectrometer. At low tem-
perature, we resolve two excitonic structures and
deduce a new and accurate value for the spin-orbit
splitting energy. Due to the rather poor crystalline
quality of our samples, the uniaxial compressions
were restricted to below 3 kbar, and we have not
been able to get the weak spin-dependent deforma-
tion potentials (a,, b,,d,) recently reported for
GaP.* We analyze our data, taking into account
only the orbital-strain interaction, and we deduce
three deformation potentials. The first one, a,
+C,, is associated with the hydrostatic components
of the strain tensor (I';, symmetry), the second, b,
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and d, are associated with the shear components
of respective symmetry T, ([100] stress) and
I, ([111] stress).

EXPERIMENTS

The apparatus used in these experiments con-
sisted of a Jobin-Yvon HRS-1 spectrometer, A
modulated by a thin vibrating mirror in front of the
exit slit. A tungsten lamp and a silicon detector
(EGG, SGD 144) completed the setup.

The stress apparatus has been described al-
ready and permits application of fairly large uni-
axial stresses.? In this work, the maximum value
reached was only 3 kbar due to the rather poor
crystalline quality of InP samples presently avail-
able.

All samples used in these experiments were
oriented by x-rays and cut from a single ingot of
nonintentionally doped crystal.® Typical dimen-
sions were about 1Xx 1x 5 mm?® with the large di-
mension along the stress direction. In order to
ensure a good stress homogeneity, the two narrow
pressure faces were optically flat. Next the large
optical faces were carefully polished and chemi-
cally etched in HCI(1)/HNO,(1) for about one min.
All spectra were recorded at 5 K.

RESULTS AND DISCUSSION
A. Zero-stress experiments

Typical A-modulated reflectivity spectra ob-
tained on the E , E + A, transitions of InP are
shown in Fig. 1. Note the small value of the
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FIG. 1. Wavelength-modulated reflectivity (WMR)
spectra obtained at 5 K in the range of Ej and Ey+ 4,
transitions for mP. The corresponding energies are
1418.2 (E() and 1426.3 meV (Ey+4,). This gives a spin-
orbit splitting energy A;=108+1 meV.

broadening parameter (I' < 3 meV) which is asso-
ciated with the low-temperature. Also note the
zero-crossing points. According to the simple
theory of first-order derivative spectra,®"” they
must be associated with the critical energy in-
vestigated. In our case, they have been obtained
by carefully subtracting a structureless back-
ground which always appears in this energy range.
The results are fairly reproducible from sample
to sample and the corresponding uncertainties

~range within 0.5 meV. Averaging over a series of
13 different samples, we get at 5 K.

E;=1418.2+ 0.5 meV,
Ey +A,=1526.3+0.5 meV,
A,=108+1 meV.

The first result is in excellent agreement with
recent data by Ruhle ef al.? (1.41848 eV). Also
White et al.® or Fischbach et al.'° report 1.4182
eV, and, finally, Evangelisti ef al.'* report 1.4185
eV. The main discrepancy with the transmission
data of Ref. 1 (1.4165 eV at 6 K) comes from the
presence of internal strains often present in low-
temperature transmission experiments. In this
case it is interesting to note that the residual
strains present in the samples resulted in a
roughly hydrostatic expansion, the associated
pressure being of the order of 0.2 kbar.

Concerning the spin-orbit split-off transition
(Eo+ &), rather little work has been done. In fact,
this is, as far as we know, the first determination
obtained at liquid-helium temperature. The value
quoted (0.108 eV), is in satisfactory agreement
with the result of previous room-temperature de-
terminations.12:13

B. Uniaxial stress experiments

Typical spectra obtained for uniaxial stresses
directed in the [100], [111], and [110] directions
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FIG. 2. Stress-induced splitting of the direct exciton
spectrum of mP. The lowest transitions D, (D{,D{’)
appear in both polarizations, E|| X and E 1X, and arise
from excitations from the light hole | %, é) valence band
to the lowest conduction band. The next transition D,
(D%, Dj’) appears only in polarization E LX and corre-
sponds to direct excitation of an exciton made of a | %, %)
heavy hole and a Ty electron. The last transitions D3
(D%,D%’) appear also in both polarizations and correspond
to spin-orbit split-off excitons.

are shown in Fig. 2. The stress-induced splitting
of the upper valence band (I'y in double-group
notation) is fairly well resolved and permits ac-
curate measurements of the shear deformation
potentials (orbital part). This is no longer true
for the stress-dependent spin-orbit interaction
(a,,b,,d, in the notation of Ref. 4) and we shall ne-
glect it. Working in the notation of Ref. 4, we use
the following simplified expressions for the stress
dependence of the direct transitions.

1. Stress parallel to [111] direction

D, =A,~-D-2D%/(A,+D), (1a)
D,=A,+D, (1b)
Dy=Ay+ A+ 2D2/(A,+ D) , (1c)

where Ay=(C,+a,)(S,,+2S,,)X and D =dS,,X/2V3.

In these expressions, C, and a, are fully sym-
metric deformation potentials associated with the
hydrostatic stress dependence of the conduction
and valence band, respectively. d is a shear de-
formation potential (I',; symmetry) associated with
the stress-induced splitting of the valence band and

'



2022 J. CAMASSEL, P. MERLE, L.

S115 512, Sy, are elastic compliance constants.
Transition D, appears first at lower energy and
arises from an excitation from the light hole

[%,%) valence band to the bottom of the conduction
band. The transition is allowed in both polariza-
tions of the incident light with respect to the stress
direction (E || X and E LX, respectively). This
permits an easy identification. The quadratic be-
havior [see Eq. (1a) and Fig. 3] comes from the
stress-induced admixture between the |%,%) and
the spin-orbit split-off |3,z) valence bands.

Transition D, appears at slightly higher energy.
It arises from excitations from the |3,2) (heavy
hole) valence band to the conduction band. It ap-
pears only in polarization (E LX), and shifts linear-
ly with stress magnitude.

The last transition (D,) arises from the spin-
orbit split-off valence band. As D, it can be
found in both polarizations and exhibits a quadratic
dependence on stress magnitude.

Experimental data have been collected on a
series of six different samples, a typical example
being shown in Fig. 3. Also shown is a theoretical
curve obtained from Egs. (1) through a least-mean-
square fit procedure. Averaging the series of pa-
rameters obtained from the six different measure-
ments, we get the slope parameters listed in Table
I ([111] direction).

2. Stress parallel to [001] direction

We get expressions similar to Eq. (1) but with
B=b(S,, -S,,)X replacing D.

D!=A,-B-2B%/(A,+B), (2a)
Di=Ay+B, (2p)

15

10

o

Energy (meV)
&

-
S
T

o
T
m

Stress (kbar)

FIG. 3. Stress dependence of the three direct transi-
tions originating from the I'g,— I'y, manifold for X par-
allel to [111] direction. Full lines: theoretical fit as
discussed in the text. Final values obtained for the two
parameters A, and D, after averaging over six different
samples, are listed in Table I.
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D}=A,+ A +2B2/(Ay+ B). (2¢)

With respect to the stress direction, the selection
rules are not modified and again we find excitation
from the ]% ,5) valence band to the lowest conduc-
tion band (D)) allowed only.in polarization ELX.

A typical stress pattern is shown in Fig. 4. The
full lines are again least-square fits through the
experimental data, the corresponding parameters
(slope parameters) being averaged over different
samples as listed in Table I. A comparison of the
slope parameters obtained for stress in the [001]
direction, with the results obtained for [111] com-
pression, shows the following.

(i) In both cases, we get identical values for the
hydrostatic component, A;=3.7+0.2 meV /kbar. It
corresponds to a hydrostatic pressure coefficient
dE,/dP=11.1+0.6 meV/kbar, which must be com-
pared with two slightly different values quoted at
room temperature, namely, 8.7 meV /kbar from
Ref. 2 and 9.1+ 0.2 meV /kbar from Ref. 3. How-
ever, it is worth noting that the uniaxial stress da-
ta is in better agreement with the series already
reported for III-V compounds, 11.1 meV /kbar for
GaP,? and 12.6 meV /kbar for GaAs.!*

Using the values of S;; parameters extracted
from the work of Ref. 15 (in bar™), S,,=1.644
x107, §,,=-0.594x107°, S, =2.174 x 10, we
compute a fully symmetric interband deformation
potential C,+a,=-8.0+0.4 eV. It is again in
satisfactory agreement with the results reported
for GaAs: -8.4 eV (Ref. 16) and GaSb: -8.3 eV
(Ref. 17).

(ii) Concerning the splitting of the valence band,
we find anisotropic data. Let us consider, for ex-
ample, the stress pattern displayed in Figs. 3 and
4. In Fig. 3, the lowest transition D, is almost
insensitive to the external pressure up to about
2 kbar. This demonstrates a rather close cancel-
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1 1 1
1 2 3
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FIG. 4. Same as Fig. 3, but for [100] direction.
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TABLE I. Best-fit parameters obtained for InP,

E, Ey+4, A A, B D F'
Stress direction (meV) (meV) (meV) (meV/kbar) (meV/kbar) (meV/kbar) (meV/kbar)
[111] 1418.2 1526.5 108.3 3.7+0.2 3.2%0.3
[001] 1418.1 1525.9 107.8 3.7+0.2 4.,5+0.3
[110] 1418.2 1526.4 108.2 3.6+0.6 3.5+0.5
lation of the positive hydrostatic component A by where

the negation shear component —-D[see Eq. (1a)].
Indeed we find A;=3.7 and D =3.2 meV/kbar. This
is no longer true for [001] stress. In Fig. 4, the
lowest transition D] exhibits a definite negative
shift which demonstrates the higher sensitivity

of the valence band to the external pressure for
this stress direction. The associated coefficient
is B=4.5 meV/kbar and the corresponding anisot-
ropy ratio 1 — 6E,,/6E,,,~ 0.3. It should be noted
that this behavior strongly differs from the exper-
imental isotropy recently reported for GaP.*

For InP, the deformation potentials associated
with [001] and [111] stresses, respectively, are
b=-=2.0+0.2 and d=-5.0+ 0.5 eV. The corre-
sponding values found for GaP (Ref. 4) are b=-1.5
£0.2 and d=-4.6+ 0.2 eV; for GaAs,® b=-1.7
+0.1 and d=-4.55+0.25 eV and, finally, for
GaSb,” b=-2.0+0.2 and d=-4.8+0.2 eV.

3. Stress parallel to [110] direction

For this stress direction, the nonisotropic split-
ting of the valence band (D =0.7B) should result in
nonlinear behavior of the three D{’, D}’, and D/’)
components. Indeed, neglecting the hydrostatic
components, the shear stress dependence of the
J, M; manifold is obtained from the matrix equa-
tion*

-t —E ~V3(B-D)/4 V6(B-D)/4
~-V3(B-D)/4 F-E V2F =0,

V6(B-D)/4 V2F ~Ay—E

(3)

where F = (B + 3D)/4.

Diagonalizing first the 2x 2 matrix associated
with the T'; valence band and working next in first-
order perturbation theory, we find

V,=F'+B%/A,, (4a)
V,=-F'+p7/a,, (4b)
Vo==2,=B%/0,=B%/A,, (4c)

F’=(B?+3D%/2)V/2
B=V8(B-D)2F -F")/[3(B -D)*+ 16(F —F')?]"/2,
B’ =V2[3(B-D)

-16F(F —F")]/4[3(B =D)?+ 16(F —~F")?]/2,

These expressions show the following.

(i) The I'y manifold (V, and V, bands) should open
with a linear rate (B2+ 3D2)!/2, Using the experi-
mental results obtained in the [111] and [100] di-
rections, we compute a theoretical slope F’=3.6
meV /kbar which must be compared with the value
F=(B+3D)/4 expected in the limit of very weak
anisotropy.? We find F = 3.5 meV /kbar.

The comparison of both predictions shows that
strong experimental evidence of the valence-band
anisotropy is not to be expected from the splitting
of the valence band in the [110] direction. This is
true even with anisotropy ratios a=1-D/B as
large as 0.3. The reason is simple. Expanding
the energy difference F —F' versus a, we do not
find a first-order term, but only a weak second-
order contribution (-~3a2/8) which can be neglected
for most practical purposes.

(ii) Concerning the nonlinear behavior of the Ty
manifold, we find that both valence bands (V,,V,)
should behave nonlinearly but with different
rates. Since the first one (V,) was already strong-
ly coupled with the spin-orbit valence band, it will
not be drastically modified. In this case, the only
noticeable effect should come from V,. We have
computed the corresponding contribution for InP
and find a departure from linearity of only 0.2
meV at about 3 kbar. This is far below our range
of uncertainty. In this case we can safely use the
approximate expressions

Dr=A,~F' =2F?/A,, %2)
DI'=A .+ F' = 6(B = D)¥/162,, (5b)
Dé': Ao+ 2F2/Ao+ 6(B -D)Z/IGAO (5C)

Experimental data are shown in Fig. 5. Averag-
ing over a series of five different samples, we
find A,=3.6 meV/kbar and F’=3.5+0.5 meV/kbar,
both of which are in excellent agreement with the
results found in [111] and [001] directions.
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FIG. 5. Same as Fig. 3, for [110] direction.
CONCLUSIONS

We have investigated the direct exciton spectrum
of InP. At liquid-helium temperature, we measure
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accurate energy positions for the E,, E + A, tran-
sitions and deduce a spin-orbit splitting energy
A,=108+1 meV. We concentrate next on the uni-
axial stress dependence of both excitonic transi-
tions. We deduce three deformation potentials.
An interband deformation potential C,+ a,=~8.0
+0.4 eV, which is totally symmetric and corre-
sponds to ahydrostatic pressure coefficient dEO/dP
=11.1+0.6 meV/kbar and two shear-strain defor-
mation potentials, 6=-2.0£0.2 eV and d=-5.0

+ 0.5 eV, which are associated with pure [001] and
[111] strains, respectively.

Note added in proof. Since the completion of this
work, we have been aware of an independent deter-
mination reported by G. Weber and W. Ruhle
[Phys. Status Solidi 92B, 425 (1979)]. In their ex-
periments, restricted to the fundamental £, re-
flectivity spectrum and 1.5 kbar, they found 6.6,
-1.55, and -4.2 eV for a, b, and d deformation
potentials, respectively. All values are quoted
with 15% error bars.

*Permanent address: Dept. Electricitat i Electronica,
Universitat Autonoma de Barcelona, Spain.

fLaboratoire associé au CNRS.
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