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We have studied the effect of a uniaxial stress on the long-wavelength optical phonons of InP us-

ing Raman and far-infrared spectroscopic techniques. The Raman measurements were performed

with laser lines in regions of both transparency and opacity, using infrared and visible lasers, respec-

tively. Phonon and effective-charge deformation potentials have been obtained from the data, and

also an estimate of the Faust-Henry coefficient from the integrated scattering intensities. Compar-

ison of the Raman and infrared reflectivity results allows us to conclude that the applied stress is re-

laxed toward the surface of the sample.

I. INTRODUCTION

The dependence of the long-wavelength optical-
phonon frequencies on uniaxial stress X has received con-
siderable attention in recent years, in connection with the
characterization of lattice-mismatched (strained) super-
lattices and heterostructures. ' Of central importance in
these studies is the knowledge of the so-called phonon de-
formation potentials (PDP s) which describe strain-
induced frequency shifts of phonons. The PDP's are
components of a fourth-rank tensor E;~, in suppressed in-
dex notation, where cr identi6es the long-wavelength opti-
cal phonon under consideration, at frequency co . Quan-
titatively K;J stands for the derivative of the ith com-
ponent of the effective force constant of the phonon cr,
relative to the jth component of strain. E, can be calcu-
lated from the slopes b,Q/I of the phonon frequency
shifts b 0 versus X, as derived from certain piezospectros-
copy experiments with appropriately chosen
configurations. There are three types of such experi-
ments: (i) conventional Raman scattering with visible
lasers (VISRS), (ii) Fourier transform far-infrared (FIR)
reffectivity, ' and most recently, (iii) Raman scattering
with infrared lasers (IRRS). The criterion for prefer-
ring VISRS or IRRS is to have scattering from the bulk
of the material, i.e., to use a laser in the region of tran-
sparency. In this way the PDP's obtained are more
representative of the bulk where the elastic strain is more
accurately known. Also, if the sample is transparent for-
ward scattering experiments can be performed, leading to
information not available in backscattering. Thus,
VISRS can and has been used for insulators (e.g. , dia-
mond, fluorites' ") and for large-gap semiconductors
[e.g., zinc-blende-type semiconductors ZnSe, (Ref. 12)
and GaP (Ref. 13)]. IRRS, on the other hand, is particu-

larly appropriate for small-gap semiconductors. There
exists one type of ir laser commercially available and suit-
able for Raman spectroscopy, i.e., the cw Nd: YAG (yttri-
um aluminum garnet) laser, operating at toL ——1.165 eV or
9396.7 cm '

(A,L
——1.0642 pm). This laser is appropriate

for a limited class of semiconductors with energy gaps cog

larger than coL and still smaller than visible frequencies
(1.55 —2.8 eV). GaAs (co&

——1.43 eV) and A1Sb (toe =1.61
eV) are the only such materials for which PDP values
have been obtained with a Nd: YAG laser (Refs. 6, 7, and
8, respectively).

In all other cases reported so far, VISRS has been used
in either 180' and 90' scattering geometries with trans-
parent materials or only 180' geometry with opaque ma-
terials. In the latter case, the scattering volume is limited

by the penetration depth near the surface where relaxa-
tion of the applied uniaxial stresses may occur. The PDP
values obtained in this way are necessarily affected by
such stress relaxations. An additional disadvantage in
this case (of 180' geometry with opaque materials) is that,
contrary to IRRS, not all components K; can be deter-
mined, due to the stringent selection rules imposed by
this geometry.

Finally, the FIR reflectivity experiments involve mea-
surements in the reststrahlen region which is character-
ized by large variations of the penetration depth with fre-
quency. The average interaction volume in this case ex-
tends deeper into the material than in the case of VISRS.
Accordingly, the corresponding PDP values are expected
to be affected by stress relaxation to a lesser degree than
in VISRS. In addition, reflectivity measurements offer
the following advantages. Firstly, they allow estimates of
all components of K . Secondly, it is much easier than in
Raman scattering to study the free-carrier characteristics
under uniaxial stress applied to doped materials. Also,
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II. EXPERIMENTAL DETAILS

The samples were cut from single-crystal nominally un-
doped InP ingots in the form of parallelepipeds
(1.5X1.5X15 mm ). For the IRRS measurements the
samples were glued into brass cups while for the FIR
and VISRS measurements they were held by friction be-
tween polished pistons covered with small pieces of fused
silica. Different stress machines were used for the three
experiments, all calibrated against standard weights to
within 0.03 GPa.

Four different crystal orientations were used, defined
by

(x,y, z ) = ( [100],[010],[001]) or a,
(x',y', z')=([110],[110],[001)]or b,
(x",y",z")=([112],[110],[ill]) or c,
(x'",y"',z"')=([110],[001],[110])or d .

(la)

(lb)

(lc)

(ld)

The stress X was always applied along the vertical (V)
direction z, z', z", and z"', the horizontal (H) plane being
always defined by the other two axes. All measurements
were taken at room temperature. For the IRRS measure-
ments the experimental setup included, besides the cw
Nd:YAG laser, a liquid-N2-cooled Ge detector and a
Jarrel-Ash double monochromator. The detector signal
was fed through a lock-in amplifier and an analog-to-
digital converter into an HP-9216 computer for data
analysis. The spectral resolution was 2.7 cm '. More
details about these measurements can be found in Ref. 6.

The FIR reflectivity experiments were carried out in
the spectral range co=100—350 cm ' using a modified
Bruker rapid scan Fourier spectrometer with a spectral
resolution of 0.13 cm '. The reflectivity of the sample
under stress was determined from

R (co,X)=R (co,O)I(ri), X)/I(co, O), (2)

to the extent that the penetration depths in the
reststrahlen region can be altered by doping, it might be
possible to probe the stress relaxation at variable average
depths.

Indium phosphide is a III-V zinc-blende-type semicon-
ductor with a wide range of applications in optoelectron-
ics' and band-gap engineering. ' Values for its PDP's do
not seem to have been measured although the need for
such values has already been expressed. ' Its direct gap,
E =1.35 eV at 300 K, ' renders InP transparent to the
Nd: YAG laser radiation. Thus, all three types of experi-
ments can be performed on InP, that is, IRRS, FIR
reflectivity, and VISRS. It is the purpose of this work to
report on the results of such experiments. The main ob-
jectives are to establish accurate values for the PDP's of
InP, obtain an estimate for its Faust-Henry coeScient, '

and attempt to correlate the differences in the results of
the three experiments on the basis of a stress relaxation
model. To simplify notation and units, we use
throughout this work the dimensionless PDP's defined by
E,"=E,J leo (Ref. 2) where cr stands either for T
(transverse-optical phonons, TO) or for L (longitudinal-
optical phonons, LO). '

where R(co, O) is the zero stress reflectivity of the sample
measured against a standard mirror before mounting the
sample on the stress machine. I(co,O) and I(co,X) are the
intensities reflected by the sample mounted in the stress
machine under zero stress or under stress X. This pro-
cedure eliminates all parameters of the stress apparatus
and the spectrometer affecting the intensities of the
reflected light beams except those influenced by the sam-
ple reflectivity. More details can be found in Ref. 5.

The VISRS measurements were taken with a Spex dou-
ble monochromator (spectral resolution 3 cm '), an
RCA-31034-cooled photomultiplier, and a photon count-
ing detection system. The 476.5-nm line of an Ar+ laser
was used at low powers (&150 mW) focused onto the
sample with a cylindrical lens to avoid heating. The fre-
quency scale was calibrated against a Ne lamp and ana-
lyzed on a LeCroy 3500 MCA. More details about the
experimental procedure can be found in Ref. 11.

III. EXPERIMENTAL RESULTS

A. ir Raman scattering experiments

All faces of the samples (n type) were polished with
Syton (Monsanto Corp. St. Louis, MO). All four crystal
orientations a —d were used in these experiments, with the
scattered light always being detected along x, x', x", and
x"', respectively. Orientation d, in particular, was used
for consistency checks. In configurations a-c, both TO
and LO phonons vibrate at different frequencies when po-
larized parallel to the stress (singlet components at fre-
quencies co&; and co&, ) or perpendicular to the stress (dou-
blet components cord and cold). In configuration d, the
doublets, in addition, break into two singlets each. Vari-
ous scattering geometries for observing each of these
components have been used in Refs. 6-8, and tabulated
in detail in Ref. 8. The col, component, in particular, can
only be observed in the so-called oblique forward
geometry, with a vertical scattering plane and an external
angle of incidence Hi, -20' (scattering wave vector along
the stress axis).

Figure 1 shows all components of interest for X=O
and X+0 taken with various geometries in the b orienta-
tion. All co& and coI frequencies observed in these and
other spectra were calibrated, respectively, against the
line of a Hg lamp (9099.3 cm ', third-order spectrum)
and an Ar lamp (9023.7 cm ', first-order spectrum, not
shown in Fig. 1).

Figures 2 and 3 display the frequency shifts of the eight
phonon components measured with X

~~
[001] and

X~~[111], respectively, in various scattering geometries.
Figure 2 also includes typical data for X~~[110]. The
geometries used for each component are listed in Table I
together with the coefficients of a linear (a) and a quadra-
tic (A, B) least-squares fit as well as the zero stress fre-
quency co& z obtained from such fits. Since the nonlinear-
ities shown in Figs. 2 and 3 were systematic and not
negligible, we decided to base all subsequent calculations
on the slope A and the average zero stress values cozz
obtained from the quadratic fit. These frequencies are
~~=303.7 cm ' and ~I ——350.6 cm '. Whereas ~z- is
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FIG. 1. Infrared Raman spectra (b orientation, see text) of

the singlet (s) and doublet (d) components of TO and LO pho-
nons of InP at 300 K. Dashed line: X=O, oblique forward
geometry, vertica orizt' l (horizontal) and horizontal (horizontal) po-

ho-larizer for t e inci en sh
' 'd t ( cattered) light, for the TO and LO p o-

on 001 .nons, respective y. ,s'v l . d s components: X=0.7 GPa along
TOd, TO, b ckward geometry, vertical (horizonta, an or-
izontal (horizontal) polarizations, respectively. LOd, L s,
and oblique forward geometry, respecti y, pivel olarizations as for

le is different for eachTOd TOs respectively. The vertical scale is7

The laser power on the sample was 1.2 W. The H gspectrum. e a
~ ~

fre uen-line at 297.43 cm ' was used for calibration of the TO q
cies. An Ar line at cm n373 ' (not shown) was used for calibra-
tion of the LO frequencies.
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FIG. 2. IRRS frequency shtfts vs compressiveressive stress for the

d in Table I. The solidsponding scattering geometries are listed in a e
lines represent qua ra ic eas-d t l t-squares fits to the combined data
(Table I). The dashed line is parallel to the axis. In determining
the slopes, the compressive stress is taken as negative.

UNIAXIAL STRESS (GPa )

FIG. 3. Same as Fig. 2 for XII [111].

56)gg =AcoL + 6 Ecol + 2 ctlL
d H 1 a 1 c (3)

ver close to the values from other Raman studies report-
ed in the literature (e.g. , 303.3 cm, Re . 20,
of coL observed here is systematically higher by -6 cm
(344.5 cm, e .', R f 20) We believe this is the result of free
carriers coup ing o eI' t th LO phonon. The carrier concen-

—1t tion necessary to produce a shift o 6 cm is ca cu at-ra
'

ed to be 1.3/10' cm . During all measurements lead-
h d f F' 2 and 3 care was taken to avoid

mixing of forward (8&) and backward (180') scattering
which may arise from the reflected part of the incident

'd h stal. The maximum stress values
Pa 1.0 GPa)reached in these experiments were (0.75 GPa ( . a

c d). No si ns of ir-coorresponding to orientations a, c, . o
reversible plastic deformations were observed, contra yntrar
to the case o a s.f G A The X=O frequencies were
recovered each time after releasing the stress. It is note
that for XII[001] ([111])the d (s) components shift faster
than the s(d) components, a behavior similar to that of

to that of dia-all tetrahedral semiconductors (but not to
mond ). Furthermore, the Ls component for X~~[001] ex-
hibits softening with compressive stres,ss similar to obser-
vations in GaP (Ref. 13) and A1Sb.

Table II includes the values of the mode Gruneisen pa-
rameters y an ed the differences K» —JC,z w ic are cal-
culated from known expressions (Table I m e.

2K =3 we ob-From these and the relationship E»+,2 ——y
tain the values o s sf PDP' hown in Table II. The values of

from h-y found here are very close to those obtained from y-
drostatic pressure wor k but are larger than those from
the FIR and VISRS data.

As a consistency check of the slopes obtained with
orientations a, , an c,, b d we compare the experimental
slope for t e sing e oh

'
1 t f the longitudinal phonon listed un-

der orientation a ed (T ble I —1.54+0.05) with the value
calculated from the data of orientations a, b, and c.
straightforward calculation shows that



38 RAMAN AND INFRARED PHONON PIEZOSPECTROSCOPY IN InP 7705

TABLE I. Stress orientation, scattering configuration, light polarizations, and slope coefficients A, B (a) obtained from quadratic
(linear) fits to the data, for the various stress-split phonon components of InP at room temperature. The data from the ir Raman
scattering measurements were used. The uncertainty in m, A, B,a is +0.05, in the corresponding units, and is due to the scatter of the
experimental points for various repeated measurements. 8v indicates oblique forward scattering in a vertical plane. V (0) means
vertical (horizontal) polarization for the incident (scattered) light in the infrared Raman scattering experiments. l. (

~~
) means light po-

larized LX ( ~~X) in the infrared reflectivity experiments. The average uncertainty for the slope a (linear fit only) is +0.1.

Crystal
orientation Configuration

Phonon
Method component (cm-')

Quadratic fit

B
(cm '/GPa) (cm '/GPa )

Linear fit

Q

(cm '/GPa)

X ii [111]
180'

180'

VH IRRS
FIR
IRRS
FIR

Td

Ts

303.8

303.7

—1.63

—3.17

—0.14

—0.13

303.8

303.7

—1.49
—1.00
—3.05
—2.28

90'

v

HH

VV

IRRS
FIR
IRRS
FIR

Ls

350.4

350.4

—1.62

—2.32

—0.22

—0.25

350.4

350.4

—1.42
—1.32
—2.09
—1.97

b, a
Xii [001]

180'(b)
90'(a) ' VH

ev(b) . i
180'(b) 1 HH
90'(a)

IRRS
FIR
IRRS
FIR

Td

Ts

303.8

303.6

—2.79

—0.45

—0.14

—0.08

303.8

303.6

—2.71
—1.78
—0.40
—0.31

90'(a)

Ov(b) HH

IRRS
FIR
IRRS
FIR

350.7

351.2

—3.55

+ 1.16

—0.32

—0.30

350.7

351.2

—3.37
—2.23
+ 1.37
+ 1.23

d
X ii [110]

VH IRRS 350.3 —1.54 —0.37 350.4 —1.18

When referred to unit compressive stress, hcoz, is the
slope of the Ls component in orientation d, hcoL is the
slope of the hydrostatic shift of the LO phonon measured
in either a or b or c, bcoL is the splitting in a or b (i.e.,

VT(L)

~ T(L) ~ T(L)
11 12

~ T(L}
12

~ T(L)
44

1.48(1.19)+0.04
0.96(0.82)+0.05
1.44(1.24)+0.02

0.69(1.20)+0.02
0.42{0.90)+0.04

—2.5( —1.6)+0.1

—1.6( —1.0)+0.1

—3.2( —2.8)+0.1

—2.1(—1.9)+0.1
—0.47( —0.18)+0.02
—0.38(—0.18)+0.04

IRRS
FIR
Ref. 20

IRRS
FIR

IRRS
FIR

IRRS
FIR

IRRS
FIR

TABLE II. Mode Gruneisen parameters and phonon defor-
mation potentials for the transverse and the longitudinal (in
parentheses) long-wavelength optical phonons based on ir Ra-
man scattering and FIR reflectivity data.

slope of Ls minus slope of Ld), and hcoL is the splitting in

c. With b,col = 1.92 (av-erage of a and c values),

hcoL ——4.71, and b roL ———0.70 we find from Eq. (3)
hcoL, ———1.5+0.1, which compares very favorably with
the experimental value of —1.54+0.05.

Once the PDP's are known, a number of relevant mi-
croscopic parameters can be calculated such as the
effective charge deformation parameters M; . ' ' The
values k of the high-frequency photoelastic constants
which are needed for such calculations are taken from
Refs. 22 —24 and are listed in Table III together with the
static (low-frequency) values k;J of the photoelastic con-
stants. The latter are easily derived from the PDP's and
k,'. (Ref. 21). The resulting values of M, =(BlneT*/Be);
are included in Table III together with the volume and
pressure coefficients y* = —(B lneT IB ln V) and BeT* /BP
of the effective charge, and the volume coefficient
Bine„/Blnv of the optical dielectric constant. In Table
III we have also listed theoretical values for the same pa-
rameters obtained from a serniempirical bond-orbital
theory of the effect of strain on the effective charge.

A final parameter calculated from these measurements
is the Faust-Henry coefficient C (Ref. 18). It is given by
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2 2
NL —

COT

2
COT

Pexpt

nL+1 ~T Ptheor

s
'4'

nT+ 1 NT COL
1/2 ' —1

(4)

TABLE III. Numerical values of physical constants of InP
and results of calculations of parameters relevant to the present
work. For definitions, see text.

S)2 (10 /GPa)'

(cm )
—I b

~ (~o)'
k), (k;) )

k)2(k)q)
k44(k44)
M))
M)2
M44
y'
8 inc„

[er'(e)]
8lnV

( 10 e/GPa)

C

'Reference 17.
Present, IRRS.

'References 22—24.
Reference 21.

'Reference 25.
'Reference 20.
~Reference 28.
"Present, VISRS.
'Theory, Ref. 29.
"Theory, Ref. 30.

1.64
—0.59
2.17
303.7(350.6)+0.05
9.61(12.61)
11.1+3.9' (26.2+5.5)
7.4+3. 1 (14.9+4.5)
6.9+0.9 (12.7+1.3)
1.8+0 3 ' 13'
0.2+0.3; 0.1'
0.7+0.1; 0.7'
—0.7+0.2, ' —0.6, —0.44'

0.9+0.3, [2.54, '2. 35']

2 4 b.4 f 2 1»d.e

—0.52+0.03, —0.53, —0.46+0.03"
—0.14,' —0.40'

where nT[L] and ~T~L~ are the statistical factors and the
absolute frequencies of the Stokes-scattered light, respec-
tively, for T (L) phonons, p,„z, is the observed ratio
I'L/PT of the integrated scattered powers, and p,h„, a
correction factor specific of the experimental
configuration used for obtaining PT and PL. In order to
obtain p,„', a spectrum with X=0 was recorded in the
configuration 90'(a)VH which yields both TO and LO
scattering with p,h,«——1 (Table I of Ref. 8). All slits of
the spectrometer were wide open to assure that the areas
under the triangular peaks observed represent accurately
the powers, PT and PI . The measured ratio is

p, pt 2.1+0.1 which, with the usual choice of the minus

sign in Eq. (4), yields for InP at 300 K and A, =1.06 pm,
C= —0.52+0.03. This value agrees very well with other
experimental results ( —0.53, Ref. 28). Theoretical esti-
mates ' are lower in inagnitude, that of Ref. 30 ( —0.40)
being fairly close to the one reported here.

B. FIR reflectivity measurements

All the faces of the samples (n type, 2X10' cm )

wer'e polished and etched in methanol with 0.05% Br& for

~P [ ~ +(E2+ 2)1/2]1 j2 (5)

with co in cm '. Thus d can be obtained from the har-
monic oscillator model for E(co) (no Drude term includ-

ed):

2 2
COL

—CO Te(co)=e„ 1+
co T

—co —1 coI
(6)

5 min. The etching procedure turned out to be critical
for the shape of the reststrahlen band. Any residual sur-
face damage produced during the polishing, and not re-
moved by etching, caused lowering of the reflectivity pla-
teau which, in turn, affected the results of the fit with a
harmonic oscillator. Only the b and c crystal orienta-
tions were found to be necessary. The maximum stresses
reached were 0.6 and 1.0 GPa, respectively. The light
was polarized either parallel (~~) or perpendicular (l) to
the stress axis, leading to information about the singlet or
doublet phonon components, respectively.

The refiectivity spectra were fitted to a harmonic oscil-
lator model without a Drude term since no plasma edge
was observed (low free-carrier concentration). The pho-
non frequencies co and a single damping constant I were
used as free parameters. Optical and photoelastic con-
stants were taken as fixed parameters (Table III). Other-
wise the same fitting algorithm was used as in Ref. 5. An
example of spectra and fitting curves is shown in Fig. 4.
The dependence of AQ on stress obtained with this pro-
cedure is shown in Fig. 5. The slopes derived from a
linear least-squares fit are included in Table I. The aver-
age Gruneisen parameters and the PDP's calculated from
these slopes are listed in Table II for comparison with
those from the IRRS experiments. The former values are
systematically lower due to stress relaxation near the sur-
face, as will be discussed in the following section. Since
the PDP's obtained from the IRRS work are more
representative of the bulk properties of the material, we
regard these values as most appropriate for InP and use
them for the calculation of all other parameters listed in
Table III. The X=O values of the phonon frequencies
derived from the fits are cor~L~ ——303.7 (345.0) cm ', i.e.,
the same as those of Ref. 20.

Contrary to the IRRS experiments where the material
is transparent to the probing ir laser radiation, in the FIR
experiments the ir radiation probes only a layer of the
material at the surface. The thickness of the layer is
determined by the penetration depth d of the ir radiation.
This depth varies rather drastically with the frequency co

in the region of the reststrahlen band; this has to be taken
into consideration when comparing results of the three
types of experiments. The penetration depth d is related
to the real (e, ) and imaginary (e2) part of the dielectric
function, as
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where values obtained from the harmonic oscillator fit to
the reAectivity spectra should be used for coTL and I .
Figure 6 represents the dispersion of d(co} in the region of
interest, based on the R (co,X =0) spectrum of Fig. 4(a).

According to Fig. 6, the penetration depths dr and dL
at coT and cuL are 0.2 and 20 pm, respectively. This
means that the data at ~T are more sensitive to surface
conditions (e.g., strain relaxation) than at rol, the mea-
sured values of the latter possibly approaching the bulk
values. This point will be further discussed in the last
section.

C. Raman scattering in the visible

The same sample characteristics and preparation de-
tails apply as in Sec. III 8. We used a, b, and c crystal
orientations in the nearly backward scattering
configuration with incidence at -55' and detection along
the normal. The incident-scattered light polarizations
were HV, (HH, HV), and (VV, HV, HH) in a, b, and c, re-

0.8

0.6

spectively, leading to the components Ld, (Ts, Td), and
(Ts, Td, Ld), respectively. No information about the Ls
components can be obtained from backward
configurations.

As in other piezo-Raman experiments with opaque ma-
tenals ' ' ' the present measurements suffer from large2, 3, I2, 31

uncertainties in determining small frequency shifts due to
poor signal-to-noise ratios. Accidental local heating of
the scattering volume by the laser beam often posed addi-
tional difficulties because of the tendency of the phonon
frequencies to soften with increasing temperature (for
InP, dpi/dT = —0.02 cm '/K, Ref. 32). In spite of these
problems plots like those of Fig. 5 became possible. The
slopes for the phonon components given above were
determined through a linear least-squares fit and are in
units of cm '/GPa, Ld: —2.0+0.7, (Ts: —0.2+0.4 Td:
—1.4+0.6), and (Ts: —1.7+0.7' Td: —0.5+0.8; Ld:
—0.9+0.6} in the a, b, and c configurations, respectively.
The large error bars reflect the difficulties described
above. Nevertheless it is clear that the slopes are sys-
tematically lower than their counterparts from the FIR
experiments (see Table I).

As we will discuss in the following section, this is prob-
ably due to the small penetration depth d„;, of the laser
radiation relative to dT and dL of Fig. 6. Indeed, with
A, =476.5 nm, ei ——14.9, and e2 ——4.5 (Ref. 33) we find,
from Eq. (5), d„;,=650 A & dr and dL, which means that

3
04

0.2
P

InP: n = 2X10' cm

X II [001] X II [111]

0
290 300 310

I

320

u)(cm ')
330 340 350

2-
2.0

1.6

C)
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X 14
3
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10

08
290

(b)

n, (xj

~l

X = 0.75 GPo

I
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Id (Cm ")
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G L IX

I
I

I

I
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1
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330 340 350
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E
O I

C
C3

0
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I I I I I I I I

0.8 0.4 0 0.4 0.8
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FIG. 4. (a) FIR reAectivity spectra of InP at 300 K with
X =0 and 0.75 GPa along [111],and light polarization perpen-
dicular to X. (b) Experimental and fitting curves for the ratio
R (X)/R (0) based on (a). The phonon frequencies ~T I and
0T L, (X) are shown by dashed lines.

FIG. 5. Stress dependence of the phonon frequency shifts
based on FIR refiectivity spectra like those in Fig. 4. The un-
certainties are +0.025 cm '. The straight lines represent linear
least-squares fits for the joint data of two identical samples ( &(

and 0). Their slopes are included in Table I under the designa-
tion

~~
and l.



7708 E. ANASTASSAKIS et al. 38

20

15

10

5

290 300 310 320

u) (cm')
330 340 350

FIG. 6. Calculated penetration depth vs ir radiation fre-
quency in the region of reststrahlen band for undoped Inp.
Dashed-dotted lines indicate the TO- and LO-phonon frequen-
cies.

IV. DISCUSSION

The main objective of this work is to establish accurate
values for the phonon deformation potentials and the
strain coefficients of the effective charge of InP. Three
independent spectroscopic procedures were followed.
The first, IRRS, led to a complete set of values for such
parameters which are representative of the bulk proper-
ties of the material. We list them in Tables II and III as
the suggested values. The second, FIR reflectivity, also
led to complete and accurate values for the same parame-
ters which are more representative of regions near the
surface of the material. The same situation occurs in the
third type of experiments, VISRS, where again the infor-
mation obtained should be even more surface sensitive
and, in addition, the numerical values suffer from large

the slopes obtained in the VISRS work are even more
surface sensitive than those from the FIR experiments.

In view of the large errors in the above slopes we did
not use them for calculation of the relevant PDP's. How-
ever, we did calculate the Faust-Henry coefFicient C„;, us-
ing Pz and PI obtained through VISRS. The 180'(c)HH
geometry which yields both TO and LO spectra was used.
After instrumental correction we found p,„,=3.5+0.2.
For exact backward scattering the ratio p,h„, would be 2.
However, here we have used incidence at 55' and this
reduces p,„„,to 1.58 (Ref. 27). With this information we
find from Eq. (4) that C„;,= —0.46+0.03, which is mar-
ginally larger than the value at 1.06 pm (i.e.,—0.52+0.03). Because of the large error bars it is not
clear whether a genuine difference, arising from reso-
nance effects (frequency dependence of C), exists. Note
that, above the absorption edge, C actually becomes com-
plex and the ratio of LO to TO intensities is not sufficient
to extract its real and imaginary parts. The theoretical
calculations of C(co) in Ref. 30 do not extend to 476.5
nm; hence no comparison with the present experiments
can be made.

experimental errors. The IRRS values suggested as being
the most accurate ones have the same sign and order of
magnitude as those reported for GaAs (Ref. 6) and A1Sb,
the only other III-V semiconductors which have been in-
vestigated with the IRRS technique.

It is interesting that even at the highest stresses at-
tained there were no signs of plastic deformation in our
measurements (i.e., permanent deformation of spectra
after removing the stress). It is known that InP frac-
tures as a brittle material at temperatures below 0.55T
(T =1335 K being the melting point). This is exactly
how our samples behaved once their breaking point was
reached. On the other hand, we have no definite explana-
tion for the weak nonlinearities observed in the curves of
Figs. 2 and 3 (quadratic coefficient 8 of Table I). The fact
that the same experimental setup and procedure was used
for GaAs and A1Sb with no traces of measurable non-
linearities makes us suspect that they may indeed be a
property of the material. Thus, we have used for the
determination of PDP's the slopes A obtained from the
quadratic fits instead of those (a ) from the linear fits. We
note, however, that the dependence of phonon frequen-
cies on hydrostatic pressure reported in Ref. 20 is consid-
erably more linear than the dependence on uniaxial pres-
sure reported here.

The relaxation of stress near the surface, on the other
hand, as manifested by the decreasing slopes in the se-
quence of the three types of experiments in Secs.
IIIA-IIIC, has already been observed in GaAs. ' ' '

Having established the dispersion d(co) of Fig. 6, we un-
dertook an exploratory model calculation of the
reflectivity spectrum in the presence of a linearly varying
stress in the surface region. We have assumed that the
stress decreases from its bulk value, at distance D from
the surface, to half that value at the surface. This seems
to be a reasonable speculation based on the numerical re-
sults of the Gruneisen parameters obtained from the
three experiments. The region D was divided into 100
equal layers each having constant optical properties. The
latter were calculated from the average stress value at the
position of the layer. The stress determines the corre-
sponding TO and LO frequencies in the layers and from
Eq. (6) a dielectric function can be assigned to each layer.
The spectrum of the total reflectivity was then calculated
with a multilayer scheme from classical optics. The
stress relaxation parameter D was varied from 0.1 to 100
pm. The following three types of results were confirmed.

(a) For D &dL, dT, the refiectivity spectrum leads to
smaller slopes EQ/X than the ones observed in the IRRS
experiments.

(b) For D &dz, dL, the slopes are the same as in the
IRRS experiments.

(c) For dT &D & di, the slope for the TO (LO) phonon
is smaller than (nearly equal to) that in the IRRS experi-
ment.

Since the experimental results concur with case (a), we
can only conclude from this discussion that D & dL where
from Fig. 6, dL ——20 pm. It was also established from
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these calculations that for compressive stresses and with
D )dL given, the LO edge of the reststrahlen band is not
affected except for a parallel shift.

A reasonable extension of the present work would be
the study of doped InP with FIR reAectivity and IRRS
techniques. Such measurements would lead to informa-
tion on the effects of stress on the free-carrier parame-
ters. As for other choices of materials for which precise
values of PDP's are highly desirable, we can mention
A1As, the importance of which in strained superlattices
cannot be overemphasized. Unfortunately, A1As is not
available in bulk single crystals. Different sample
configurations (films on substrates) in the presence of bi-
axial rather than uniaxial stresses may lead to acceptable
results. The direct energy gap at E =2.9 eV makes the
IRRS approach usable.

Finally, silicon itself appears to be a good candidate in
this regard. Its PDP's obtained from VISRS experi-
ments have been known, confirmed, and used for a long
time, but a repetition of such experiments with a
Nd:YAG laser may be of interest. Although the direct

gap lies at 3.3 eV, the indirect gap at 1.18 eV makes Si
rather opaque to visible lasers. Such measurements, how-
ever, might only become possible at low temperatures
(the indirect gap is well above the laser frequency) since
at room temperature the indirect gap luminescence will
most certainly overcome the Raman spectrum.
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