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Raman spectra have been observed in AgGaS,, AgGaSe,, and CuGaS, using argon, krypton, and dye
lasers. Of the 13 Raman-active vibrations, we have observed 12 of the modes of AgGaS,, 9 modes of
AgGaSe,, and all the modes of CuGaS,. The modes of AgGaS, which are also infrared active are in
good agreement with the modes determined from a Kramers-Kronig analysis of the ir reflectivity.
Agreement is also found with several of the transitions previously determined from the ir spectrum of
CuGaS,. The intensity of the 4, mode of AgGaS, and CuGaS, dominates the other Raman lines when
the laser excitation is well below the band gap. A resonant interference effect decreases the intensity of

this mode as the band gap is approached.

I. INTRODUCTION

The AIBng' compounds are ternary semicon-
ductors which have the chalcopyrite structure and
belong to the D}2-I42d space group.!*? The physi-
cal properties of the chalcopyrites are in general
quite similar to the binary A¥B"! analogs which
have the cubic zinc-blende structure.® However,
the presence of the third atomic component as well
as the noncubic structure increases the possible
range of application. Thus, AgGas, is of interest
as a nonlinear material because it has a direct
band gap® in the blue at 2.75 eV, a large nonlinear
optical coefficient,*’> and sufficient negative bire-
fringence to allow phase-matched optical harmonic
generation. The selenide has a 1. 65-eV direct
band gap® and is useful for nonlinear optical phase
matching relatively further in the infrared.” The
semiconducting properties of CuGas,, with its 2. 4-
eV direct band gap, are of interest.® The optical
and electrical properties of these materials have
also been studied.?*!

We have studied the phonon modes of these ma-
terials by Raman scattering. Inspired to look for
the relationships between the vibrations of AgGas,
and the II-VI compounds, one of us (J.A.D.) stud-
ied the ir-active modes of AgGaS,, and the re-
sults obtained are given in Sec. I C. These ir-
active modes are in good agreement with our Ra-
man data. However, the energies and the assign-
ments differ somewhat from the results of a later
Raman and infrared study.'? Most of the ir-active
modes of CuGaS, are known from an analysis of
the reflectivity,'® and several of these modes are
in reasonable agreement with Raman spectra re-
ported here. The availability of data on a number
of crystals enables us to compare the effects of
anion and cation mass on the phonon spectrum,
and this is discussed in Sec. IV.

For the sulfides a major fraction of the total
Raman scattering intensity is contained in the sin-
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gle A, mode when the laser excitation energy is
well below the band gap. However, the A, inten-
sity is found to decrease, and become of the same
order as the other modes, as the excitation energy
approaches the band gap. This resonance inter-
ference effect is discussed in Sec. IID.

II. CRYSTAL SYMMETRY AND LATTICE VIBRATIONS

The body-centered-tetragonal unit cell shown in
Fig. 1 contains four formula units.! There are a
total of 24 modes of vibration whose transforma-
tional properties are characterized by the irreduc-
ible representations given in Table I.!*

The Raman-active A; mode was detected in the
x(zz)x and x(yy)X backscattering geometries and
the B; mode was observed in the latter geometry.
The B, and E modes are infrared as well as Raman
active, and since these modes may have a finite di-
pole moment, it is necessary to distinguish be-
tween the longitudinal (L) and transverse (T) com-
ponents in the Raman spectrum. This requires
the proper selection of the direction of propagation
as well as the polarization of the phonons.'® In the
backscattering configuration the B,,(L) mode ap-
pears in the z(xy)z geometry, and the E (L) mode
appears in the x(zy)X geometry. The B,,(T) and
E.(T) modes were isolated in the 90° x(yx)y and
y(zy)z geometries, respectively, as well as in the
approximate forward-scattering geometries z(yx)z
and y(2x)y. The direction of laser propagation, as
denoted by the tildes, was adjusted to be slightly
away from the z or y axis and have a small x com-
ponent. The noncolinearity of the incident and
scattered waves yields a scattered phonon having
its wave vector in the x direction and was suffi-
ciently large to eliminate polariton effects.

The chalcopyrite structure can be considered as
a modification of the zinc-blende structure in that,
as shown in Fig. 1, the unit cell consists essen-
tially of two zinc-blende unit cells, with the A’
and B ions alternatively substituting on the Zn
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sites.!® The inequivalence of the cations gives
rise to a displacement of the C¥' ion position rela-
tive to the cations, and results in the tetragonal
distortion from the idealized zinc-blende struc-
ture. The tetragonal distortion of the silver com-
pounds is sizable, with 2-¢/a=0.2103 and a

= 5.75722 A for AgGa$,, and 2-c/a=0.1832 and
a=5.9920 A for AgGaSe,. The copper compound
has a 2-¢/a=0.0412 and a=5.34741+0.00001.%7

The atomic weights of Cu and Ga are not very
different from Zn and the tetragonal distortion of
CuGas, is correspondingly small. Thus, as dis-
cussed in Sec. IV, the vibrational spectrum of this
crystal is very similar to the spectrum of ZnS
when it is mapped into the chalcopyrite Brillouin
zone (BZ). The larger mass of silver in AgGaS,
results in a reduction of some of the phonon ener-
gies relative to CuGaS,. For the silver compounds
the phonon energies of the selenide are reduced by
~30% as compared to the sulfide.

The zinc-blende BZ has one-fourth the volume
of the chalcopyrite BZ if the unit cell of the lattice
has ¢ =2a, with a equal to the zinc-blende cell
dimension. The points I'(0, 0, 0), X(0, 0, +27/c),
W(x2r/a,0, +n/c), and W(0, +27/b, +7/c) of the
zinc-blende BZ (a=b=c) then correspond to
I'(0,0,0), of the chalcopyrite BZ.!® The zinc-
blende k = (0, 0, 0), phonons belong to the I’y rep-
resentation and reduce to B,+E at T of D}2. At
the X point the (LA, TA) and (LO, TO) modes cor-
respond to the (X, X;) and (X,, X;) representa-
tions, and these reduce to (B, E) and (A,, E) at
the T point of the chalcopyrite BZ. The phonon
modes at W do not have distinct longitudinal or
transverse character. There are eight W points
but symmetry arguments enable us to consider
only two distinct points, which yield the 12 re-
maining modes. .

III. EXPERIMENTAL

A. Material preparation

Single crystals were grown from the melt in
evacuated sealed silica ampoules using previously
described procedures.!®!® The starting materials
were 99.999% pure. The samples were oriented
by x rays and faces perpendicular to the [100],
[110], and [001] crystal axes were cut and polished
by standard techniques. Examination of the crys-
tal between crossed polaroids confirmed the x-ray
orientation.

The color of melt-grown AgGaS, varies from
light yellow to dark green. The latter color is
considered to be characteristic of the stoichiomet-
ric composition with the yellow-colored crystals
containing an excess of Ga.!® A stoichiometric
crystal was used for the infrared measurements.
However, such crystals were found to be of rela-
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FIG. 1. Unit cell of the
chalcopyrite structure for
the case c=2a. The rela-
tion to the zinc-blende
structure is shown.
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tively low optical quality and contained precipi-
tates, cracks, and inclusions. This caused exces-
sive scattering of the laser beam, which made the
crystals unsuitable for Raman experiments. It
was found that the addition of about 2-wt% Li to the
starting material greatly improved the quality of
the crystals. The Li-doped crystals have a light
yellow color and are essentially free of precipi-
tates. The Li* probably enters on the Ag' site,
and shifts the band gap to a slightly higher energy.
The polarized absorption near the band gap is
shown in Fig. 2 and was obtained from several
crystals of different thicknesses using a Cary
spectrophotometer. For our purposes, the im-
portant feature is that the absorption well below
the gap is about a factor 3 smaller than for the
green-colored crystals, and that scattering is
greatly reduced.

The AgGaSe, crystals had a deep-red color and
are believed to be close to the stoichiometric com-
position. Stoichiometric CuGaS, has a yellow-
green color and is difficult to obtain in the suffi-
ciently larger crystals required for the Raman ex-
periments. The crystals used by us had an orange-
brown color, indicating a slight excess of Ga.

Our preliminary results indicated that slight
deviations from stoichiometry do not significantly
affect the dominant features of the Raman and in-
frared spectra. This justifies our use of crystals
which may be slightly nonstoichiometric, but are
of high optical quality.

B. Raman scattering

Raman spectra were taken using either an argon-
ion laser, a krypton-ion laser, or a Coherent Ra-
diation dye laser. All measurements were taken
at room temperatures in air. Right-angle (90°),
back (180°), and approximately forward (~0°)
scattering geometries were used. The scattered
light was dispersed using a double monochrometer
and collected using a cooled S-20 photomultiplier
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TABLE I. Lattice modes of the chalcopyrite structure.

Number
2m Symmetry Activity Optic Acoustic
Ay(Ty) x*+y?, 2 R 1
Ay(Ty) ia 2
B, (Ty) xt=yp? R 3
B,(Ty) xy; 2 R, ir 3 1
E(Ty) X2, Vi Y&, X R, ir 6 1

and photon-counting or direct-dc-detection elec-
tronics. A typical 180° spectrum of AgGaS,, using
the 5145-A argon line, is shown in Fig. 3. Crys-
tal absorption necessitated the use of the 6471-A
krypton line for right angle and forward scattering
in CuGaS,. Compared to these crystals the back-
scattered intensity from AgGaSe, for 5145- A ex-
citation was about two orders of magnitude weak-
er. The low intensity may well be due to the
strong absorption at this energy. A somewhat
better Raman spectrum of AgGaSe, was observed
using the 6471-4 line which, while it is still well
above the band gap, is in a region where the mea-
sured scattering intensity is somewhat stronger.
The weak intensity, in addition to the fact that only
the back-reflection spectrum can be observed, en-
abled us to identify only some of the lines.

The Raman energies are listed in Table II and
the correlation with the vibrational spectrum of
ZnS will be discussed in Sec. IV. With the excep-
tion of the two inactive A, modes, all of the modes
of CuGaS,, and all but one of the B; modes of
AgGaS; were detected. In Sec. III C we show that
the B, and E modes of AgGaS, obtained from the
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FIG. 2. Absorption of Li-doped AgGaS; at 300 °K for
light polarized parallel and perpendicular to the z axis.
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FIG. 3. Raman spectrum of AgGaS, at 300 °K for the
a(za’) @ scattering geometry. For this polarization the
scattering involves quasilongitudinal and quasitransverse
E phonons. The By and B, modes are forbidden and ap-
pear weakly because of the effects of birefringence and a
large acceptance angle. The A; mode is also forbidden,
but because of its large scattering intensity still appears
with at least eight times the intensity of the allowed E
modes.

ir data are in good agreement with the Raman mea-
surements. Several of the AgGaS, lines agree

with the work of Holah and Webb.'? In addition,
however, they identify a B, mode at 424 cm™ as
well as TO and LO components of the E mode at
464 and 473 cm™ in the Raman as well as the ir
spectrum. These lines are absent in our spectra,
and do not appear to be associated with intrinsic
AgGas;.

Some of the E-symmetry phonon energies of
CuGas, are in reasonable agreement with the in-
complete infrared data of Baars and Koschel.!?

We have found weak E(T) and E(L) modes at 75

and 76 cm™}, as well as E(L) modes at 95 and 167
cm™ which were not observed in the infrared. The
very weak infrared E(T) and E(L) modes at 387
and 399 cm™ are not observed in the Raman spec-
trum, and agreement for the B, modes is also lack-
ing. The latter may well be due to the use of (101)
polarization in the infrared by Baars and Koschel,
which results in the appearance of E as well as

B, contributions to the reflectivity. The identifi-
cation given in Table II is based on the polarization
of the Raman lines, as well as the comparison with
the AgGas, data.

C. Infrared reflectivity

Reflectivity measurements in the region of 1 to
30 um were made using the prism spectrometer
described by Spitzer and Kleinman. ?®* Measure-
ments in the region of 25 to 125 um were made
using a Perkin-Elmer model 201 grating spectrom-
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eter with a pumped-liquid-He-cooled bolometer as
the detector. Some measurements were also made
in the region of 75 to 300 um using an RIIC Fourier
spectrophotometer having a Golay cell as the de-
tector. In each case the polarizers used were
placed in such a position as to take advantage of
the natural polarization of each spectrometer,
while the crystal sample was positioned to give the
electric field E perpendicular or parallel to the

z axis. - .

Plots of the reflectivity for ELZ and El 2 are
shown by the points in Figs. 4 and 5, respectively.
The real and imaginary parts of the dielectric con-
stant were obtained from a Kramers-Kronig analy-
sis of the reflectivity, and the initial estimate of
the transverse- and longitudinal-mode parameters
was obtained from the plots of Im(¢) and Im(-1/¢)
shown in Figs. 4 and 5.2 The mode frequencies
w; were obtained from the peaks of the curves, the
damping factors y; from the half-intensity points,
and the oscillator strengths S; from the area under
the mode divided by w;. In terms of the classical
dispersion theory the real and imaginary parts of
€, are
Spuwh (wh - w?) (1)

’

n
Rel€,)=€., +2s
2 P @i ) ey

3 Si.l.wiz.l.(yilw)

Im(€1)=§1 Wl —o)iyhw? (2)
with analogous expressions for €,.22 For the E(L)
and B,(ll) modes n is equal to 6 and 3, respectively.
The reflectivity was computed using the initial set
of parameters, and then these values were varied
to improve the fit to the experimental data. The
parameters which yield the best fit are given in
Tables I and IV, and the agreement with the re-
flecti'vity data is shown in Figs. 4 and 5.

A total of five modes were used for the oscillator

TABLE II. Raman-active modes of AgGaS,, AgGaSe,,
and CuGas$, at 300 °K.

Mode Frequency (cm™)

symmetry AgGas, AgGaSe, CuGasS,
E(T), E(L) 63, 64 ese 48 75, 76
E(T), E(L) 93, 96 eee, 73 95, 98
By 118 12.5 138
E(T), E(L) 158, 160 cee, 112 147, 167
B, 179 203
B, 243
B,(T), B,(L) 195, 199 259, 284
B,(T), B,(L) 215, 239 339, 369
E(T), E(L) 225, 230 *e°, 160 260, 278
Ay 295 179 312
E(T), E(L) 323, 347 eee, 238 335, 352
B,(T), B,(L) 366, 400 eee, 272 371, 402
E(T), E(L) 368, 392 eee, 276 365, 387
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FIG. 4. Reflectivity, imaginary part of the dielectric
constant, Im(€), andIm(-1/¢), of AgGaS, for E 1 z axis.
The solid curve through the experimental points is the
best oscillator fit to reflectivity and predicts the modes
listed in Table III.

fit for the E L2 spectrum. From the Raman data
we find the missing T and L. modes are at 63 and
64 cm™, and these must be quite weak in the infra-
red spectrum. The three very weak modes at 140,
185, and 285 cm™ in the Im(€) spectrum are not
found in the Raman spectrum, and hence do not
correspond to single-phonon modes and were not
included in the oscillator fit.

The three expected B, modes were found in the
Enz spectrum. Additional weak modes were found
at 128, 260, and 345 cm™ in the Im(¢) spectrum,
and these modes were not included in the oscillator
fit. The mode energies of the infrared-active vi-
brations are in good agreement with the Raman da-
ta and provides considerable confidence in the
present assignment.

A test of the accuracy of the results of the Kra-
mers-Kronig analysis is obtained by substituting
the data into the sum rules

n
€o=€»+25{ ’ (3)
isl

n 2 2 n S‘sz
?1 (wlL - wl’l‘) :?—_\/1 € (4)
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FIG. 5. Reflectivity, imaginary part of the dielectric
constant, Im(e), and Im(—1/¢€), of AgGaS, for Ell Z axis.
The solid curve through the experimental points is the
best oscillator fit to reflectivity and predicts the modes
listed in Table IV.

" and the generalized Lyddane-Sachs-Teller relation

n

II @i /wie) =% . (5)

i=1 e
The terms on each side of the equality are given in
the lower part of Tables III and IV. Excellent
agreement is found for the B, mode where all the
parameters are known, but for the E L Z case the
left side of Eq. (5) is about 5% larger than the
right. In the presence of strong high-frequency
modes the sum-rule relationship, Eq. (4), is not
a very good test of the accuracy of the strength of
the low-frequency modes. This is borne out by
the good agreement which is found for the ElZ
case even though the lowest-energy mode is ne-
glected; but in agreement with the reflectivity data
it also indicates that the strength of this mode is
not anomalously large.

D. Resonant interference of the 4; Raman mode

The Al mode is the dominant feature of the Ra-
man spectrum of AgGasS, and CuGaS;. For AgGasS,,
at 5145 A this line in the y(zz)x scattering geome-
try is ~30 times stronger than the predominantly

TABLE IIIl. Longitudinal- and transverse-optical pho-
non frequencies of AgGa$S, for E L% determined from a
Kramers-Kronig analysis of Fig. 4, and the values of
the parameters of the classical dispersion relations,
Egs. (1) and (2).

wr (cin") wL si Yi (Cm'l)
90.0 41 93.0+1 0.26+0.05 13.542
157 +1 160 41 0.28 +0.05 9.7 +1
223 +1 230 .1 0.40 +0.05 15.8 +1
323 11 346 +1 1.35+0.05 6.78 +0.3
368 +1 390 41 0.32 10,02 5.34.0.4
€,=5.90; €0=€,+25i=8.51i0.1;
€0-1.44 f'] ]

2=l i ;%1; =1.52;

d &2}@ = 4 -2, 5 2 2y 6 104 2
21 =il =3.61%10% em™; ¢Et(wiL_w‘T)—3. 7x10% cm
i= % =

E(L) mode at 393 cm™ found in the y(zy)x scatter-
ing geometry, and has ~ 40 times the intensity of
the 922-cm™ line in benzene. As shown in Fig. 3,
this mode dominates the spectrum even for scat-
tering geometries where it is forbidden unless
considerable precautions against birefringence
effects are taken.

The intensity of the A; mode decreases signifi-
cantly relative to the other lines as the laser ex-
citation energy approaches the band edge. For
example, in AgGas, the intensity is comparable to
the other lines when 4579-A (2. 708 eV) argon-laser
excitation is used. In Fig. 6 we have plotted the
spectral dependence of this mode for the x(zz)x
scattering geometry relative to the E(L) mode at
393 cm™. The E(L) mode appears in this polari-
zation because of the effects of birefringence and
the large acceptance angle of the detection system.
These measurements were obtained using different

TABLE IV. Longitudinal- and transverse-optical pho-
non frequencies of AgGasS, for EIZ determined from a
Kramers-Kronig analysis of Fig. 5 and the values of the
parameters of the classical dispersion relations.

wp (em™) wy, em™) S; 07 (cm)
193 :1 195 +2 0.3+0.15 24.0
216 +0.5 238 +1 1.45 +0.05 12,6 +0.43
365 +1 400 11 0.94 :0.02 9.14:0.37
€,=5.50; €)=€x+) 5;=8.23+0,15;
3 2
€p =
o =1.49; I <ﬂ§£>—1.49;
i i=1\wjp

3 3
iE: S;win/€2=3.71x104 cm?; 3 (Wi, — wip)
= i=1

=3.75x10% cm™
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argon-laser lines, and by adjusting the power level
and detection efficiency to be about the same for
each laser line. Additional spectra were obtained
using a Coherent Radiation dye laser and indicate
that the relative intensity of the A; mode increases
slightly in going from 2.0 to 2.4 eV.

By measuring the relative intensities of closely
spaced Raman lines the effects due to dispersion
of the absorption coefficient on the Raman intensity
are largely eliminated. Using the expression for
the Raman intensity in the presence of absorption
given by Loudon,? and the absorption data in Fig.
2, the ratio of the corrected relative intensities
is calculated to be at most 5% lower at 2. 7 eV
than shown in Fig. 6. This is less than the + 109
accuracy with which the relative intensities could
be measured and justifies neglecting the absorption
effect. In the vicinity of the band edge the relative
intensities of the other lines are consistent with
the absorption effect, and hence the intensities of
these lines are relatively frequency insensitive.

Thus the A; mode exhibits a significant decrease
in intensity as the band gap is approached, and this
decrease is attributed to a resonant interference
between a nonresonant and resonant term in the
Raman scattering tensor. Appropriate laser fre-
quencies were not available to follow the disper-
sion above 2.71 eV. However, the relative inten-
sities of the AgGaSe, spectrum obtained using
6471- and 5145-A excitation is qualitatively quite
similar to the 4579- A spectrum of AgGaS,. It thus
appears that the resonant interference does not
disappear for at least ~0.7 eV above the band gap.
The sharp decrease in the A,-mode intensity at the
band gap is quite different from the resonant inter-
ference in CdS, where the intensity decreases over

103 T T T T T T T T

RELATIVE A, INTENSITY (ARB. UNITS)

28

ENERGY (eV)

FIG. 6. Dependence of the x(zz)x scattering intensity
of the 295-cm™! Aj; mode of AgGaS, on laser excitation
frequency. The open points were obtained using argon-
laser lines and the closed points using a dye laser.
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FIG. 7. Raman spectrum of CuGa$S, at 300 °K for
5145-A excitation showing the effects of optical anisotro-
py on the A; intensity. The two spectra differ only in
the polarization of the incident and scattered radiation.

a wider energy range and is followed by a strong
resonant enhancement near the band gap.2'%

A similar decrease in A, intensity has been ob-
served for CuGaS,. For both materials the inter-
ference is polarization dependent. The reduction
in scattered intensity occurs at a lower laser ener-
gy when the incident and scattered light is polar-
ized along the z axis rather than when the radiation
is polarized perpendicular to this axis. The effect
for CuGas$, is shown in Fig. 7 and was obtained
using 5145-A excitation, which is close to the band
gap. In the lower trace the intensity of the 312-
ecm™ A, line is intermediate between intensity of
the 352- and 387-cm™ E lines, while in the upper
trace the A; mode has seven times the intensity of
the 387-cm™! line. The polarizations were changed
by inserting a X/2 plate in the incident laser beam
and rotating the analyzer polaroid. This does not
significantly change the laser intensity incident on
the crystal or the transmission function of the
spectrometer. The spectral dependence of the
anisotropy of the A;-mode intensity is found to be
consistent with the optical anisotropy of the crys-
tals.

The observation of a distinct resonance inter-
ference effect in AgGaS, and CuGas$,, as well as
the weak A;-mode intensity in AgGaSe,, suggests
that this may be a general characteristic of chal-
copyrite semiconductors. The Raman spectrum
of the A"BWC;' chalcopyrite ZnSiP, was studied
by Kaminow et al. using the He-Ne laser at
6328 A (1.96 eV).* This is close to the 2.0-eV
band-gap energy, and the mode intensities are
roughly similar to the AgGas, spectrum obtained
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FIG. 8. Vibration-mode energies of ZnS, CuGaS,,
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using 4579-A excitation. The A, mode is observed
to be considerably weaker than several of the other
modes. Thus the limited amount of experimental
data available for spectral dependence of the Raman
intensities in ZnSiP, is not inconsistent with the
presence of a resonance interference effect on this
crystal as well.

IV. DISCUSSION

The mode energies given in Table II are com-
pared with the I'- and X -point energies of ZnS and
the phonon energies of ZnSiP, in Fig. 8. The ZnS
energies were obtained from recent neutron scat-
tering measurements of Bergsma,?® which differ
slightly from earlier neutron and Raman data.?""2
Neutron data for the W points is not available.
However, the acoustic-W-mode energies are ex-
pected to be near the X;(LA) and X5(TA) energies,
and the optic-mode energies will occur in the re-
gion of the I';5(LO) and I';5(TO) energies. The
modes of the chalcopyrite lattice thus divide natu-
rally into the observed three groups, correspond-
ing approximately to the energies of the trans-
verse- and longitudinal-acoustic X-point phonons
and the optical phonons of the zinc-blende lattice.

The infrared data for CuGasS, showed that for
Elzand EL Z, alarge fraction of the total oscil-
lator strength is contained in the B,(T) and E,(T)
modes at 331 and 259 cm™.® These correspond
quite closely to the I';5(L) and I'y5(T) vibrations of
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ZnS at 343 and 280 cm™. For AgGaS, we find
strong B, modes at 216 and 365 cm™, and one
strong E mode at 323 cm™. The 216 cm™ mode is
tentatively identified with the I'-point phonon of the
corresponding zinc-blende cell.

The ir intensities are in qualitative agreement
with the point-charge model considered by Kami-
now et al.'* For this model the dipole moments
of four E modes and one B, mode vanish. The can-
cellation of the dipole moments is not complete
because the charge is somewhat distributed and
modes having the same irreducible representation
will interact. The “zero dipole” modes thus ap-
pear weakly in the infrared and have correspond-
ingly small longitudinal-transverse splittings.

The interaction also shifts the mode frequencies.
The trend of decreasing oscillator strengths with
increasing separation from the intense lines ob-

served for both AgGaS, and CuGa$S; confirms this
transfer of oscillator-strength mechanism.

The atomic weights of Cu and Ag are 63. 57 and
107. 88, respectively, and the vibrational modes
of the sulfides which involve the A" atom are thus
expected to have a lower energy in the silver com-
pound. The modes involving the B™! and C"* atoms
will have nearly the same energy. The symmetry
coordinates of the normal-mode vibrations have
been derived by Kaminow et al.'* They show that
the single A; mode results from motion of the CV*
atom in the x, y plane, with the A and B! atoms
remaining at rest. The frequency of this mode is
5.45% lower in the Ag compound, indicating that
the restoring forces acting on the S are only slight-
ly smaller for this material. The higher A,-mode
frequency in ZnSiP, is attributed to a stronger re-
storing force in this compound, since the mass
difference between the P and S atoms is small.
Continuing to use the notation of Ref. 14, the low-
est-frequency B, mode resembles vs(A’) and
ve(B™") motion in phase and hence the mode fre-
quency is

v~ (Mgr+Mgny) /2, (6)

The calculated frequency ratio for the Ag to Cu
compounds is 0. 865, and this is close to the ob-
served ratio of 0. 855. The higher-energy B; mode
involves vs(A") and v¢(B™) motion in antiphase and

1/2
v~ [MAHMij' ) 7)
M 41 M

In this case the calculated frequency ratio is
0. 885, which agrees well with the observed ratio
of 0.882.

The agreement is not quite as good for all of the
B,(T) modes. The highest-frequency mode con-
sists of vg (CVY) +v,0(B™) motion in antiphase,
which is independent of the A’-atom mass. The
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observed 1. 5%-smaller phonon energy is consis-
tent with this assignment. A second B, mode in-
volves vg (CV') +vy(AY) in antiphase. The calculat-
ed frequency is 0.93, and if we tentatively choose
the 215- and 259-cm™ B, (T) modes the experimen-
tal frequency ratio is 0.83. The remaining mode
involves v, (C") motion and the calculated frequen-
cy ratio is unity, but this cannot be easily explained
by the experimental results. This mode has zero
dipole moment in the point-charge approximation,
and hence has a small L-T splitting. The B,
modes at 195 and 199 cm™ in AgGas, fulfill the
latter requirement, but such a mode has not been
observed in the CuGaS, spectrum.

Two of the highest-energy E modes involve
V12 (CV") 4114 (AT) and vy, (CV?) +vy5 (B™) in anti-
phase motion, and the corresponding frequency ra-
tios are 0.93 and 1.0. The former suggests that
this could be the E (T) mode at 335 (Cu) and 323
(Ag) cm™, which has a frequency ratio of 0. 96,
and the latter the E (T) mode at 365 (Cu) and 368
(Ag) cm™. The remaining E modes have zero di-
pole moments in the point-charge approximation,
and consist of linear comingations of vy, (C!),
113 (CVY), vy(AY), and vy; (B™) motion. We find
that the lowest- and highest-energy modes have
frequency ratios of 0.84 and 0. 865, respectively,
indicating that these modes involve A'as well as
B™! or CV" motion. The small frequency shifts of

the two other E (T) modes indicates that the motion -

of these modes do not involve the A atoms to a
significant degree.

Compared with AgGas, the significantly smaller
phonon frequencies of AgGaSe, are attributed to
the larger atomic weight of Se (79. 2) versus
S (32.064). Thus the calculated frequency ratio
of the A; mode based on the mass effect is 0. 636.
The experimental ratio is 0. 607, which is some-
what smaller because the restoring force is slight-
ly smaller in the selenide. The experimental fre-
quency ratio for the three highest-energy E modes
and the B, modes is 0. 69+0.01, which is also
slightly smaller than the ratios based on the anti-
phase motion of A® and C! of 0. 74 and B™ and
CY* of 0.77. The measured ratios of the lowest-
and next-to-lowest-energy E modes are 0. 75 and
0. 76, which together with the CuGaS, and AgGasS,
comparison suggests that these modes involve
A'-C"" and B™-CV! motion, respectively. The
nature of the B, motion in the selenide is not com-
pletely understood. Its insensitivity to C'! mass
is explained if we associate this mode with the
lowest-energy B, mode of AgGaS,, which involves
vs (A1) + vg (B'™) motion in phase.

These results are in reasonable agreement with
the assignments made for ZnSiP,.'"* As shown in
Fig. 8 the light mass of the Si yields an isolated
group of high-frequency modes. Comparing
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ZnSiP, and CuGaS, we find the ratio of the high-
est-energy E(T) modes is 1.42. The ratio
calculated from the BY-CV! masses is 1.22, so
that, as was already shown for the A; mode,
the restoring forces are significantly larger

in ZnSiP,.

This comparison has shown that for the three
materials studied there are consistent relations
between many of the mode energies which are ex-
plained by the relative masses of the three ions
and assuming essentially constant force constants.
For ZnSiP, the mass of the Si deviates significant-
ly from masses of the B’ atoms studied here, and
the atomic charges are also different.” In this case
we find, in addition to a similar trend for the de-
pendence on atomic weight of the atoms, that the
restoring forces must be considerably larger, and
this may well be related to the difference in
charge.

V. SUMMARY

The Raman spectrum of the chalcopyrites
AgGaS,, AgGaSe,, and CuGa$S,, as well as the in-
frared reflectivity spectrum of AgGaS,, were mea-
sured. The mode frequencies of the latter are in
good agreement with the Raman data. We find that
the oscillator strengths of the infrared modes, as
well as the magnitudes of the longitudinal-trans-
verse splittings are in qualitative agreement with
a point-charge model which predicts four E
modes and one B mode which have vanishing
dipole moments. A comparison of the phonon
energies suggests that the force constants of
the three crystals are about the same, and
that the major contribution to the frequency
shifts results from differences in the atomic
masses.

The intensity of the A; modes of AgGaS, and
CuGasS, exhibits a resonance interference effect as
the laser excitation energy approaches the band
gap. Like the optical absorption the interference
depends on the polarization of the incident and
scattered light, and occurs at a lower energy when
the polarization is parallel to z than for polariza-
tion perpendicular z. It is suggested that inter-
ference may also occur in other chalcopyrite
semiconductors.
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