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Elastic stiffness constants of copper indium diselenide determined by neutron scattering
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From the acoustic-dispersion curves determined by inelastic neutron scattering, we obtain at room
temperature the elastic stiffness constants of CulnSe,: at 10'° Nm™!, ¢;,;,=9.70, ¢,, =5.97, ¢;3=38.60,
¢33 =10.89, and c,,=3.62. A theoretical calculation based upon the sphalerite approximation gives
good agreement with the values of ¢;; and c44. Using the elastic constants, the isothermal compressibili-
ty is calculated along the ¢ axis and the ab plane. Two low-energy optical modes were also observed at

frequencies near 55 cm ™' at the Brillouin-zone center.

The ternary compound CulnSe, (CIS) of the I-III-VI,
family has received considerable attention in recent years
because of its potential for applications in solar cell de-
vices.! It crystallizes in the chalcopyrite structure (142d)
(Ref. 2) shown in Fig. 1 with the lattice parameters
a=5.782 A and c =11.620 A.

Although the literature abounds with data on the elec-
trical, 33 optical,ﬁ'7 and thermal propertiess’9 of this
compound, only a limited number of papers related to the
lattice vibrational studies have been reported®!°7!2 and
data on the acoustic modes of this compound have not
been reported at all to our knowledge. However, the
knowledge of elastic characteristics and low-energy opti-
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FIG. 1. Chalcopyrite structure of CulnSe,.

cal modes would allow the analysis of the temperature
dependence of the specific heat, thermal expansion, and
Griineisen constants and would provide information to
the study of interatomic and anharmonic effects which
are of great interest for device fabrication.

In the present work, we report on the dispersion curves
of acoustic and low-energy optical phonons and the elas-
tic constants of CIS obtained from inelastic neutron
scattering at 300 K on a single crystal of 0.12 cm? pro-
duced by horizontal Bridgman technique.!® The elastic
constants and compressibility, deduced from these mea-
surements, will be compared with those calculated from
the extended Keating model. !+ 13

Inelastic neutron experiments were performed at room
temperature and atmospheric pressure at the Orphée
reactor (Laboratoire Léon Brillouin, Saclay) on a triple-
axis spectrometer 1T installed on a thermal source. Both
monochromator and the analyzer were pyrolytic graphite
in (002) reflection. The horizontal collimators were
30'-40'-60’-60" or 30'-40'-40’-40’ yielding an energy reso-
lution of 0.25 or 0.20 THz full width at half maximum for
neutrons of wave vector k; =2.662 A~'. Since the main
objective of the experiment was to determine the elastic
stiffness constants, we have measured the acoustic-
phonon branches, in general along high-symmetry axes in
the three scattering planes, namely the [001], [100], and
[110]. For each phonon measured, the exact peak fre-
quency was obtained by deconvoluting the measured in-
tensity with the resolution function.

The measured acoustic and optical-phonon dispersion
curves along [001], [110], and [100] are displayed on Figs.
2, 3, and 4. Other measurements have been performed
along [101] and [111] directions to allow the determina-
tion of all the elastic constants. Furthermore, it was pos-
sible to record two optical branches TO[001] and TO,
[110] with the polarization vectors e(110) and e(010), re-
spectively. In addition, the frequency of the TA[001],
TO[001], TA,[110], TO,[110], TA,[100], and TA,[110]
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FIG. 2. Phonon dispersion curves of TA[100] and LA[100]
modes of CulnSe,. The units of the g sector are 27 /a.

TABLE 1. The transverse acoustic- and optical-modes fre-
quencies of CulnSe, at the zone center and zone boundary.

Zone center Zone border

THz cm™! THz cm™!
TA[001] 1.53 51
TO[001] 1.65 55 1.50 50
TA,[110] 1.51 50.4
TO,[110] 1.67 55.7 1.51 50.4
TA,[100] 1.66 55.4
TA,[110] 2.10 70
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FIG. 3. Phonon dispersion curves of the LA[001], TA[001],
and TO[001] modes of CulnSe,. The units of the g vector are
2w /c.
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FIG. 4. Phonon dispersion curves of the TA,[110],
TA,[110], LA[110], and TO,[110] modes of CulnSe,. The units
of g are 27V2/a.

modes at the zone border were also measured. These are
given in Table I.

It can be noticed that the dispersion curves reported on
Figs. 2, 3, and 4 are quite similar to those already ob-
served for ZnS, ZnSe, and ZnTe of the analog binary
family II-VI.'® In particular, the phonon dispersion
curve of the TA[100] mode of CIS (see Fig. 2) is very
similar to that of TA (I'-X) and TA (I"-L) curve of the
binary analog II-VI.'®!

Defining V' (q) as 2mv/q, where v and g are the fre-
quency and wave vector of a measured acoustic phonon,
the sound velocity ¥ (0) will be obtained through the ap-
proximation

Vig)=V(0)1—ag?) . (1)

This is illustrated on Fig. 5 for a transverse mode along
the [100] direction. The values of ¥ (0) thus determined
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FIG. 5. Illustrative example of the calculation of the phonon
velocity of the TA,[110] mode using Eq. (1).
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TABLE II. Experimentally extrapolated and calculated ve-
locities of acoustic-phonon modes with different polarization
vectors in CulnSe,.

Phonon Polarization V() (ms™!) V (ms™!)

mode vector Experimental Calculated
LA[100] [100] 4194 4108
TA,[100] [010] 2381 2344
TA,[100] [001] 2479 2510
LA[001] [001] 4370 4371
TA[001] [100] 2416 2510
LA[110] [110] 4309 4373
TA,[110] [110] 1772 1801
TA,[110] [001] 2589 2510
LAJ[111] [11u] 4514 4586
TA[111] [—1—12u7"] 2213 2095
LA[101] [10v] 4604 4560
TAJ[101] [10—v "] 1617 1682

are reported in Table II for 12 measured acoustic
branches.

The expression of the velocities as a function of the
elastic constants is given by the Christoffel equations,

(Ly —pV?,;)U, =0, i,k=1,2,3, 2)

where L, is the propagation matrix of the acoustic
waves, and p the room-temperature density 5749 kgm ™3
for CIS. U,, U,, and U; are the direction cosines of the
particle displacement vectors. In the case of a tetragonal
crystal the relation (2), applied to the 12 measured acous-
tic branches, provides 12 equations depending on the 6
elastic constants. A least-squares fitting routine was used
to get the following set of values in units of 10'1° Nm ™!
¢1=9.70, ¢;,=5.97, ¢;3=8.60, c33;=10.89, c,3=3.62,
and cg=3.16, where the standard deviation from the
least-squares fit is within 5%. Furthermore, it can be
pointed out that the relative magnitude of the c;;’s satisfy
the Born stability criteria,'® ¢,;, ¢33, C4, and cg >0;
¢y >lepls eqess >cy; and (¢qp +cyy)e33 > 235 valid for
a tetragonal structure of the chalcopyrite. The longitudi-
nal and transverse velocities calculated with the fitted
¢;;’s are reported in Table II, illustrating the good overall
agreement with experiment.

TABLE III. Elastic constants from neutron experiments in
CulnSe; and those calculated from the sphalerite approximation
in 10'° Nm™! units. Reported data on the elastic constants of
AgGaS, and CdGeAs, for comparison.
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TABLE 1IV. Reported values of the active infrared and Ra-
man modes E, B} and E;,B3 of AgInSe, and CulnSe, that are
used to calculate the bond-bending and the bond-stretching
force constants in CulnSe,.

AglnSe,? CulnSe,"
oo cm™! oo cm™!' oo cm™! ®o cm™!

III-vV

E, 215 231 213 230
B! 208 233 214 231
I-VI

E, 180 193
B} 181 193

#Reference 20.
YReference 12.

The set of elastic constants of CIS can be compared
with those reported for AgGaS, (Ref. 19) and
CdGeAs,.'®* We have as in AgGaS, and CdGeAs,,
shown in Table III, ¢, <c;; and ¢, <c3;, but contrary
to these compounds, in our case, we obtain c;; <c3;3. No
explanation of this behavior is possible at this stage.

It is well established that the active infrared and Ra-
man modes E; and B} in the ternary compound semicon-
ductors of the I-III-VI, family that have chalcopyrite
structure are sphalerite in nature and are determined by
the properties of the III-VI sublattice alone.!® The
difference between the frequencies of these modes de-
pends on bond-bending forces and is very small, as is
their evolution small within a set of compounds having
the same III-VI sublattice. This is illustrated in Table IV
where are compared the data of the E, and B} modes of
AglInSe, and CulnSe,. Similar behavior is also expected
for the E; and B3 modes where the I-VI sublattice plays
the decisive role.

Using the frequencies of Raman modes from Table 1V,
¢, a, and the reported values d.v; dyvy, and €, for CIS
given in Table V, the bond-stretching and bond-bending
force constants have been determined and reported in
Table VI. For this, the Keating model extended by Mar-
tin'®> for compounds with sphalerite structure was used.
Using the values of the parameters given in Tables V and
VI, the elastic constants ¢, c¢,,, and c4, are calculated.
These are also given in Table III for comparison with the
values obtained from inelastic neutron scattering. It can
be observed that the calculated elastic constants c¢,; and
c44 are in good agreement with those obtained from
neutron-scattering data. From the relation
Xr=3/(cy;+2cy,) the isothermal compressibility is cal-

Neutron Sphalerite Reported values

data model AgGaS,® CdGeAs,’ TABLE V. Reported values used to calculate the elastic con-
Ci 9.70 8.07 8.79 9.45 stants according to Martin (Ref. 15).
Cy; 10.89 7.58 8.34 Interatomic Ionicity? Dielectric
C44 3.62 3.22 2.41 4.21 distance? constant"
Ces 3.16 3.08 4.08 "
Cy, 5.97 5.00 5.84 5.96 divi=2.456 A S1v1=0.77 €,=8.1
Ci; 8.60 5.92 5.97 dimnvi=2.561 A Svi =0.60 €=13.6
?See Ref. 19. *Reference 2.

See Ref. 18.

YReference 4.
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TABLE VI. Calculated values from Keating model as ex-
tended by Martin of the bond-bending and the bond-stretching
force constants a and B (in Nm™!) and the dynamic effective
charge Z* in CulnSe,.

CulnSe,
Qv 26.9
ay-vi 43.6
Brvi 1.48
BIII-VI 4.47
ZE 0.88
Zﬁ[_v] 1.3

culated under the sphalerite approximation. With the
values of the elastic constants from the column 3 of Table
III, we find this to be 1.61X 107" N~ !'m? which is in
good agreement with the value of 1.62X 107! N™!'m?
reported in Ref. 8. However, the calculated c,,, although
very close to that of ZnSe, is about 20% smaller than that
of the neutron-scattering experiment. In the case of chal-
copyrite structure, using the linear elasticity approxima-
tion,?! the compressibility can also be calculated directly
from the elastic constants:

X7=X1,c T 2X 106 > (3)

where xr . and xr,, are the compressibilities along the ¢
axis and in the ab plane, respectively, of chalcopyrite
structure. These two compressibilities are expressed as

X7, =(cyytep—2c3)/c, 4)

X100 =(c33—¢y3)/c, (5)
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where ¢ =c3;3(cy +cq5)—2¢2;.

With the values of our elastic constants obtained from
the neutron-scattering experiments and Egs. (4) and (5),
we obtain  x;,=—2.57X107'2 N7!m? and
X71,a6=7.70X107"? N7!'m? This from Eq. (3) gives
X7r=1.28X10""" N"!m? This value can be compared
with 0.8 X 107! N~ ! m? deduced from the Griineisen pa-
rameter obtained from the thermal-conductivity measure-
ments, 1.62X107!"" N7'm? reported in Ref. 8,
2.07X 107" N~ !'m? obtained from ultrasonic measure-
ments of the longitudinal and transverse sound veloci-
ties’? in polycrystalline samples, 2.38X 107! N~!m?
from microhardness?® in single crystals, and 1.61X 107!}
N~ 'm? calculated from the cubic approximation in the
present work. Although a negative value of . is physi-
cally not impossible, this point should be considered with
caution. Indeed it should be emphasized that this nega-
tive value is essentially due to the large value found for
¢y3. Because of the expression of 1. [Eq. (4)] the accu-
racy of the determination of . may be affected by the
correlations between the uncertainties on the fitted elastic
constants more drastically than those only deduced from
the standard errors.

In conclusion, our neutron inelastic measurements al-
lowed the determination of the elastic constants of
CulnSe, and thus provided the starting point of the study
of the lattice dynamics of this compound. Measurements
of optical-phonon branches are currently in progress.

This work was performed under the framework of a
E.E.C., Contract No. CI1-0556F. The Laboratoire de
Dynamique et Structure des Matériaux Moléculaires is
Unité Associeé au CNRS No. 801.
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