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A polarization dependent infrared reflectivity study on oriented single crystal in the range
of 100 — 500 cm™ was performed to investigate the optical phonon modes in the stannite
Cu2CdSnS4semiconductor. Based on the symmetry analysis and multi-oscillator model calculation
we determine the parameters of B2 and E polar modes. The values of high frequency &. and static

& dielectric constant are 7.69 and 10.01 for E||c and 6.53 and 8.81 for E_Lc¢ polarization directions.

Cd-alloying of kesterites Cu2ZnSn(S,Se)s (CZTSSe) materials provides an alternative

15 and

possibility to tune the band gap energy from 1.0 to 1.5 eV for photovoltaic
photoelectrochemical water splitting ® applications. Cu2CdSnS4 (CCTS) has gained attention as a
nonlinear optical material for infrared applications ” and absorber layer for thin film solar cells. ®
The initial efforts to improve Cd alloyed kesterites via processing optimization have been already
made and resulted champion devices with efficiency ~ 12% have been demonstrated. !> A number
of positive effects on microstructure, heterojunction band alignment, minority carrier lifetime and

band tails in Cd-alloyed absorbers are revealed. 2 It is expected that the disorder of the kesterite

crystal lattice can be reduced by Cd incorporation as less Zn atoms are involved in Cuzn and Zncu
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antisite defects and, consequently, the optoelectronic properties of the absorber material can be
significantly improved. ° To date, the lack of the basic material properties due to the difficulties of
high crystalline fabrication hinders a detailed exploitation of this material. For example, the
knowledge of the vibrational properties of Cu2CdSnSa4 is still limited to the reference dataset from
the far infrared (IR) absorption study on powders published in 1991 by M. Himmrich and H.
Haeuseller '° and some recent Raman scattering characterizations on polycrystalline powders and
thin films. %3 ! To get a more accurate and reliable information of the CCTS phonon spectra we
present and analyze polarization dependent infrared reflectivity in the range of 100 — 500 cm’!
measured on the oriented CCTS single crystal grown by chemical vapor transport. The values of
high frequency and static dielectric constant are also determined from the dispersion analysis of

the infrared reflectivity.

To prepare CCTS single crystals we used a two-step growth process. In the first step, the
CCTS polycrystalline compound was synthesized by the one-temperature method. The >99.99%-
pure elemental components (copper, cadmium, tin and sulfur) weighted in ratios corresponding to
the stoichiometric composition were loaded into a quartz ampoule, which was subjected to
chemical - thermal treatment (etching in a mixture of acids HNO3: HCI = 1: 3, washed in distilled
water and annealed in vacuum at 1273 K). After evacuation to a residual pressure of about 10~ Pa
the ampoule was sealed off and placed into a vertical single zone furnace. The furnace was initially
heated to ~870 K with a rate of ~50 K h™! and kept at this level for ~2 h to provide homogenization
of the melt. Then the temperature was elevated to ~1200 K with a same rate of ~50 K h™! and
annealed again at this level for ~2 h. Following this annealing, we conducted a planar
crystallization of the melt by lowering the temperature of the furnace with a rate of ~50 K h™! down
to 1020 K. To homogenize the ingots, we annealed them at the same temperature for 240 h and

turned the furnace off.
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In the second step, the growth of single crystals was carried out in the quartz ampoule
loaded with iodine and the grounded powder (~ 3 g) obtained from the polycrystalline ingots of
the CCTS compound. The crystal growth occurred in a horizontal dual-zone furnace, where the
temperature in the reaction zone was initially 100 K lower than in the crystallization zone. After a
certain time, the temperature in the zones was equilibrated across the ampoule and was set to ~
990 K, after which the temperature in the reaction zone was gradually increased over the course
of 170 hours to 1070 - 1100 K. Then the furnace was turned off and the crystals were cooled down
to room temperature. As the result the plate-like single crystals with mirror like (112) surface from
one side with up to 9 x 2.5 mm? in area and 0.5 mm in thickness and crystal orientation along
[110] were grown. The composition of the grown single crystals was determined using
microprobe X-ray spectral analysis. The electron beam of a Stereoscan-360 scanning electron
microscope was used as an X-ray radiation source and an AVALON-8000 X-ray spectrometer
served as an X-ray spectrum analyzer. The obtained composition of CCTS single crystals is Cu:
Cd: Zn: S = 25.5: 12.7: 12.2: 49.6, which is in satisfactory agreement with the stoichiometric

composition.

The structure and parameters of the unit cell of the obtained single crystals were determined
by the X-ray method. The diffraction patterns were recorded on a DRON — 3 MX-ray
diffractometer using CuKa radiation and a graphite monochromator. The results of X-ray studies

are presented in Fig. 1. The diffraction pattern of CCTS shows that quaternary compound

crystallizes in the stannite structure (/ 2m space group) and contains Bragg reflexes characteristic
of this crystal structure (ICDD (PDF2008), 00-029-0537). '2 The unit cell parameters calculated
by the least squares method are - a = 5.585 + 0.005 A, ¢=10.84 £0.01 A and in agreement with

earlier reported data but obtained with higher accuracy. '3
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Fig. 1. XRD powder pattern of Cu2CdSnS4 single crystal. The inset displays the unit cell
of Cu2CdSnS4 stannite structure.

IR reflection spectra are measured on the Fourier Nexus spectrometer (Thermo Nicolet),
with a resolution of 2 cm™. For polarized IR measurements a gold wire grid polarizer placed in
front of the sample and an aluminium mirror as reference sample are used. The angle of incidence
of the light beam was below than 10°, near normal incidence to the crystal plane. The IR reflection
spectra from (112) plane of Cu2CdSnSs single crystals recorded for parallel (E||[111] or quasi-
E||e) and perpendicular (ELe) polarizations in the range from 100 to 500 cm™ are presented in Fig.
2 and 3, respectively. Insets of Fig. 2 and Fig. 3 show the schematic diagrams of the polarized IR
experiment. The term quasi-E||c configuration is used as the polarization E||c is only partially
realized (~ 65%) due to the 8 angle of 36° between the vector of the electric field for the incident
light (E) and the optical axis (c). '* The pronounced six and four reflection bands can be clearly
resolved in the parallel and perpendicular configurations (Figs. 2 and 3), respectively, which can

be further examined.
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Fig. 2. Optical reflectivity for Cu2CdSnS4 single crystal with quasi E||c polarization. The inset
shows the experimental configuration used in the IR experiment, where ki (Kr) is the wave
vector of the incoming (reflected) light beam at near incidence angle to (112) crystal plane, E is
the electric field vector of the incoming polarized light and 6 is the angle between the ¢ axis and
[111] direction.
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Fig. 3. Optical reflectivity for Cu2CdSnS4 single crystal with E_Lc polarization. The inset shows
the experimental configuration used in the IR experiment, where ki (kr) is the wave vector of the
incoming (reflected) light beam at near incidence angle to (112) crystal plane, E is the electric
field vector of the incoming polarized light and @ is the angle between the ¢ axis and [111]
direction.
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The irreducible representation for the zone-center (I point) phonon modes of CCTS is !°:
I'=2A1+ A2+ 2B1 +4B2 + 6E (€))

where the polar B2 and E modes are manifested in the IR and Raman spectra, the nonpolar Ai and
Bi are active in Raman and Az is the silent mode. The polar modes measured from the (112) crystal
plane depend differently on the polarization of the incident light relative to the ¢ optical axis. !* In
particular, the B2 modes are allowed in quasi-E||c configuration, while the E modes are allowed in
E_Lc polarization. These selection rules enable us to attribute the reflection bands in spectrum for
Elc (Fig. 3) to E symmetry modes. However, the case of quasi-El|c geometry (Fig. 2) becomes
more complicated as besides the reflection bands originated from the B2 modes a presence of some
leaked E modes due to the imperfect E||c polarization condition (6 ~36° angle between E and ¢ )
is also possible. !* In fact, it can be seen in Fig. 2 that the number of the reflection bands is higher

than the number of the B2 modes theoretically expected (Eq. 1) for stannite CCTS.

To perform a more qualitative analysis of the IR spectra we employ a classical oscillator

model that defined the complex dielectric function ¢ for an anisotropic uniaxial crystal as a sum of

damped Lorentz oscillators > 16

2
SLjwij
e(w) = g0 + Z;}:l uuz.j_wz—ibjjwu'a) (22)

2
1@y

SH((U) = € T 2;‘[:1 w2 (2b)

—w2—ib: N
@b @

with w.j (wy) the transverse mode (TO) frequency of the lattice vibration, b (b)) the damping
constant, sy (s)) the oscillator strength of the j-th oscillator and €1« (¢«) the high frequency

dielectric constant for ELc (E||c) polarization, respectively. We analyze E_l¢ configuration (inset
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of Fig. 3) assuming pure &.(w) dielectric function (Eq. 2a). For the case of the quasi-E||c geometry

(inset of Fig. 2), however, we consider a mixed dielectric function for uniaxial media 16

_ £ (w)g(w)
Emix (w) &, (w)sin? () +¢&(w)cos?(9) S

where ¢1(w) and ¢(w) denote the dielectric function given in Eqgs. (2a) and (2b) and 9 =90-6 is

the angle between the wave vector of the incoming light (k;) and the optical crystal axis c.

The reflectivity at normal incidence can be calculated from the complex dielectric function

by using Fresnel equation:

g(w)-1 2
e(w)+1

(C))

where &(w) is equal to e(w) and ewx(w) for the Elc and quasi-E||c polarization,
respectively. To fit Eq. (4) to experimental IR data we applied a simulated annealing algorithm!”

and minimized the following cost function F :

F =YY, (RSP —R,) 5)

exp.

where R;

and R; are the experimental and calculated reflectance values, respectively, and N is
the number of experimental data points. In our evaluation routine we first determined the phonon
parameters of e1(w) from a fit to the IR spectrum for Elc¢ polarization. Then, these parameter
values were used as fixed one for fitting experimental IR data for quasi-E||c polarization and

extracting the phonon parameters of g(w). The resulting theoretical reflectivity show a good

agreement with experimental IR measurements (Fig. 2 and 3).

The longitudinal mode (LO) frequency of the polar mode can be determined as a frequency
at which the energy loss function (imaginary part of -1/¢) has a maximum. '® To visualize the split

of TO and LO modes we compare the dielectric function and the energy loss function obtained



from the dispersion analysis on Fig. 4 and 5. Table I summarizes the determined values of TO and

LO frequencies for polar B2 and E modes observed in parallel and perpendicular polarizations.

TABLE I. Model parameter values.

Mode oro (cm™) oLo (cm™) b s
Ellc
B! 127+£1.5 130+ 2 0.07 £0.007 0.55+£0.02
B»? 266 +2 288 +3 0.017 £0.001 1.45+0.02
B>} 360+ 3 369 +3 0.005 = 0.0006 0.32+£0.01

£4=7.69 + 0.09 £0i=10.01 £0.14

Elc
E! 139+2 140+ 1.5 0.06+0.01  0.13+0.03
E? 2392 2552 0.036£0.002  1.40 +0.02
E® 269+3 278 +3 0.017£0.001  0.25+0.01
E* 34543 361+3 0.007 £0.0004  0.50 +0.01
£:1=6.53 = 0.08 £1=8.81 £0.15
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Fig. 4. Imaginary part of dielectric function (e2) and energy loss function (Im (-1/¢)) for
Cu2CdSnSs single crystal with E||c polarization.
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Fig. 5. Imaginary part of dielectric function (e2) and energy loss function (Im (-1/¢)) for
Cu2CdSnSs4 single crystal with E_Le polarization.

Overall, we can identify 4 of 6 E modes and 3 of 4 B2 modes predicted from group theory
analysis for Cu2CdSnS4 compound. Based on the calculated zone center phonon frequencies for

close related Cu2ZnSnSs in stannite structure form, °

we assume that the missing B2 and two- E
modes are located below 100 cm™. The evaluated TO polar modes are comparable to far -infrared
absorption results, showing modes at 347, 271, 243, 139, 129 and 56 cm™' for sintered powder
samples, '° and recent reports on Raman scattering characterization on polycrystalline powder !!
and thin films ® and monograin powders *. Nevertheless, these earlier investigations were done on

polycrystalline layers or under unpolarized light excitation, which limits study of the zone-center

modes symmetry because of the randomly oriented grains in the probed specimens.

The high frequency dielectric constant shows appreciable anisotropic behavior and equal
to 7.69 and 6.53 in E|lc and ELc polarization (Table I). This fact can be related to a structural
effect on the electronic band structure of a stannite modification of the tetragonal crystal structure
as it was theoretically predicted for Cu2ZnSnS4 semiconductor. 2° Moreover, it was calculated a
higher value of & in E||e polarization in stannite Cu2ZnSnSs, 2° which is in agreement with our

experimental result. Note that a different trend in &« for the chalcopyrites crystalizing in tetragonal

9
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structure (space group 742m ) was observed. '>2! It follows from Eqs. (2a) and (2b) that the static

dielectric constant is &y = €, + Z?’zl s; and equals to 10.01 and 8.81 in E[|lc and EL ¢ polarizations.

The most intense B2 (TO/LO) modes at 127/130 cm™ and 266/288 cm™' mainly contribute to &,
whereas the strong E (TO/LO) modes at 239/255 cm™! and 345/361 cm™ play a major role in ¢o,.
We caution that these values of dielectric constants should be revised when the missing B2 and E
modes are identified in the IR spectra presumably in the low frequency range. '° Finally, we

checked the validity of the Lyddane-Sachs-Teller relations for uniaxial crystal 22

oo, (2e)° ©)

€0 wro

and experimentally proved that left hand side and right hand side hold with a high accuracy

for both polarization configurations and thus supporting our dispersion analysis of IR spectra.

In summary, we report a detailed study of polarized far infrared reflection of CCTS single
crystals grown by chemical vapor technique with iodine as transport agent. A dispersion analysis
is performed to quantify the transverse and longitudinal phonons of B2 and E polar modes as well
as the values of high frequency &= and static €o dielectric constant for polarization along and

perpendicular to the ¢ optical axis.
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