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DEPOSITION AND PHYSICAL PROPERTIES OF
CuePSs1-BASED THIN FILMS

CuePSs1-based thin films were deposited onto silicate glass substrates by non-reactive radio frequency
magnetron sputtering. The chemical composition of thin films were determined by energy-dispersive
X-ray spectroscopy. Electrical conductivity of CugPSsl-based thin films was studied depends on
chemical composition. Optical transmission spectra of CusPSsl-based thin films were investigated in
the interval of temperatures 77-300 K. Absorption edge spectra and refractive index dispersion were
derived from the optical transmission spectra. The variation of the main parameters of Urbach
absorption edge and electron-phonon interaction was analysed depends on Cu content in CugPSsl-
based thin films.
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Introduction

CusPSsl compounds belong to the
superionic  conductors  with  argyrodite
structure. They are the promising materials for
wide application as the solid electrolytes,
electrochemical and optical sensors [1-4]. At
room temperature they belong to the cubic

syngony F43m; with temperature decrease
two phase transitions occur [5]. Optical
properties of CusPSsl crystals were studied in
Refs. [6-8].

It should be noted that the investigation
of physical properties of CusPSsl thin films
only begins. For the first time CusPSsl thin
films were obtained and studied in Ref. [9].
Structural investigations show the films to be
amorphous and have homogeneous two-
dimensional structure. Isoabsorption studies
reveal that at T=470 K the CuePSsl film is
partially destructed and detached from the
substrate. The influence of annealing on the
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optical absorption edge parameters of CusPSsl
thin films was investigated in Ref. [10].

In the present paper we report on the
deposition of CusPSsl-based thin films by non-
reactive radio frequency magnetron sputtering,
investigation of electrical conductivity, optical
absorption edge and refractive index
dispersion.

Experimental

For sputtering of CusPSsl-based thin
films we used the co-deposition technique
from two tilted magnetrons — one equipped
with CusPSsl target (pressed powder) and
second with pure Cu target (Fig. 1). The
deposition was carried out at room temperature
in Ar atmosphere.
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Fig. 1. Schematic drawing of the deposition alignment.
Two position of the glass sample are displayed: (1)
position during deposition of | and Il samples (solid
thick line) and (2) position during I11 samples deposition
(dotted thin line).

Structural studies, performed using
SEM technique (Hitachi S-4300), confirm the
formation of a uniform two-dimensional
structure (Fig.2a). At high amount of Cu atoms
(Fig.2b) the non-uniformities and structure
peculiarities are observed on the film surfaces.
Typical AFM-image for Cus.70P1.61S4.74l0.95
thin film is presented in Fig.3.

Fig.2. SEM-images for (a) CUs 46P1.68S5.0610.80 and (b)
Cus.60P0.58S3.14l0.65 thin films.

Flg 3. AFM-image for Cus.70P161S4.7410.95 thin film.
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Energy-dispersive X-ray spectroscopy
was used to ensure the thin films chemical
composition (Table 1).

Table 1

Chemical composition and electrical
conductivity for CusPSsl-based thin films

Films Chemical Electrical
composition conductivity
(o, S/m)
Sample |
1 Cus.37P1.88S5.04l0.71 0.044
2 Cus.46P1.6855.0610.80 0.047
3 CuUs.56P1.6654.9310.85 0.049
4 Cus.70P1.61S4.7410.95 0.051
5 Cus.77P1.12S3.9811.14 0.056
6 Cu7.55P0.89S3.4411.12 0.066
Sample 11
1 Cus.31P1.10S4.68l0.91 0.053
2 Cus.35P1.12S4.5710.95 0.053
3 Cus.38P1.11S4.5010.92 0.053
4 Cus.43P1.1554.6410.83 0.054
5 Cus.46P1.1S4.64l0.74 0.054
6 Cus.56P1.11S4.6110.72 0.055
7 CuUe.85P0.99S4.3610.80 0.057
8 Cu7.20P0.83S4.1410.83 0.060
Sample Il1
1 Cur.88P0.73S3.61l0.78 0.084
2 Cus.05P0.68S3.5410.73 0.092
3 Cus.06P0.69S3.5710.68 0.135
4 Cus.10P0.6553.5210.73 0.141
5 Cus.42P0.60S3.30l0.68 0.243
6 Cus.60P0.5853.1410.68 0.272
7 Cus.94Po.56S2.8810.62 0.365
8 Cug.28P0.50S2.6310.59 0.394

Electrical conductivity was measured
by impedancemeter at frequency 1 MHz.
Optical transmission spectra of CusPSsl-based
thin films were studied in the interval of
temperatures 77-300 K by an MDR-3 grating
monochromator, UTREX cryostat was used
for  low-temperature  studies.  Spectral
dependences of absorption coefficient and
dispersion dependences of refractive index of
thin films were calculated on their basis.
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Results and discussion

Electrical studies have shown that the
total electric conductivity of the thin films
increase with increase of Cu atoms content.
Thus, in with Cu content increase in interval
from Cus.37P1.88S5.04l0.71 t0 Cuog.28P0.50S2.6310.59
the electric conductivity increase from 0.044
S/m to 0.394 S/m, respectively. It should be
noted that the total electrical conductivity for
the CuePSsl single crystal is o,=0.13 S/mat 1

kHz [4]. The high value of electrical
conductivity in thin films under investigation

make them the promising material for creation
of solid state batteries and supercapacitors.

Futhermore, with Cu content increase,
a red shift of the optical transmission spectra
as well as absorption edge spectra is observed
(Fig.4). It is shown that the temperature
variations of optical transmission in CusPSsl-
based thin films are similar for all investigated
samples. With temperature increase, a red shift
of both the short-wavelength part of the
transmission  spectrum (related to the
temperature behaviour of the absorption edge)
and the interferential maxima is observed.
Besides, a typical decrease of transmission in
the interferential maxima with temperature is
revealed.

Parameters of Urbach absorption edge and EPI for CusPSsl-based thin films Teble2
Film Cus.46P1.68S5.06l0.80 | Cus.35P1.12S4.5710.95 | Cus.05P0.68S3.5410.73
E, (300K), eV 2.876 2.521 2.283
E, (300K), meV 332 256 254
a,, cmt 1.32x10° 1.13x106 3.85x10°
E,.eV 3.197 3.322 2.802
o, 0.131 0.200 0.191
haw,,meV 78.2 97.3 91.6
6. .K 907 1129 1063
(E,),,meV 299 243 239
(E,),, meV 652 575 485
E; (0),eV 2.907 2.564 2.313
s 78 18.6 111
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Fig.4. Optical transmission spectra of Cus 4sP1.68Ss.0610.80

(1), Cup.35P1.12S457l0.95 (2) and Cusg.osPo.68S354l0.73 (3) thin

films at 300 K.

It should be noted that the optical
absorption edge spectra of CusPSsl-based thin
films have shown the exponential behaviour
(Fig. 5) and their temperature variation
described by the Urbach rule [11]

a(hvT)=a, -exp{o-(m;_l__EO)} )

where E, =KT /o is the Urbach energy, o is
the absorption edge steepness parameter, «,

and E, are the convergence point coordinates

of the Urbach bundle. The coordinates of the
Urbach bundle convergence point ap and Eo
for CusPSsl-based thin films are given in Table
2.
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Fig.5. Spectral dependences of the absorption
coefficient of Cus4sP168Ss.06l0.80 (1), CUs35P1.12S45710.95
(2) and Cug sPo.68S3.5410.73 (3) thin films at 300 K.

The temperature behaviour of the
Urbach absorption edge in CusPSsl-based thin
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films is explained by electron-phonon
interaction (EPI) which is strong in the thin
films under investigation. The EPI parameters
are obtained from the temperature dependence
of absorption edge steepness parameter using
the Mahr formula [12]

2kT ho,
o()=0, '[ha)}th[Zij , (2)

p

where %, is the effective phonon energy in a
single-oscillator  model, describing the
electron-phonon interaction (EPI), and o, isa
parameter related to the EPI constant g as
o, =(2/3)g™" (parameters hew,and co are

given in Table 2). For the CusPSsl-based thin
films oo < 1 that is the evidence for the strong
EPI [13].

It should be noted that in the range of
exponential behaviour of optical absorption for
their spectral characterisation one can use the
energy position of an exponential absorption
edge E; at a fixed absorption coefficient a.

We used the Eg‘ values taken at @=5x10* cm-

L for the characterization of the absorption edge
spectral position (Table 2). The temperature
dependences of E; and the Urbach energy E,

for CusPSsl-based thin films can be described
in Einstein model by relations [14, 15]

iy e 1
EZ(T) = EZ(0) - Ské, pr(eE /T)_J, (3)

1
exp(d. IT) —J @)

(Eu) = (Eu )o + (EU )1|:
where E;(0) and S; are the energy position
of absorption edge at 0 K and a dimensionless
constant, respectively; 6 is the Einstein
temperature, corresponding to the average
frequency of phonon excitations of a system of
non-coupled oscillators, (E,), and (E,), are
The obtained E;(0), S, &,
(Ey)o, and (E,), parameters for CusPSsl-
based thin films are given in Table 2.

constants.
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The dispersion dependences of the
refractive index for CusPSsl-based thin films
were obtained from the interference
transmission spectra (Fig. 6). The slight
dispersion of the refractive index is observed
in the transparency region while it increases
when approaching to the optical absorption
edge region.

500 I 800 1000

A (nm)

Fig.6. Refractive index dispersions of Cus 46P1.68Ss.06l0.80
(1), Cue.35P1.12S45710.95 (2) and Cusg.osPo.68S3.5410.73 (3) thin

films at 300 K.

Conclusions

CusPSsl-based thin films were deposited
onto silicate glass substrates by non-reactive
radio frequency magnetron sputtering. With
Cu content increase, a red shift of the optical
transmission spectra as well as increase of the
total electric conductivity were observed. The
spectral dependences of the absorption
coefficient and dispersion dependences of the
refractive index were derived from the
spectrometric  studies  of interference
transmission spectra. A typical Urbach bundle
is observed, the temperature behaviour of the
Urbach absorption edge in CusPSsl-based thin
films was explained by strong electron-phonon
interaction. With Cu content increase in

CuePSsl-based thin films the decreasing of E;
value and Urbach energy E,, weakening of
EPI (increase of o, value) and increasing of
effective phonon energy %ew,, increasing of

refractive index and contribution of static
structural disorder into E; were revealed.

REFERENCES

1. Kuhs, W.F., Nitsche, R., Scheunemann K.
(1976), "Vapour growth and lattice data of
new compounds with icosahedral structure
of the type CusPSsHal (Hal = CI, Br, )",
Mater. Res. Bull., VVol. 11, pp. 1115-1124.

2. Nilges, T., Pfitzner, A. (2005), "A
structural differentiation of quaternary
copper argyrodites: Structure — property
relations of high temperature ion
conductors”, Z. Kristallogr., VVol. 220, pp.
281-294.

3. Studenyak, I.P., Kranj¢ec, M., Kovacs,
Gy.Sh., Desnica, I.D., Panko, V.V., Slivka,
V.Yu. (2001), "Influence of compositional
disorder on optical absorption processes in
CusP(S1-xSex)sl crystals", J. Mat. Res. Vol.
16, pp.1600-1608.

4. Studenyak, I.P., Kranj¢ec, M., Kurik, M.V.
(2006), "Urbach rule and disordering
processes in CusP(S1-xSex)sBriyly
superionic conductors”, J. Phys. Chem.
Solids, Vol. 67, pp. 807-817.

5. Gagor, A., Pietraszko, A., Kaynts, D.
(2005), "Diffusion paths formation for Cu

76

ions in superionic CuesPSsl single crystals
studied in terms of structural phase
transition”, J. Solid State Chem, Vol. 178,
pp. 3366-3375.

6. Studenyak, I.P., Stefanovich, V.O.,
Kranj¢ec, M., Desnica, D.l., Azhnyuk,
Yu.M., Kovacs, Gy.Sh., Panko, V.V.
(1997), "Raman scattering studies of
CusPSsHal (Hal = CI, Br and 1) fast-ion
conductors”, Solid State lonics, Vol. 95,
pp. 221-225.

7. Studenyak, I.P., Kranjcec, M., Kovacs,
Gy.Sh., Panko, V.V., Desnica, D.I., Slivka,
A.G., Guranich, P.P. (1999), "The effect of
temperature and pressure on the optical
absorption edge in CusPSsX (X =ClI, Br, 1)
crystals”, J. Phys. Chem. Solids, Vol. 60,
pp. 1897-1904.

8. Kovacs, Gy.Sh., Borets, A.N., Studenyak,
I.P., Panko, V.V., Rosola, I.I. (1986),
"Optic-refractometric relation and
refraction index dispersion in CusPSsHal
crystals”, Ukrainian Journal of Physics,
Vol. 31, pp. 1201-1204.



10.

11.

Uzhhorod University Scientific Herald. Series Physics. Issue 40. — 2016

Studenyak, I.P., Kranjcec, M., lzai, V.Yu.,
Chomolyak, A.A., Vorohta, M., Matolin,
V., Cserhati, C., Kokényesi, S. (2012),
"Structural and  temperature-related
disordering studies of CusPSsl amorphous
thin films", Thin Solid Films, Vol. 520, pp.
1729-1733.

Studenyak, I.P., Kranjc¢ec, M., Chomolyak,
A.A., Vorohta, M., Matolin V. (2012),
"Optical absorption and refractive
properties of superionic conductor CusPSsl
thin films" ["Optychne vbyrannya ta
refraktyvni vlastyvosti vidpalenyh tonkyh
plivok superionnoho providnyka
CusPSsI"], Nanosystems, nanomaterials,
nanotechnologies, Vol. 10, pp. 487-494.
Urbach, F. (1953), "The Long-Wavelength
Edge of Photographic Sensitivity and of

12.

13.

14.

15.

the Electronic Absorption of Solids”, Phys.
Rev., Vol. 92, pp. 1324-1326.

Sumi, H., Sumi, A. (1987), "The Urbach-
Martienssen rule revisited”, J. Phys. Soc.
Japan, Vol. 56, pp. 2211-2220.

Kurik, M.V. (1971), "Urbach rule
(Review)", Phys. Stat. Sol. (a), Vol. 8, pp.
9-30.

Beaudoin, M., DeVries, A.J.G., Johnson,

S.R., Laman, H., Tiedje, T. (1997),
"Optical absorption edge of semi-
insulating GaAs and InP at high

temperatures”, Appl. Phys. Lett, Vol. 70,
pp. 3540-3542.

Yang, Z., Homewood, K.P., Finney, M.S.,
Harry, M.A., Reeson, K.J. (1995), "Optical
absorption study of ion beam synthesized
polycrystalline semiconducting FeSi2", J.
Appl. Phys., Vol. 78, pp. 1958-1963.

W.II. Crynensax!, B.JO. Uzaiil, A.B. benngax!, M.M. Kynuk?,
ILIL T'ypanund?, IT. Kym?, M. Mukyna?, B. lpanung?, T. Pou?

lysxroposckuii HarmonanbHbIA yHuBepcuTer, mi. Hapoauas, 3, 88000, Ykropon, Ykpauna
2YHI/IBepCI/ITeT nM. Komernckoro, Mimackas nosmHa, 84248 BpatuciaBa, CrioBakus

HANBIJIEHUE U ®U3NYECKUE CBOMCTBA TOHKHX
IIVIEHOK HA OCHOBE Cu¢PSsl

Touxkue mienku Ha ocHoBe CUgPSs| ObuIH HaHECEHBI HA MTOI0KKHA U3 CUIIMKATHOT'O CTEKJIA METOLO0M
HEPEAaKTUBHOIO PaJMOYACTOTHOIO MArHETPOHHOTO paclbUIcHHUsS. XHUMHUYCCKHHA COCTaB TOHKUX
IUICHOK ONPEACISUICS C TIOMOIIBI0 SHEPrOAMCICPCUOHHOW PEHTTCHOBCKOM CIEKTPOCKOITHUH.
DJeKTpudecKas MPOBOIUMOCTh TOHKUX IUICHOK Ha ocHOBe CUgPSs| m3yuamach B 3aBHCHMOCTH OT
XUMHYECKOTO cocTaBa. CHEKTPBI ONTHYECKOTO MPOIYCKAaHWS TOHKHX IUIEHOK Ha ocHoBe CugPSsl
ucciegoBauck B uHTEpBaie temmneparyp 7 /—300 K. CrekTpsl kpast MOTJIOMICHUS | UCTICPCUOHHEIC
3aBUCHMOCTH TMOKa3aTeael MPeSOMIICHHS OMPEACISUIMCh 110 CIIEKTPaM ONTHYECKOTO MPOIYCKaHHS.
V3meHeHHsT OCHOBHBIX IapaMeTpoOB ypOAXxOBCKOTO Kpasi MOTJIOMICHUS W AIIEKTPOH-(OHOHHOTO
B3aMMOJICHCTBUS TMPOAHATIM3UPOBAHBI B 3aBUCHMOCTH OT cojiepkanuss CU B TOHKHX IUICHKAax Ha

ocHose CugPSsl.

KiioueBble cJI0BA: TOHKHE IJICHKH, MarH€TPOHHOC pacClbUICHUEC, DJICKTPUYCCKAA MPOBOAUMOCTD,

OIITUYCCKOC MOTJIOMICHUE, TOKA3aTEJIb IPEJIOMIICHUA
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ILIL T'ypanuul, I1. Kym?, M. Mikyna?, b. I'panuiu?, T. Pou?
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HAITWJIEHHSA TA ®I3UYHI BJIACTUBOCTI TOHKHUX
IIJIIBOK HA OCHOBI CugPSsl

Tonki mriBku Ha ocHOBI CUsPSsl Oynm HaHeceHi Ha MIAKIAAWHKA 3 CHJIKATHOTO CKJIA METOIOM
HEpPEaKTHBHOTO PaJiouyacTOTHOIO MarHeTPOHHOTO PO3NMJICHHS. XIMIYHUH CKJaJl TOHKUX ILTIBOK
BH3HAUYaBCS 3a JIONIOMOTOIO0 EHEpProjuCIepciiiHol PEeHTreHiBChbKOi crekTpockomii. Enekrpuuna
MIPOBIIHICTS TOHKUX ILTIBOK Ha OcHOBI CUePSs| BUBUYamacs B 3aieXHOCTI BiJ XIMIYHOTO CKJIay.
CriekTpy ONTHYHOTO MPOIMYCKAaHHS TOHKUX IUTiBOK Ha ocHOBI CUsPSs| mocmimxyBanmcs B iHTEepBai
temrepatyp 77-300 K. Choekrpu Kpaio MOTJIMHAHHS Ta IMCHEPCIHHI 3aJeXKHOCTI MOKa3HUKIB
3aJIOMJICHHS BU3HAYAIUCS 3a CIIEKTPaMHU ONTHYHOTO MPOIYCKAaHHA. 3MiHH OCHOBHHX IIapaMeTpiB
ypOaxiBCHKOTO Kpalo MOTIMHAHHS Ta €JIeKTPOH-(OHOHHOI B3a€MO/Iii MpOaHali30BaHi B 3aJ€KHOCTI
Big BMicTy CU B TOHKHX IUTiBKaxX Ha ocHOBI CUgPSsl.
KaouoBi cioBa: TOHKI IUTIBKM, MarHeTpOHHE HANWJICHHS, €JEKTPUYHA IPOBIJHICTh, ONTHYHE

TIOTJIMHAHHAA, ITOKAa3HUK 3aJIOMJICHHA
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