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ZnS thin films were deposited by radio frequency (RF) sputtering with substrate
temperatures from room temperature to 400°C. The effect of substrate temperature on
structural and optical properties for the ZnS films was investigated. The systematic
investigation at different substrate temperatures of the properties of sputtered ZnS films
especially optical constants obtained through spectroscopic ellipsometry can provide some
guidance for ZnS films to be applied in thin film solar cells as buffer layers. The choice
of sputtering fabrication method may promote the full sputtering technique route in CIGS
or CZTS solar cells which is beneficial to the solar cell industrialization.

Keywords: ZnS thin films, RF magnetron sputtering, Urbach energy, Spectroscopic
ellipsometry.

Toukue miaeHKu ZnNS ocamjanuch ¢ mnoMolnpio paauouactotHoro (RF) pacubuienus c
TEeMTIepaTypoil MOAJTOKKN OT KOMHATHO# TeMmmepatrypsl go 400°C. VccaemoBaHo BAMSAHUE
TeMIIepaTyphEl MOMJIOMKKN Ha CTPYKTYPHBIE M ONTHUYECKHUe cBolMcTBa IIeHOK ZnS. Mccmemosa-
HUE€ IIPY PA3HBIX TEMIIEPATypPaxX HOMJOMKN ONTUUYECKUX CBOMCTE HANBIICHHBIX ILIEHOK ZNS,
MEeTOIOM CIEKTPOCKOIIMYECKON DJIMIICOMETPUM MOMKET JaTh HEKOTOPble PEKOMEHIAIIUU MIJIA
HAHECeHUd ILIEHOK ZNS Ha TOHKOILJIEHOUYHBIE COJHEUYHbIe SJeMEHTHl B KauecTBe OyQepHBIX
caoeB. JlaHHBIA CIIOCOO IOJYUYEHUA ILJIEHOK MOJYKET OBITh MCIIOJB30BAH B COJHEUHBIX JJIEMEH-
Tax CIGS mau CZTS, uTo BLIrOAHO [Jid IPOU3BOJACTBA COJHEUHBIX 3JIEMEHTOB.

CrpykTypHe i onTHYHE AOCHINKEHHA TOHKHMX ILTiBOK ZNS, OTpHMaHUX METOAOM Pamio-
YACTOTHOTO MATrHETPOHHOTO PO3NMHJIEHHA TPH Pi3HUX TeMmeparypax migkaagku. Le Kong,
Jinxiang Deng, Liang Chen, Zhen Shen, Jiyou Wang.

Torki muiBkm ZnS ocagsysBaamesa 3a gormomorowm pagiodacrormoro (RF) posnmienns 3
TEMTIEPATYPOIO TMiAKMIAAKM Bim KimMHaTHOT TemmepaTypu a0 400°C. MocmigskeHo BIJIUB TeMIIe-
parypu migKJIagKM Ha CTPYKTYPHi 1 onTuuni Baacrupocti miaiBok ZnS. Bubip cmocoby Buro-
TOBJIEHHSA POSMUJIEHHA MOJKe CIPUATH BUKOPUCTAHHIO METOJY MMOBHOT'O POSTUJIEHHS B COHAY-
aHux ejementax CIGS a6o CZTS, mro Burigmo anaa ingycTpiamisarii coOHAYHUX eJleMEeHTiB.
CucremMaTnuHe TOCTiIKEHHsA MPU PisHUX TeMIlepaTypax MiAKJIaIKU BJIACTHBOCTEH HaTUJe-
HUX ILIIBOK ZNS, 0cOGIMBO ONTMYHMX KOHCTAHT, OTPUMAHHX 34 JOIIOMOTOI CIEKTPOCKOIIIU-
HOI exincomerpii, Momxe gaTu geari pekomenganii 1A HaHECEHHS ILIIBOK ZNS HA TOHKOILIIB-
KOBi coHAuHi eneMenTH B AKocTi OydepHHUX mIapis.

1. Introduction buffer layer prepared on top of
Cu(In,Ga)Se, (CIGS) absorbers for thin film

photovoltaics applications to date and the
are extensively used in opto-electronic de- cell efficiency of 20.3 % was achieved for
vices [1]. CdS has been used broadly as the CIGS solar cells [2, 3]. But further progress

II-VI group compound semiconductors
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of efficiency is blocked because CdS has a
band gap of 2.45 eV resulting in high ab-
sorption at shorter wavelengths [3, 4], and
CdS contains a toxic element Cd which is
not environment friendly. Some materials
with larger band gaps have been considered
as possible alternatives, for example ZnS,
In,S;, ZnSe and (Zn,Mg)O [5]. Among these
choices, ZnS is regarded as one of the most
promising materials [6]. Compared with
CdS, ZnS is non-toxic, not expensive and
plentiful in the world. ZnS is an n-type
semiconductor with a large direct band gap
of 83.2-3.9 eV at ambient temperature [3,
7]. The wide band gap of ZnS is beneficial
for high energy incident photons to enter
the absorber layer, and is thus good to im-
prove the blue response of the film solar
cells and the cell performance [8]. The effi-
ciency of heterojunction cells relies on the
interfacial characteristics between buffer
and absorber layer. ZnS possesses good lat-
tice matching with CIGS or Cu,ZnSnS,
(CZTS) absorbers [3, 9].

Some approaches were reported for the
fabrication of ZnS thin films, for example
Radio Frequency Magnetron Sputtering [8],
Chemical Bath Deposition [10], Metal Or-
ganic Chemical Vapor Deposition [11], Mo-
lecular Beam Epitaxy [12], Thermal Evapo-
ration [13]. Magnetron sputtering has some
merits compared to the other methods in-
cluding flexible controllability of the depo-
sition parameters, cost-efficient, high film
deposition rate, and particularly the com-
patibility with the sputtering method of the
fabrication of CIGS or CZTS absorbers as
well as the window layer giving rise to a
full sputtering technique route in solar cells
[8, 14, 15]. ZnS thin films were deposited
through RF magnetron sputtering at differ-
ent substrate temperatures in this paper.
The effect of substrate temperature on
structural and optical properties is studied.

2. Experimental details

ZnS thin films were prepared on soda
lime glass substrates (15 mmx10 mm)
through RF magnetron sputtering system.
At first the substrates were cleaned ultra-
sonically taking methanol-acetone-methanol-
deionized water route and then dried by N,
gas flow. A hot-pressed ZnS target with
60 mm diameter 5 mm thickness and
99.99 % purity stuck to Cu plate was used
during the deposition. The base pressure
was 5-107% Pa. The target was pre-sputtered
for 10 minutes prior to formal deposition.
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Fig. 1. X-ray diffraction spectra of the ZnS
films sputtered at different substrate tempera-
tures from room temperature (RT) to 400°C.

The working gas was Ar (99.999 %) and the
working gas pressure was 1.2 Pa. RF power
and the distance between target and sub-
strate were fixed at 100 W and 150 mm,
respectively. ZnS films were deposited for
an hour at four different substrate tempera-
tures of room temperature (RT), 200°C,
300°C and 400°C separately. In the sputter-
ing process, the substrate holder was rotat-
ing to ensure that the deposition was uni-
form and the rotational speed was 5 rpm.

Structural data and crystallinity of the
ZnS films were measured by PERSEE-D3
Cu—Ko diffraction meter. The morphology
was obtained by Scanning Electron Micro-
scope (SEM) (Hitachi-SU8020). The trans-
mission spectra of the samples were per-
formed using Ultraviolet-Visible-Near Infra-
red spectrometer (Shimadzu-UV3600). The
optical constants of the ZnS thin films were
measured and analyzed by spectroscopic el-
lipsometry (Jobin Yvon-MM16).

3. Results and discussion

3.1 XRD and SEM results

Fig. 1 shows the XRD spectra of the ZnS
films sputtered at RT, 200°C, 300°C and
400°C. The spectra indicates that all the
films have (111) plane peak appearing about
at 20 = 28.5° and exhibit cubic structure
[Joint Committee on Powder Diffraction
Standards (JCPDS) card 05-0566]. It can be
seen that when the substrate temperature
increases from RT to 200°C, the XRD peak
intensity increases, which means the im-
provement of the film crystallinity relating
to the increase in surface diffusibility of
incident sputtered particles. While when
the temperature rises from 200°C to 300°C,
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Fig. 2. Mean crystallite size and FWHM of

ZnS thin films deposited at different sub-
strate temperatures.

then to 400°C, the peak intensity keeps de-
creasing. Subbaiah [16] presented the simi-
lar observation when the temperature was
beyond 3825°C and the deterioration of ZnS
films crystallinity was attributed to sulfur
re-evaporation, while in our study the dete-
rioration of film crystallinity happened at
300°C. This temperature difference may be
due to the different deposition methods —
the former is close space evaporation
method, while the latter is sputtering
method. During film deposition the kinetic
energy of incident sputtered particles into
substrate is higher than that of evaporated
particles so sulfur re-evaporation in sput-
tering deposition might arise at lower tem-
perature.

The mean crystallite size D was calcu-
lated by Scherrer formula:

_ 0.9 (1)
Bcosd’

where X-ray wavelength A is 0.15406 nm,
FWHM — full width at half maximum f is

in radians. The Ko2 part was eliminated
with Jade software.

Basing on data from Fig. 1 the FWHM
was obtained and the mean crystallite size
was calculated and they are presented in
Fig. 2. From RT to 200°C the better mobil-
ity of sputtered particles at higher tempera-
ture brings about better crystallization with
less stress resulting in the enlargement of
crystallite size. Nevertheless, it is not the
same when the substrate temperature grows
up to 300°C and 400°C with decreasing
crystallite size. The sulfur vacancy defects
might suppress the crystallite growth at the
higher temperatures.

Fig. 3 shows SEM images for ZnS films.
The large crystal grains may include many

Functional materials, 24, 4, 2017

Fig. 8. SEM images of ZnS thin films depos-
ited at different substrate temperatures. (a)
RT; (b) 200°C; (c) 300°C; (d) 400°C.

smaller crystallites. The grain size is maxi-
mum at 200°C substrate temperature which is
consistent with the analysis above mentioned.

The lattice constant (a) can be obtained by

a=dVn? + k2 +12, (2)

where h, k, and [ are Miller indices, and d
was calculated by Bragg relation 2dsinf = A.
The calculated lattice constant values of the
ZnS thin films are 5.372, 5.387, 5.409,
5.416 A for substrate temperature RT,
200°C, 300°C, 400°C respectively, with some
deviations less than 1% from the standard
value 5.406 A arising from the film stress
or defects which affect XRD peak position.
All the deposited films showing good lattice
matching with CZTS or CIGS absorbers with
lattice constant values of about 5.4 A.

3.2 Transmittance spectrum

Fig. 4 shows the transmittance spectrum
of ZnS films deposited at different sub-
strate temperatures in the wavelength range
of 300 to 1200 nm. The straight line in the
short wavelength range indicates that the
related transitions happen across the band
gap directly. The average transmittance is
above 80 % in visible and near-infrared
wavelengths (400-1200 nm) for all the
films which means high optical transpar-
ency in favor of solar cell performance.

3.3 The Urbach energy of ZnS thin films

According to the above XRD results, the
ZnS films are polycrystalline containing
amorphous components. The structural dis-
order of the material can be characterized
through Urbach energy. Near the band edge
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Fig. 4. Optical transmittance spectra of ZnS
thin films deposited at different substrate
temperatures.

the relation between absorption coefficient
o(A) and photon energy is [17, 18]:

oh) = Ocoexp(%} 3
0

where o is a constant, E; is the Urbach
energy. So there is a linear relationship be-
tween In[ofA)] and photon energy near the
band edge and the Urbach energy E( can be
deduced from the reciprocal slope of the
linear portion. The of\) was calculated ac-
cording to the transmittance spectra data in
Fig. 4 with formula T = exp[-o(A)d], where T
is the optical transmittance and d is the film
thickness which is about 500 nm obtained by a
Veeco Dektak 150 step profiler. The depend-
ence of In[oA)] on photon energy is shown in
Fig. 5, then the deduced Urbach energy E is
presented in Table 1. From RT to 200°C, the
Urbach energy E; decreases. Then when the
substrate temperature rises to 300°C and
400°C, E, keeps increasing. It indicates the
structural disorder variation in the ZnS thin
films relating to the S vacancy defects.

3.4 Optical band gap

For ZnS films the relation between ab-
sorption coefficient o and optical band gap
E, can be described by Tauc formula:

m (4)

ahv = c(hv — Eg™,

where ¢ is a constant, Av is photon energy and
m is a constant taking the value 1/2 for ZnS
is the direct band gap semiconductor [16]. The
relation curve between (0hv)2 and hAv for the
ZnS films is presented in Fig. 6. The band gap
value can be obtained by extrapolating the lin-
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Fig. 5. Dependence of 1n(0) on photon energy.

Table 1. Urbach energy of ZnS thin films
deposited at different substrate temperatures

Substrate RT 200 300 400
temperature, °C

Urbach energy, | 0.170 | 0.118 | 0.133 | 0.184

eV

Table 2. Optical energy band gap Eg of ZnS
thin films deposited at different substrate

temperatures
Substrate RT 200 300 400

temperature, °C
E, eV 3.34 | 3.35 | 3.40 | 3.43

ear portion of the curve to the hv axis. The
optical band gap value obtained for the ZnS
films rises from 3.34 to 3.43 eV with the in-
creasing substrate temperature (RT — 400°C),
which are given in Table 2. The blue shift of
the band gap of ZnS films with increasing
substrate temperature could be ascribed to
Burstien-Moss effect [16, 19].

3.5 Refractive index and extinction coeffi-
cient

Spectroscopic ellipsometry is an important
method for thin films to analyze optical proper-
ties. Ellipsometry can measure the polarization
change of reflection light from a sample [20].
The ratio p of Fresnel reflection coefficients r
and ry is a complex number and commonly de-
scribed as tanyexp(iA) (v, A: ellipsometric an-
gles). Refractive index and extinction coeffi-
cient can be obtained from the y and A.

The spectroscopic ellipsometry of the ZnS
films in wavelength range of 430 nm ~
850 nm was measured by phase modulated
ellipsometer. In the fitting process Tauc-

Functional materials, 24, 4, 2017
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Fig. 6. Variation of (0hv)?2 with photon en-
ergy (hv).

Lorentz dispersion relation model was
adopted [21]. The model is derived using
Tauc joint density of states above the band
edge as well as Lorentz oscillator with elec-
tromagnetic radiation. The expression for
the dielectric function derived using this
model for a single transition is as follows:

1 AEOC(E - Eg)Z (5)
E(E2 - E})2 + C2E%’

g(E) =

g&i(©) (6)

e (E)=c. +2P dz,
T

‘22 —_ E2
E,

where A and C are the additional fitting
parameters, and E, and E, are the optical
band gap and the peak transition energy,

respectively. The ¢(E) is deduced by Kra-
mers-Kronig integration of the e;(E). This
model is constrained to E > E, and forced
to zero for E < E .

Good ellipsometric fit results for the ZnS
thin films have been obtained. Fig. 7 shows
the ellipsometric fit for the ZnS thin film
deposited at RT substrate temperature. Re-
fractive index (n) as well as extinction coef-
ficient (k) of all the ZnS thin films are
presented in Fig. 8. The refractive index
values vary from 2.1 to 2.4. The extinction
coefficient values are of the order of 1072,

The porosity (P) of the films were calcu-
lated with the formulas below [22]:

p=1- bulk denSLty, (7)
D.’XI
4M
D, = , 8
N ®)
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Fig. 7. Ellipsometric fit for the ZnS thin film
deposited at substrate temperature of RT.

Table 3. Porosity (P) of ZnS thin films de-
posited at different substrate temperatures

Substrate RT 200 | 300 | 400
temperature, °C

X-ray density (D,), |4.176 |4.142 |4.090 |4.072
g/em?

where D, is the X-ray density and the for-
mula (7) is for a cubical system, N, is
Avogadro’s number (6.023-1023 atom/mol),
M is molecular weight, and a is the lattice
constant. The D, of the ZnS thin films was
estimated and shown in Table 3 decreasing
with increasing substrate temperature. So
the porosity (P) of ZnS thin films might
decrease with increasing substrate tempera-
ture according to the formula (7), resulting
in that the packing density of ZnS thin
films increases with increasing substrate
temperature. So the refractive index in-
creases with increasing substrate tempera-
ture as shown in Fig.8 (a).

The extinction coefficient is influenced
by the grain size of thin films. The grain
size affects the grain boundary and the
light scattering at the grain boundaries.
When the grain size becomes larger, the
grain boundary increases, the light scatter-
ing increases at the grain boundaries, so the
extinction coefficient increases. In Fig. 8(b)
when the substrate temperature rises to
200°C from RT, the extinction coefficient
increases, which may be due to the increas-
ing grain size. When the substrate tempera-
ture is from 200°C to 300°C the extinction
coefficient decreases due to the decreasing
grain size. But when the substrate tempera-
ture rises to 400°C from 300°C the extinc-
tion coefficient increases with decreasing

545



Le Kong et al. / Structural and optical study ..

240 ¥ o d
236} 7 e
) 232p /,/’/ . b

T . . C

£ 208 e T -

Z 224t - /

22 - _

S 220}

& a-RT
2161 — —b-200°C
212} - - ¢-300°C
o8k — - =d-400°C

14 16 18 20 22 24 26 28 30
Photon energy, eV

Extinction coefficient

0.

0.

0.

-0.

-0.

04 b)
021
00 =
02 a-RT

— —b-200°C

- ¢-300°C
04r — - -d-400°C
1.8 2.0 22 2.4 2.6 28 3.0

Photon energy, eV

Fig. 8. (a) Refractive index and (b) extinction coefficient of ZnS thin films deposited at different

substrate temperatures.

grain size, which may be because the sulfur
re-evaporation becomes rather significant
resulting in more defects and more extra
optical absorption.

4. Conclusions

ZnS thin films have been prepared by RF
magnetron sputtering with different sub-
strate temperatures from RT to 400°C. The
X-ray diffraction spectra indicated all the
films had (111) plane appearing about at
20 = 28.5° and exhibited cubic structure.
The mean crystallite sizes were calculated
by Scherrer formula and reached the maxi-
mum of 28.96 nm at the substrate tempera-
ture of 200°C. The ZnS films deposited
show good lattice matching with CZTS or
CIGS absorbers and high transparency
which is good to be buffer layer material.
The energy band gap values rise from
3.34 eV to 3.43 eV with increasing sub-
strate temperatures. The refractive index of
the ZnS films is from 2.1 to 2.4 and the
extinction coefficient is of the order of 10~
2, The effect of substrate temperature on
the optical and structural properties of the
ZnS thin films is discussed. These conclu-
sions can provide some guidance for ZnS
thin films to be applied in CIGS or CZTS
solar cells as buffer layers.
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