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ARTICLE INFO ABSTRACT

Thin-films of Zinc Tin Oxide (ZTO) with high charge carrier mobility and superior optical transmittance has been
prepared by the rf-reactive co-sputtering technique in argon-oxygen (99:01) ambient. These deposited films have
been systematically studied to determine the effect of deposition temperature on film structure, composition,
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Mobility and optoelectronic properties. X-ray diffraction (XRD) spectra indicated that the ZTO films remain amorphous
EEAMPS b even growth temperature increased to 400 °C. The films deposited at room temperature (RT) and 100 °C were

slightly tin-rich found in Energy-dispersive X-ray (EDX) spectroscopy compared to the films deposited over
100 °C. It was found that growth temperature played a crucial role in carrier concentration and mobility of the
films and such properties are controlled by the grain boundary scattering over the Sn dopant concentration. The
transmittance of the films was found above 85% in the visible range regardless of substrate temperature. The
complete perovskite solar cell has been numerically analyzed by employing SCAPS-1D software and the effect of

Perovskite solar cells

ZTO’s optoelectrical properties on cell performance has been revealed.

Introduction

Perovskite materials as light harvesters for new-generation photo-
voltaic application are currently attracting enormous research interest
from both scientific and industrial communities in the past few years
due to their high efficiency and potentially low production cost [1,2].
Within just few years, from 2009 to 2018, perovskite-based solar cells
(PSCs) have shown exceptional improvement in efficiency from 3.8% to
23.3% [3], owing to the material’s intriguing optoelectronic properties
such as direct bandgap, high absorption coefficient, high charge carrier
mobility and lifetime, long carrier diffusion length in the micrometer
range and defect tolerance ability [4-8]. Endowed with these unique
properties, perovskites have also drawn much more attention in the
development of light emitting diodes, optically pumped lasers [9],
photo-detectors (PDs) [10] and thermoelectric devices [11]. The
highest efficiency obtained in PSC with the mesoscopic structure which
is already higher than the commercially available CdTe and CIGS thin
film solar cells, however, the intrinsic instability of perovskite devices
owing to moisture, heat, and light illumination, hinders their practical

application in ambient conditions [12]. It should be noticed that the
device structure including Electron-transport materials (ETMs), which
extract photo-generated electrons from perovskite layers and transport
them to the cathode, play an important role in PSCs performance, sta-
bility and degradation [13]. Therefore, the properties of ETMs that is
essential for high-performance and highly stable PSCs has also garnered
much attention along with the whole device advancement.

Recently, TiO,, SnO,, and ZnO are commonly used in PSCs as an
electron transport material (ETM) or buffer material. However, besides
their numerous advantages as ETM, low electron mobility, high defect
density, and low thermal stability affect the efficiency and stability of
PSCs. On the other hand, it has been reported that mobility of Zinc-Tin-
Oxide (ZTO) is approximately three orders higher than that of TiO, and
ZnO buffer layer [14]. Also, Aviles and Wu [15] reported that ZTO has
much smaller recombination than that of TiO, at the front contact in-
terface of the solar cell. Alternatively, to get an ideal ETM for a solar
cell, besides the mobility, optical transmittance is also a key factor to
ensure enough amounts of photons harvested by the absorber layer. It
has also been reported that ZTO is a much more superior buffer layer
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than ZnO and TiO, in terms of the optical transmittance property [16],
thus we believe that ZTO could be an ideal material to substitute TiOo,
SnO, and ZnO which are conventionally using as ETM in PSCs.

On the whole, TiO, is the most extensively studied ETM in PSCs. It’s
band alignment with the perovskite absorber layer assuring easy elec-
tron injection and hole-blocking from the perovskite absorber to the
ETM [17]. In addition, the well controllable morphology of TiO, is
another attractive feature for using widely as ETM in PSCs. [18].
However, low electron mobility, the high density of trap states, light-
induced degradation [19], charge accumulation at the interface and
hysteresis behavior in current-voltage properties [20] affects the effi-
ciency and stability that influence for looking alternative ETM. More-
over, SnO, shows high stability and high electron mobility [21] and
using SnO, as ETM increase the stability of PSCs over the TiO,, how-
ever, SnO, based PSCs are also suffered from poor electron selectivity
[22] and notable hysteresis [23]. Additionally, ZnO as ETM seemed
more attractive than TiO, and SnO, for it’s larger electron mobility,
low-temperature process and hysteresis-free device performance [24]
However, the chemical instability with large basicity (8.7) [25] and
thermal instability of the ZnO/perovskite bilayer is still a hindrance for
its application in PSCs [26].

Alternatively, ZTO seems most potential ETM in PSCs over the
above materials. It has appealing photoelectric properties, such as wide
optical bandgap (3.8 eV), relatively low refractive index (2.0), lesser
electron effective mass (0.23 m.), high electron mobility
(10-30cm?V~'s™1), and a comparatively good band alignment with
perovskite absorber layer [27]. Also, it has high chemical stability with
respect to the acid/base solution and polar organic solvents, has an
influence on the crystallization of the MAPbI; _,Cl, layer, and has the
ability to promote the formation of bilayer perovskite structures with
uniform crystallization including bigger grains as large as 2.0 um [28].
All the above properties are indicating ZTO could be an outstanding
ETM for PSCs. Moreover, PSCs using ZTO as the ETM showed negligible
electrical hysteresis and high stability [27]. The main shortcoming of
ZTO for application in PSCs is the high temperature (> 200 °C) required
to crystallize it. However, we believe that this temperature could only
hindrance for its application in flexible PSCs although Shin et al. [16]
already reported a new method to prepare crystalline ZTO nanoparticle
at 90 °C and applied them as an ETM in PSCs fabrication via a simple
room-temperature solution process [29]. The device shows a remark-
able PCE of 17.7% for inverted planar PSCs, with significant ambient
stability, retaining over 90% of its original PCE after being stored under
30 *= 5% relative humidity for 14 d [29]. This work already identified
ZTO as a promising candidate as an ETM for efficient PSC applications.

Besides, the potential application of ZTO in various optoelectronic
field including in sensitized solar cells [30], organic and polymer solar
cells [31] and thin film solar cells [32-35] already signifying its po-
tential in photovoltaic applications which motivates for investigating of
its structural, optical and electronic properties for applying in PSCs. It
should be noticed that due to the wide variety of applications, ZTO has
already been studied much more than other relative thin films. How-
ever, the ZTO films prepared by the reactive co-sputtering technique is
quite less studied unlike solution process methods although sputtering
could be the best deposition technique for ZTO thin films. Particularly,
the sputtering technique facilitates precise thickness with a controlled
amount of desired elemental composition and impurity in a long range.
Since the properties of the resulting ZTO films are sensitive to the
growth conditions, and significantly affect the development of high-
efficiency optoelectronic devices, thus, improved understanding of the
relationship between growth conditions and the film structural evolu-
tion, morphological, optical and electrical properties are much more
crucial not only for enhancement of all practical applications in dif-
ferent types of solar cells mentioned above but also exploring the new
possible technological applications of ZTO films. The primary goal of
this work is to expand our understanding of ZTO thin films via the
analysis of the relationship between deposition temperature and
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optoelectrical properties of the sputtered ZTO thin films and to use
these properties to develop a model of a complete PSC. The numerical
model of PSC has been analyzed by employing SCAPS-1D software and
the effect of ZTO’s optoelectrical properties on cell performance has
been briefly studied.

Methodology

ZTO films of the thickness of around 100 nm were deposited by RF
magnetron co-sputtering using the commercial ZnO and SnO, target
(purity 99.999%) supplied by Plasma Materials, Inc. in Ar (99%) with
05 (1%) ambient on top of the glass substrate. The employed deposition
power was 50 W (for both materials) with the ambient pressure in the
range of 8-10 mT, and with baseline pressure of below 1.0 x 10~ ° T.
The pressure was maintained constant for all the films by flowing 2.0
SCCM of mixed Ar:0, (99:1) gas. The schematic of the deposition
process is shown in Fig. S1. The films were deposited in different sub-
strate temperature, ranging from room temperature (RT) to 400 °C.

The structural properties and surface morphology of the films were
investigated using X-ray diffraction (XRD) spectroscopy, and scanning
electron microscopy (SEM). The XRD patterns were taken in the 20
ranging from 10° to 70° using Cu Ka radiation wavelength of 1.5408 A
using ‘BRUKER aXS-D8 Advance Cu-Ka’ diffractometer. The SEM ana-
lyses of the samples were carried out using ‘LEO 1450 Vp’, respectively.
The carrier density, mobility, and resistivity are measured by the Hall
Effect measurement by means of ‘ECOPIA 3000’. The optical properties
are determined by the UV-vis spectrometry using ‘Perkin Elmer
Instruments Lambda35’. Also, in the present study, a device simulation
using one dimensional Solar Cell Capacitance Simulator (SCAPS-1D)
software was employed to investigate the influence of ZTO material
properties on device behavior of planner PSCs, aiming to understand its
physical mechanism and realizing the performance improvement. The
significant impact of ZTO’s optoelectrical properties on PSCs was ob-
served.

Results and discussion

The structural properties including material phases and crystallinity
of the deposited ZTO films at different substrate temperature are in-
vestigated through the XRD as shown in Fig. 1. All the films show
amorphous nature regardless of growth temperature. Chiang et al. [36]
have also been reported that the ZTO deposited via rf magnetron
sputtering in Ar/O, (90%/10%) ambient has an amorphous structure
rather than a crystalline structure. It has also been reported that the
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Fig. 1. XRD diffraction patterns of ZTO thin films deposited by reactive co-
sputtering at a different substrate temperature (RT to 400 °C).
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ZTO films with Zn/Sn ratios close to 2 could become crystalline at
higher temperatures (>500 °C) [37], however, Chidambaram et al.
[38] reported that the ZTO films remain amorphous even after an-
nealing to 600 °C. In this study, the films are found amorphous domi-
nant structure because of low growth temperature (highest is 400 °C)
which is highly consistent with the reported literature [37,38]. The
broad peaks as seen in Fig. 1 indicates that the degradation of the
crystalline quality of ZnO and/or SnO, films due to the lattice damage
produced by the incorporation of Sn atoms to the ZnO lattice or Zn
atoms to SnO, lattice. Since the ionic radius of Sn is larger than Zn,
thus, when their sites are replaced by one another, the lattice de-
formation started due to compressive strain (when Sn atoms replaced
by Zn) and tensile strain (when Zn atoms replaced by Sn), and there-
fore, the crystalline quality decreases or amorphization in the film gets
started. It has also been reported that the integration of additional
elements similar to Sn (such as In, Al, or Ga) into the ZnO matrix in-
duces the transformation of crystalline phase into an amorphous phase
[39]. The benefits of such amorphous metal oxide thin layer already
proven in LED as an electron transport layer which prevent morpho-
logically induced electrical shorts and/or the formation of preferred
current channels through the device structure [40].

The dominated amorphous nature in the polycrystalline films found
in this study indicates that a large number of grains with various re-
lative positions and orientations leading to lattice misfit and lattice
strain. The lattice strains are developed in the films by varying dis-
placement of the atoms as mentioned above with respect to their re-
ference-lattice positions which in turn depends upon the growing con-
ditions of the films [41]. Conversely, the imperfection in a crystal
associated with misregistry of the lattice in one part of the crystal with
respect to another part of the thin films, which is led by unlike va-
cancies and interstitial atoms in the crystals. This imperfection in a thin
film per unit area known by a term dislocation. From the XRD results, it
could be concluded that the films may have a large number of inter-
stitial Sn and/or O atoms and/or interstitial defects that lead to lattice
misfit and dislocation in the film structure and embolden the amor-
phous nature.

Fig. 2 shows the SEM morphology of ZTO films with different sub-
strate temperature. The surface of the film prepared at RT is dense with
nanoplatelets, shows very tinny grains, however, other films at a glance
shows the nanostructures of spherical shaped grains that are distributed
uniformly and covered the entire substrate surface without any pinhole.
The compositional analysis was verified by the EDX result as shown in
Fig. 2(f), which for only the film prepared at 300 °C of substrate tem-
perature. The spectrum reveals the presence of Zn, Sn and O elements in
the deposited films. The variation of elemental compositions in the
films is shown in Fig. 4 (next section) in the form of Sn/(Zn + Sn) and
O/(Zn + Sn), respectively. The elemental composition of the ZTO thin
films confirmed that the atomic concentration of the elemental species
is dependent on the growth temperature. Also, the silicon signal ap-
pears from the substrate and the trace amounts of C, Ca and K im-
purities were also detected in the film.

Optical transmittance measurements of ZTO films with different
deposition temperature in the range of RT to 400°C is shown in
Fig. 3(a). The ZTO film exhibits higher transmission in the short wa-
velength region may analogous to increase in crystallite size. The
average transmittance is above 85% secured by all the films in the
visible wavelength region showing excellent optical property which is
essential for using material as ETM in planer PSC or as a buffer layer in
thin film solar cells. The optical bandgap (Eg) of the films can be de-
termined from the absorption data using the Tauc relation as follows
[41]:

(ahv) = A(hv — Eg)™ @

where a is the absorption coefficient, A is a constant, hv is the photon
energy, Eg is the material’s optical bandgap. The exponent ‘m’ depends
on the type of transition and it may have values 1/2, 2, 3/2 and 3
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corresponding to the allowed direct, allowed indirect, forbidden direct
and forbidden indirect transitions, respectively. Since ZTO is direct
bandgap material, thus m = 1/2 has been considered for the bandgap
extrapolation. Fig. 3(c) shows the experimentally observed values of
(ahv)? plotted against hv enabling the energy bandgap to be de-
termined. The variation of bandgap with the variation of substrate
temperature is corresponding to the crystallographic variation of the
films as seen in XRD spectra and SEM images. The lowest bandgap
3.65¢eV has found for 300°C of substrate temperature and highest
3.74 eV for RT. It has been reported that the band gap of Zn-Sn-O based
semiconductors are ranging from 3.35 to 4.1 eV [42].

The average grain size in SEM images has been calculated using
ImageJ software [43] and found that the average grain sizes are in-
creased from 1.02nm to 7.5nm with the increase of substrate tem-
perature from RT to 400 °C. Fig. 3(d) shows the relation between the
grain size and bandgap of ZTO thin films prepared by different sub-
strate temperature. It is well known that the bandgap of the thin films is
reduced with the increase of grain sizes of the films. In this study also
find a similar trend for all other films except the film prepared at 400 °C
of substrate temperature. In this case, we think that the elemental
composition played an important role in the effect of grain size.

The electronic properties of ZTO thin films were studied by Hall
effects measurement. It is well known to that carrier mobility and
carrier concentration are two key factors controlling the transport
properties of traditional inorganic semiconductors. In particular, an
ETM or buffer layer with high mobility and high carrier concentration
are indispensable for using in PSC or heterojunction thin film solar
cells. In this study, the electron concentrations were found in the range
from 1.2 X 10" to 2.5 x 10'” cm ™2 depending upon substrate tem-
perature and the O and Sn concentration of the film. Similar behavior
has also been reported in sputtered a-ZTO thin films [38]. The si-
multaneous increase of mobility and carrier concentration as seen in
Fig. 4 until the substrate temperature 300 °C may be related to the in-
crease of Sn concentration and/or reduces of O concentration. Zhang
et al. reported that the self-doping defect of Sn on Cd site forms shallow
donor with low formation energy in the inverse spinel structure of
CdSnO  (CTO) [44]. This defect is formed under oxygen deficient and
Sn-rich, or equivalent conditions. Although, it is questionable regarding
the sufficient similarities between the CTO and the ZTO thin film for
apply CTO results to ZTO, however certainly Sn on Zn site self-doping
defect as the source of carriers in ZTO seems prudent as observed the
Sn/((Zn + Sn) ratios in Fig. 4. Besides, the highest carrier concentration
of 2.5 x 10'” em™3 is observed for materials grown at substrate tem-
peratures of 300 °C and Sn/(Zn + Sn) ratio equal to 0.52. The change in
electron concentration attributable to change in the native donor con-
centration into the ZTO lattice. It has been reported that the relatively
high resistivity and/or low carrier concentration are related to the en-
hancement of oxygen concentration in the films and/or to oxygen ad-
sorption on grain-boundary surfaces and carrier conduction is domi-
nated by grain boundary scattering [45]. In general, the presence of
oxygen vacancies in the oxide lattice leads to an increase in carrier
concentration. The oxygen vacancies contribute two electrons to the
electrical conduction since it could act as a double ionized donor as
shown in the reaction:

0p— Vy+ 2+ %Oz(g) o

Thus, the carrier concentration in ZTO films could be controlled by
oxygen-vacancy formation via annealing under a reducing atmosphere
[46], however, charge carriers generated by oxygen reduction via
thermal annealing are sensitive to process conditions making difficult to
precisely control their concentrations. Alternatively, charge carriers
could also increase by the Sn concentration, because Sn has two more
valence electrons than Zn, and Sn acts as a donor by either occupying
the interstitial sites or substituting for the Zn atom [46]. Besides, it is
quite possible that grain boundary scattering may play a greater role
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Fig. 2. (a)-(d) SEM surface morphology of the ZTO thin films prepared with different substrate temperature, and (f) EDX spectra of ZTO thin films prepared at 300 °C

(inset shows the elemental composition of the film).

than is likely in a higher concentration of Sn material. For confirming
the effect of ionized impurity defect, the carrier concentration versus
mobility curve has been drawn as shown in Fig. 4(inset). The curve
indicates that with the increase of substrate temperature towards 300 °C
reduces the ionized impurity defects, leading to the improvement of
carrier mobility. It is also indicated that the sub-bandgap defect in the
ZTO films is reduced with the increase of substrate temperature.
However, further increase of substrate temperature to 400 °C, mobility
and carrier concentration both reduces implies that the increase of io-
nized defect density and sub-bandgap defect density at this temperature
[47]. This may occur due to the increased grain boundary scattering via
adsorption of excess O content in the film on grain boundary.

In this study, mobility has found to be in the range of 3.9-14.5 cm?/
Vs and the highest mobility is achieved for 300 °C of substrate tem-
perature. The film mobility found in this study is quite high considering
the films are amorphous in nature and although films were no longer
annealed in the O free ambient to reduce the O content in the film. The
high mobility might be due to low RF power as well as a relatively high
argon pressure (8-10 mTorr) which was chosen for ZTO film deposi-
tion. These factors reduced the energy of the atoms in the chamber by

increasing the number of collisions between gas molecules and thus
minimize their damaging bombardment on the grown ZTO layer.
Similar phenomena have also been discussed for ZnO thin films and
reported in [48]. Higher stress, in particular, may increase the number
of defects in the deposited layer, with a negative effect on carrier
transport and mobility. The highest resistivity 30 Q2 cm found for the
film prepared at RT(27 °C) and the lowest resistivity 2.1 Q cm found for
the film of substrate temperature 300 °C. This drastic change of re-
sistivity is unknown but may be related to the O and Sn concentration in
the film as seen in Fig. 4. From the above analysis, it is clear that the
film deposition temperature plays an important role in carrier con-
centration, mobility, and resistivity as well as elemental composition.

The perovskite solar cell (PSC) device performance utilizing ZTO as
an electron transport material (ETM) has been conducted using the one-
dimensional software SCAPS-1D (version 3.3.01). The thickness of the
ZTO layer has been considered 100 nm and optoelectronic properties
has been employed as we found this study. For details of SCAPS-1D
including other layer parameters, readers are referred to the literature
[49,50]. The PSC structure used for modeling including energy band
diagram is shown in Fig. 5(a). Particularly, the most efficient PSCs to
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Fig. 3. (a) Transmittance spectra, (b) absorption spectra, (c) Tauc plot and (d) the relationship between grain size and the bandgap of ZTO thin films prepared by

different substrate temperature.

date are having TiO, and/or ZnO based materials as ETM [51], how-
ever, as mentioned above, these ETM materials are found to inferior in
overall performance in comparison efficiency, recombination me-
chanism, and stability. This drawback broadens the scope of developing

new ETM materials for improving the efficiency and stability of PSC’s.
The superior properties of ZTO thin films have also been discussed in
the earlier section. The only shortcoming of ZTO/perovskite PSCs is still
low efficiency of 13.34% [28], which may be due to the presence of
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Fig. 4. Elemental composition, carrier concentration and mobility of ZTO thin films with respect to their substrate temperature.
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interfacial defects, demanding much more study on ZTO/perovskite
PSCs. It should be noticed that ZTO/perovskite is very less studied yet
to date comparative to the TiO,/perovskite, ZnO/perovskite, and SnO,/
perovskite although it is using widely in the other technologies. Fig. 5
show the results found from the numerical simulation utilizing the PSC
structure of Glass/FTO/ZTO/MAIPbl;/Spiro-OMeTAD/Ag.

Fig. 5(b) shows the semi-log plot of dark IV of the PSCs with dif-
ferent ZTO thin films as mentioned above. It could be observed that the
lowest ideality factor and recombination current is for the film de-
posited by 300 °C. As the ZTO film of 300 °C substrate temperature
secured the highest electron mobility and carrier concentration that
may influence to reduce the ideality factor and dark recombination
current. Fig. 5(c) shows the efficiency and FF variation with respect to
ZTO film’s deposition temperature. It has also been seen that Voc and
Jsc are varied similar to FF although the variation is not significant (not
shown here) for them. It is well known that FF is directly related to
charge extraction and transport occurred in PSC. The charge extraction
and transport depend on the carrier mobility, film morphology, and
interfacial and bulk charge-recombination rates in the device. Also, the
conventional p-i-n semiconductor models tell that the Jsc is de-
termined by the spectral response of the light harvester and carrier
recombination in the device, and the Voc depends on the splitting of the
electron and hole quasi-Fermi energy levels in the whole device, [52] so
it is affected by the energy distribution of the perovskite thin films and
charge transport layer [53]. Fig. 5(d) and 5(d-inset) shows the IV curves
and EQE for the highest achieved efficiency for ZTO prepared by 300 °C.
The best efficiency achieved in this study is 24.07% with Voc of
1.13 eV, Jsc of 23.18 and fill factor (FF) of 67.66%. It is clearly seen that
the properties ZTO thin films are affected significantly PSC’s FF and

efficiency indicate that much more study is demanding on ZTO ETM to
get the highest efficiency and stable PSCs. From this study, it is also
found that the ZTO could be more potential ETM than conventionally
using nowadays in PSCs.

Conclusion

We have demonstrated the properties of ZTO films of thickness
around 100nm prepared by reactive co-sputtering technique. The
uniform microstructure with compact interconnected grains was seen in
SEM images and these grains are covered the substrate surface homo-
geneously. The film transmission is higher than 85% in the visible re-
gion and substrate temperature had seemed a significant effect on the
optical properties. The bandgap was observed to reduce with the in-
crease of grain size. The carrier mobility is as high as 14.5 cm?/Vs
measured by Hall-Effect measurement which is quite high with respect
to the amorphous film structure independent of the applied deposition
process. It was found that the substrate temperature playing an im-
portant role in the film’s electrical properties. The resistivity of the films
found in the range of 2.1-30 Q cm, which is limited by the low carrier
concentration in the range of 1.2-25 x 10'® cm ™3 rather than by the
mobility. The experimentally found lector-optical properties have been
employed for numerically modeling of PSC using SCAPS-1D. It has been
found that the film electrical properties such as mobility and carrier
concentration significantly affect the device ideality factor, re-
combination current which ultimately affects the device conversion
efficiency. The highest efficiency achieved in this study is 24.07% with
Voc of 1.13eV, Jsc of 23.18 and fill factor (FF) of 67.66%. The nu-
merical simulation results indicate that ZTO could be very ETM for
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stable and high-efficiency PSCs.
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