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Organic-inorganic methylammonium lead iodide (CH3NH3PbI3) based perovskite was prepared on mesoporous TiO2/ZnO:Ga
(GZO)  coated glass substrate with two step spin coating technique. Ga doped ZnO (ZnO:Ga) thin films have been deposited
by RF-Magnetron sputtering at room temperature on glass substrate and show 4.3×10–4 .cm electrical resistivity alongwith
high optical transmittance (above 89%) and a haze factor of 52% respectively. Mesoporous TiO2 (mp-TiO2) paste is coated
on GZO coated glass by doctor’s blending method and heat treated TiO2 powder shows both (101) and (200) anatase phases.
(101) and (200) crystalline phases are mainly responsible for higher absorpt ion coeffic ient in mixed  TiO2 powder.
Methylammonium lead iodide (CH3NH3PbI3) (MAPbI3) perovskite/TiO2/ZnO:Ga tri-layer structure shows unique electrical and
optical characteristics for organic-inorganic solar cell applications.
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Introduction
Methylammonium lead iodide based perovskite

(CH3NH3PbI3) solar cells have recently made more atten-
tion due to their unique properties such as high absorption
over the visible range, long diffusion length, ambipolar charge
transport, high mobility and superior performance and ease
of fabrication1. Researchers are studied to improve the effi-
ciency of the PSCs by control the surface morphology, inter-
face engineering, crystal growth, materials and so on. Very
recently, the power conversion efficiency of PSCs has been
achieved more than 20%2. The attractive performance of
PSCs exhibit huge potential as next generation highly effi-
cient solar cells with low cost fabrication processes3.

Indium tin oxide (ITO) and fluorine doped tin oxide
(SnO2:F) is currently the most widely used TCO for opto-
electronic devices4. High cost and scare in nature of indium

makes the researchers to think about the alternative TCO
materials of ITO and SnO2

5. ITO thin films has some prob-
lem such as lack of supply for mass production, cost and
imperfect flexibility, basically in case of perovskite solar cell
when the film bent too much conductivity is decreased and
also the crack damage occurs on the surface6. Performance
of ITO thin film degrades when in contact with the commonly
used acidic (PEDOT:PSS) buffer layer7,8. There is another
concern that ITO is brittle that cannot stand mechanical de-
formation. Due to these drawbacks makes ITO is not the
suitable candidate for the flexible device and perovskite so-
lar cell. Therefore, finding substitutes to ITO film is of great
significance. Doped zinc oxide (ZnO:Ga) thus suitable can-
didate for these type of application also it can be  eliminate
the need for ITO.

Zinc oxide can be easily doped with group III elements
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such as aluminium and gallium. Some advantages of ZnO
such as band gap of 3.3 eV, low toxicity, good optical and
electrical properties, and chemical stability in plasma pro-
cesses makes zinc oxide (ZnO) a promising alternative to
commercially established ITO, SnO2

9–12. Also the zinc is
abundant in nature; consequently, ZnO is relatively
cheap13,14. Kaminski et al. very recently investigated on al-
ternative transparent conductor materials including AZO and
ITO15. In their study they investigated the AZO and ITO based
perovskite solar cell. FTO with ITO based cell and AZO based
perovskite solar cell shows the photocurrent by 4.5% and
6.5% respectively. In this experiment ZnO:Ga (GZO) based
TCO was introduced. No more researchers have not reported
on the doped ZnO TCO based perovskite solar cell.

Mesoporous TiO2 (mp-TiO2) is the most widely used elec-
tron transport material in PSCs due to its excellent physico-
chemical properties, such as large band gap, chemical sta-
bility, photo-stability, non-toxicity, and low cost16. In most
cases perovskite based solar cells are commonly fabricated
in one step/two step spin coating17 technique for prepara-
tion of high performance device on TiO2/TCO/glass substrate.
Here film uniformity, homogeneity and inter-connectivity are
the most important issues for high performance solar cell
fabrication. Most researchers commonly use commercially
available ITO, SnO2:F based TCO films. But, mp-TiO2 film
helps not only the scaffold of the perovskite layer but also to
make a smooth path for electron transport with TCO films.

No more researchers has been reported perovskite based
solar cell performance deposited on doped (Al, Ga, In) ZnO
films as TCO till today.

In this work, the structural, optical and electrical proper-
ties of ZnO:Ga and ZnO:Ga/TiO2 thin films have been stud-
ied for the application in perovskite based organic-inorganic
solar cell. Role of ZnO:Ga film in the above structure have
been discussed to study feasibility in comparison to the com-
mercially available ITO, SnO2:F based TCO films.

Experimental
ZnO:Ga thin films were deposited on glass substrate at

substrate temperature (Ts) 300 K (room temperature) by dual-
target RF (13.56 MHz frequency) magnetron sputtering  sys-
tem (Hind High Vacuum Co. (P.) Ltd.) under non reactive
environment with Argon ambient using 99.99% pure sintered

ceramic disc were used as sputtering targets (2 inch in di-
ameter and 5 mm in thickness) and target specifications is
ZnO:Ga (3 wt%). ZnO:Ga thin film is first cleaned sequen-
tially by ultrasonication in acetone and deionized water. Af-
ter cleaning the substrates were dried by the nitrogen flow.
TiO2 thin layer of thickness (20 nm) was prepared on TCO
glass by Dr. Blending method.  Then the films were heated
to 400ºC for 2 h. Organic metal based methylammonium lead
iodide (CH3NH3PbI3) perovskite was prepared on meso-
porous titanium di-oxide (mp-TiO2) coated ZnO:Ga film on
glass substrate with two step spin coating technique.

PbI2 (462 mg) was dissolved in DMF (1 ml) under mag-
netic stirring at 70ºC for 12 h. 30 L PbI2 solutions were
deposited on mp-TiO2 layer by spin coating at 3000 r.p.m for
20 s. After deposition of PbI2 the substrate were dried at
70ºC for 30 min. Then the films were cooled at room tem-
perature, 80 L CH3NH3I solution in 2-propanol (6 mg/mL)
was sprayed on the PbI2 films by spin coating at 400 r.p.m
for 20 s and finally dried the films at 70ºC for 30 min. The
samples were then annealed at 90ºC to ensure complete
reaction between PbI2 and CH3NH3I.

The electrical properties of both GZO and perovskite/TiO2/
ZnO:Ga was studied by 4-probe van-der-Pauw technique
attached with Hall measurement (Ecopia-HMS-3000) set-up.
Optical transmittance, absorbance and Haze data of Ga
doped ZnO and the absorbance of ZnO:Ga/TiO2, perovskite/
ZnO:Ga/TiO2 thin films were measured using microproces-
sor controlled dual beam UV-Vis spectrophotometer (Perkin-
Elmer Lamda-35). Structural characterization of TCO films
was carried out by Crystallographic phase analysis X-ray dif-
fraction (XRD) (Philips PW 1710 diffractometer) (Cu K, k =
1.54178 A°, 2 scan mode). The 2D and 3D surface topog-
raphy of GZO films was performed by Atomic Force Micros-
copy (AFM) (Multimode 8, Bruker) respectively.

Results and discussion
Electrical properties:
ZnO:Ga thin films is prepared by dual-target RF Magne-

tron Sputtering system on glass substrate at room tempera-
ture (Ts = 300 K) using 99.99% pure sintered ceramic disc of
ZnO:Ga (3 wt% Ga) sputtering target by Ar as sputtering
gas, 100 Watt RF-power, 10 mbar chamber pressures.
ZnO:Ga films show promising electrical properties with =
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4.3×10–4 .cm, Rsh = 12.64 / %, Hall mobility (12.0 -
cm2/V.s.) and carrier concentration (1.2×1021 cm–3) with film
thickness of  340±5% nm and optical transmission of 89%
respectively due to the high carrier density whereas the mo-
bility is 2–3 times less compared to commercial TCO films.
The electrical resistivity and Hall measurements have been
carried out at room temperature on doped ZnO thin films.
The carrier density and mobility of the thin films were esti-
mated from Hall measurements. Only the mobility of the
doped ZnO thin films is less than that of commercially avail-
able TCO. Poor mobility is due to either high carrier density
or more amorphous region or more scattering in grain bound-
ary region. For magnetron sputtered doped polycrystalline
ZnO thin films18–20, columnar growth of grains is commonly
observed and hexagonal wurtzite structure are formed. Dur-
ing nucleation stage (i.e. for ultra-thin doped ZnO film), Zn
atoms bind to the O-terminated surface, small crystallites
are produced, then forms Zn-O cluster and diffuse across
the surface21. In this way, ZnO films formation becomes com-
plete, but less denser and stacking faults are produced that
may cause for low mobility.

Optical properties:
The optical transmittance of the doped ZnO thin films

with thickness of 340±5% (ZnO:Ga) nm is shown in Fig. 1.
The thin films of ZnO:Ga show the transmittance of 89% in
the visible region of solar spectrum. The decrease of trans-
mittance in the near infrared region results from the increase
of reflectance and absorption which is attributed to the plasma

resonance of the electron gas in the conduction band. The
quality of the transparent conducting films can be judged by
the figure of merit () calculated from the transmittance (T)
and sheet resistance (Rs) data following the equation  =
T10/Rs

22. ZnO:Ga thin films shows highest FOM of 2.4×1018.
The higher values of the figure of merit represent the better
performance of the transparent conducting film.

GZO films shows higher transparency in visible as well
as near-infrared region and a high electrical conductivity. For
opto-electronics and solar cells application, both the electri-
cal conductivity and the transmittance of TCO film should be
as high as possible.

The scattering phenomenon of the films is defined by the
Haze parameter23. The Haze factor was calculated as ratio
of diffuse transmittance to the total transmittance. However,
for doped ZnO thin film with very rough surface, the diffuse
scattering predominates which is inelastic or random. In this
experiment ZnO:Ga shows 52% Haze value. Basically TCO
material is used as a window layer for the incident illumina-
tion to the device and as also as serves a one of the elec-
trodes of solar cell. The ideal TCO provides high transpar-
ency over a wide spectral range with high conductivity and
higher carrier mobility.

Haze factor is defined as the ratio between the diffused
transmittance and total transmission. Higher value of Haze
factor means more light will be entered inside the solar cell
material and ultimately effective light-trapping will be en-
hanced due to multiple reflections in active layer i.e. Haze
factor indirectly enhances photo-response producing more
number of electron hole pairs, increases the short circuit
current. Finally the efficiency of the solar cell can be improved.

Haze value depends on the surface morphology of the
thin films. Haze value should be high for rougher surface.
This property helps the TCO to scattered more light which
increases the optical absorption of weakly absorbed light in
the solar cells.

The optical absorbance of are shown in Fig. 2. Fig. 2
shows the absorption spectra of perovskite CH3NH3PbI3,
TiO2/ZnO:Ga and  perovskite/TiO2/ZnO:Ga thin films.

It was clearly observed from the absorption spectra that
absorption is increased after the perovskite layer deposited
on the mesoporous TiO2/ZnO:Ga/Glass TCO thin film.Fig. 1. Total transmittance of ZnO:Ga thin films.
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Structural properties:
Fig. 3 shows X-ray diffraction (XRD) spectra of ZnO:Ga,

ZnO:Ga/TiO2 and ZnO:Ga/Perovskite thin films deposited at
room temperature. Curve-1 shows prominent (002) peak
which reveals ZnO:Ga has hexagonal-wurtzite structure with
c-axis oriented crystallites perpendicular to the substrate
surface. The crystallite size of TCO thin films was estimated
using Scherrer’s formula24 and it is 5.76 nm.

and (211) at 2 equal to 25º, 34.33º, 49º and 55º respec-
tively.

Average crystallite sizes are 17.01 nm as estimated from
(101) phase. Here (101), (200) corresponds anatase phase
and (211) is for rutile phase. Curve-3 (Fig. 3) shows (220),
(310) and (002) peaks of CH3NH3PbI3/ZnO:Ga bi-layer
samples on glass substrates with peaks position at 2 = 28.5º,
31.8º and 34.33º. These peaks are indicating the tetragonal
perovskite structure is formed25–27 with average crystallite
size 6.80 nm as estimated from (220).

Atomic Force Micrograph (Fig. 4) shows 3D topography
as well as the phase of room temperature deposited ZnO:Ga
films under Argon environment. 3D topography of AFM im-
ages clearly show the grain size distribution and describe
the fluctuations of surface heights around an average sur-
face height.

Fig. 2. Absorbance spectra of (1) perovskite CH3NH3PbI3, (2)
perovskite/TiO2/ZnO:Ga, and (3) TiO2/ZnO:Ga coated glass.

Fig. 3. X-Ray diffraction spectra of (1) glass/ZnO:Ga, (2) glass/
ZnO:Ga/TiO2 and (3) glass/ZnO:Ga/perovskite thin films.

Curve-2 (Fig. 3) shows XRD spectrum of TiO2/ZnO:Ga
bi-layer films with the diffraction peaks (101), (002), (200)

Fig. 4. AFM micrograph for (a) 3D topography of ZnO:Ga film, (b) 2D
view of  phase of perovskite coated ZnO:Ga thin film.

Fig. 4(b) shows the phase analysis as well as rougher
and more uneven surface of perovskite coated ZnO:Ga bi-
layers. This uneven surface with more numbers of grain
boundary in the bi-layer film may be cause of more light ab-
sorption in perovskite layer. Sequential deposition method
will leave some PbI2 together with MAPbI3. A small amount
of PbI2 is helpful for decreasing the recombination providing
the beneficial role. High surface coverage helps to the de-
vices to enhance the performance devices as undesired
shunting paths are minimized and as a result maximizing
photo-carrier collection28. Also the large surface area with
large grain size crystal are in favor of more charge trans-
port29,30 and increases the light scattering centers31 that helps
to increase of effective photon absorption in active layer of

(a) (b)
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perovskite based solar cell and ultimately give rise a larger
photocurrent which is one of the important advantage for its
application in perovskite solar cell.

Conclusions
CH3NH3PbI3 based perovskite material was deposited

on ZnO:Ga/TiO2 layer and effect of high optical transmittance
(89%), stable low sheet resistance and tuneable Haze factor
of ZnO:Ga thin film have been investigated. Ga doped ZnO
is more stable compared to that of Al doped ZnO when sub-
jected to moisture. Mesoporous-TiO2 powder with (101) and
(200) crystalline peaks may be responsible for strong bond-
ing between GZO and perovskite interface. GZO creates
smooth network for electron transport to perovskite material
through TiO2 interface. Granular phase of perovskite mate-
rial formed on ZnO:Ga/TiO2 layer which can indirectly influ-
ences on scattering mechanism. Crystalline phase of
perovskite material is helpful for better optical absoption and
that may ultimately increase the current density in perovskite
based solar cell.

By changing the structure of ZnO:Ga thin film, it’s electri-
cal properties will be greatly tuned to achieve higher con-
ductivity and TiO2 nano-powder tends to have a higher chemi-
cal stability5,6. Stack of nano structured ZnO thin film7 and
TiO2 layer with higher dielectric constant shows less defect
states, which ultimately leads to less recombination8,9. Pres-
ence of (200) and (211) TiO2 phase with (002) hexagonal
wurtzite structure of ZnO:Ga play a key role to enhances of
photo-response as well as maximize the device performance.
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