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Abstract

A comparative study was conducted between methylammonium lead tri-iodide
(MAPDbBI3)/zinc oxide (ZnO) nanorods (NRs) on fluorine-doped tin oxide (FTO) and indium
tin oxide (ITO) substrates for the first time. X-ray diffraction micrographs confirmed pure
tetragonal MAPDI; phase with 14/mcm space group and highly textured wurtzite hexagonal
ZnO structure, having P63mc space group. Scanning electron micrographs revealed compact
MAPDI; grains on vertically aligned NRs. The average diameter of the NRs was 226 nm on
ITO and 233 nm on FTO. Similarly, the average grain sizes of MAPbIz were 280 nm and
210 nm on FTO/ZnO and ITO/ZnO, respectively. The bandgaps were respectively 3.05 and
3.18 eV for ITO/ZnO and FTO/ZnO, whereas that of FTO/ZnO/MAPbI; and
FTO/ZnO/MAPDIz were 1.580 and 1.584 eV, accordingly. Our findings indicate that
FTO/ZnO/MAPbIz/Au solar cells have a better performance than ITO/ZnO/MAPbIz/Au
devices, and in-chamber annealing did not decompose MAPDbI3 sequential vapor-deposited on
Zn0O nanorods.
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1. Introduction

Interest in zinc oxide (ZnO) group I1-VI semiconductor as an electron transport layer (ETL)
in the rapidly growing perovskite solar cells technology is increasing at an accelerated rate
[1]. Their high transmittance in the visible region, wide and direct bandgap (3.37 eV), the
large exciton binding energy (~60 meV) at room temperature, diversity in morphology,
piezoelectric and dielectric nature are desirable properties contributing to the wide range of
applications [[2], [3], [4]]. The various morphologies of ZnO implemented in perovskite solar
cells to date include nanoparticles/quantum dots [[5], [6], [7]], nanorods (NRs) [8], and
nanowires [9]. Perovskites solar cells with ZnO ETL have also been shown to perform better
than those with titanium dioxide(TiO,). Sun et al. compared the PCE of solar cells based on
Zn0O with those based on titanium dioxide (TiO>) electron transport layer (ETL), both
prepared under the same conditions [10]. They observed that the ZnO-based solar cells
performed better with a PCE of 17.1% compared to TiO2 based solar cells with only 12.2%
PCE. Besides, Son et al. observed that ZnO nanorods are more effective in charge collection
than TiO; in Methylammonium lead tri-iodide (MAPbI3) perovskite solar cells [11]. MAPbI3
perovskite solar cells using ZnO-NRs as ETL are so far the most efficient of all the solar cells
using ZnO nanostructures, with a record power conversion efficiency (PCE) of 17.3% [8].



These results add more guarantee on the promise of ZnO-based perovskite solar cells over the
state-of-the-art TiO> nanostructured based perovskite solar cells.

However, MAPbI3/ZnO interface is unstable during thermal annealing. Thermal annealing
causes degradation MAPbIz when ZnO is used as ETL [12]. On the contrary, thermal
annealing reverses photo-induced degradation of MAPbIs-based solar cells containing nickel
oxide (NiO) hole transport layers [13]. The fundamental nature of ZnO surfaces including
hydroxyl groups and residual acetate ligands have been shown to cause thermal instability of
ZnO-based MAPDI; perovskite solar cells [5,6]. Cheng et al. proved that the basic nature of
ZnO causes the deprotonating of the methylammonium cation in MAPbI; during thermal
annealing and this decomposition is accelerated by the presence of hydroxyl groups and
acetate ligands on the surface of ZnO [5]. However, the calcination of ZnO at temperatures
exceeding 400 °C removed the hydroxyl groups and acetate ligands and produced a more
heat-robust perovskite. Yang et al. proved that using a poly(ethyleneimine) (PEI) polymeric
buffer layer effectively separates the ZnO-nanoparticles and perovskite, allowing larger
crystal formation during thermal annealing without decomposition [6]. Using a quasi-core
shell structure of ZnO/reduced graphene oxide (rGO) quantum dots as ETL reduces the
thermal decomposition during annealing as these (rGO quantum dots) passivates the ZnO
nanoparticles and also accelerates charge carrier extraction [14]. This rapid thermal
transformation of MAPbI; to Pbl, during thermal annealing of MAPDI;3 thin films on ZnO
surfaces has discouraged the use of one-step preparation methods for MAPbI; on ZnO [15].

The preparation method, precursor solution, conditions of preparation, and kind of substrates
determine the size and shape of the ZnO nanomaterial for the ETL [16] and consequently the
PCE of perovskite solar cells. A4hmadi et al. changed the morphological, optical, structural,
and electrical properties of MAPbI3 by changing the typical solvents used in the preparation
of the ZnO nanoparticles ETL including 2-methoxy ethanol, isopropanol, and ethanol [7].
They found that the solar cells using 2-methoxy ethanol had the best PCE because of good
surface coverage by MAPbDI3, the largest average grain size, and very few pin-holes. Yun et
al. optimized the lengths of ZnO-NRs by precisely controlling the reaction times and reported
a PCE of 14.22% for an optimum length of the ZnO-NRs ETL in MAPbI; solar cells [17].
The addition of EosinY in solution during the growth of ZnO-NRs increased the diameter of
the rods and consequently, the PCE of the solar cell [18]. Dash et al. prepared ZnO-NRs on
Si (100) wafer using a hydrothermal method and a solution containing zinc nitrate
hexahydrate (Zn(NO3),-6H20) and hexamethylenetetramine [19]. They observed 200 nm
diameter NRs having a length of 3000 nm. Similarly, Sahin et al. prepared ZnO-NRs on ITO
substrates using the same solution containing the hydrothermal method and a solution
containing zinc nitrate hexahydrate (Zn(NOz3),-6H>0O) and hexamethylenetetramine. Still,
they obtained a diameter of 100 nm and a length of 1650 nm [20]. Slimani et al. prepared
ZnO-NRs on FTO by spray pyrolysis using a solution containing zinc acetate dehydrated
(Zn(CH3C00),-2H>0) and sodium hydroxide (NaOH) and obtained a diameter of 240 nm
and length of 670 nm [16]. Hari et al. prepared open and closed hexagonal ZnO-NRs on ITO
by chemical bath deposition (CBD) using equimolar amounts of Zn (NO3)2-6H>O and
hexamethylenetetramine for varying deposition times [21]. They found that the NRs grown
when the temperature of the bath was set at 95 °C for 4 h had mainly open ends while the
ratio of the area of open NRs to closed NRs decreased as chemical bath time was increased
from values exceeding 9 h. Mwankemwa et al..showed that the orientation of seed the layer in
a growth solution during CBD of ZnO determines the morphology and optical properties and
vertically aligned nanorods are grown when the seed layer is facing downwards [22]. Kumar
et al. studied the difference in the performance of MAPDI; solar cells using ZnO-NRs on



FTO, and flexible ITO coated polyethylene terephthalate (PET) substrates [23]. They
observed that the solar cells on FTO resulted in a PCE of 8.90% while those on ITO/PET
showed a PCE of 2.62%. Besides, they also showed that solar cells containing compact ZnO
produced by electro-deposition were less efficient than solar cells fabricated with chemical
bath deposited ZnO-NRs. To the best of our knowledge, a comparative study of ZnO-NRs
ETL grown in CBD on the commonly used glass/FTO and glass/ITO for vapor deposited
MAPDI; cells is yet to be conducted.

In this article, we performed a comparative study of ZnO nanorods ETL synthesized on FTO,
ITO, and microscopic glass substrates using CBD, for application in MAPbI3 perovskite solar
cells. Non-post-annealed MAPDI; perovskites were prepared on the ZnO-NRs using a
sequential physical vapor deposition approach, previously reported by Fru et al. [24,25].
Changes in the structural, morphological, and optical properties of FTO/ZnO, ITO/Zn0O,
glass/ZnO, FTO/ZnO/MAPDbI;, ITO/ZnO/MAPDI3, and glass ZnO/MAPDI; layers were
studied. The dark current-voltage characteristics of FTO/ZnO/MAPbI3/Au and
ITO/ZnO/MAPbDIz/Au Schottky diodes were compared with those of glass/FTO/ZnO/Au and
ITO/ZnO/Au, and ideality factor, reverse saturation currents, series resistances and Schottky
barrier height computed for each device. Besides, hole-transport-layer free solar cells on FTO
and ITO were fabricated and their performances compared. This study opens new doors to
low-cost, stable, and efficient vapor deposited hole-transport layer-free perovskites solar cells
including MAPbI3 on ZnO.

2. Experimental
2.1. Growth of ZnO-NRs using chemical bath deposition (CBD)

Fig. 1 is the schematic diagram for the synthesis of ZnO-NRs on various substrates by CBD.
Indium tin oxide (ITO), Fluorine-doped tin oxide (FTO), and microscopic glass substrates
under test were cleaned with a warm soap solution and rinsed using deionized (DI) water.
The substrates were ultra-sonicated for 5.0 min each using acetone, ethanol, and DI water.
The sol-gel was first prepared by dissolving an appropriate amount of zinc acetate dihydrate
(Zn(CH3COO0),:2H>0; Sigma) in 25 ml of ethanol, and 40 mM monoethanolamide added to
the solution and then overnighted. The cleaned ITO was partly covered with a non-sticking
heat resistant tape and sol-gel spin-coated at 3000 rpm for 1.0 min to form a ZnO seed layer
which was dried in an oven at 150 °C. The process was repeated 3 times to increase the
thickness of the seed layer. The seed layer was then annealed at 350 °C for 1.0 h. 50 mM zinc
nitrate hexahydrate (Zn (NOz3)2-6H>0; Sigma) and 50 mM hexamethylenetetramine were
dissolved in equimolar amounts in DI water. For all the constituents to completely dissolve,
the mixtures were stirred for 1.0 h at room temperature. Nylon cable ties were used to
suspend the substrates, with the seeded surface facing down, in a beaker containing the
growth solution. This was done to ensure the vertical growth of NRs on the seeded layer. The
growth solution was then placed inside a water bath at a temperature of 90 °C, which was
maintained throughout the experiment. After 4 h, the synthesized ZnO-NRs samples were
washed with DI water, dried with pressurized nitrogen flow, and then annealed at 400 °C for
30 min.
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Fig. 1. The schematic diagram for growth of ZnO-NRs on ITO substrate.

2.2. The growth of MAPDbI3 on ZnO-NRs by sequential physical vapor deposition
(SPVD)

Fig. 2(a) shows the schematics for the growth of 3D MAPbI;3 perovskite thin films on ZnO
substrate using SPVD previously optimized by Fru et al. [24]. The ZnO substrate was loaded
into the evaporation chamber containing lead (II) iodide (Pbl>) and methylammonium iodide
(MAI) in two separate boron nitride crucibles. Air was pumped out of the chamber until a
suitable vacuum (2.0 x 107> mbars) was attained. 100 nm of Pbl, was first evaporated by the
heat energy generated after a suitable current was applied through the coils surrounding the
crucible. The evaporation of 400 nm MALI followed this. An inbuilt quartz crystal monitor
was used to monitor the thickness of thin films during the deposition process. The Pbl,
thickness was measured by setting the density of the monitor to 6.16 g cm > and Z-factor to
1.10 whereas MAI density was set to 1.20 g cm > and Z-factor to 2.70. The sample was
removed from the chamber and annealed at 100 °C for 10 min in air. 100 nm thick gold
electrodes were then evaporated onto the MAPbI3 thin films to form a hole transport layer-
free device, as shown in Fig. 2(b).
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Fig. 2. The schematic diagram for deposition of MAPbI3 and Au Schottky diodes (a) sequential physical vapor
deposition of MAPDI; (b) architecture of Schottky diodes.



The diffractograms of the thin films were determined using a Bruker D2-Phaser X-ray
diffract meter having a Cu Ka radiation with a wavelength of 1.5405 A. The 26 angle
between the incident and diffracted X-ray beams was varied from 20 to 60° with a scanning
rate of 0.05°s"!. The morphological properties were revealed by a field emission scanning
electron microscope (FE-SEM Zeiss Crossbeam 540), with an accelerating voltage of 2.0 kV.
The dimensions of the NRs were determined from the FE-SEM images using the ImageJ
software. The optical absorption spectra of the films were measured by Agilent CARY 60
UV-Vis spectrometer with the wavelength of incident light in the 400-800 nm range.

2.3. Fabrication of solar cells and Schottky diodes

Schottky diodes and solar cells were fabricated on FTO (~7 Q/sq, Sigma Aldrich) and ITO
(8-12 Q/sq, Sigma Aldrich) substrates. The FTO and ITO substrates for the solar cells were
trimmed to 20 X 15 mm and patterned by etching with concentrated hydrochloric acid and
zinc powder. Un-patterned substrates were used for the Schottky diode fabrication. The
substrates were cleaned by sequential sonication for 10 min in acetone, ethanol, and DI water
and dried with a pressurized flow of pure nitrogen. Both ends of the cleaned patterned
substrates were covered using heat-resistant tape before the deposition of the ZnO-NRs ETL.
The ZnO-NRs were grown on the substrates using CBD as described above. This was
immediately followed by the deposition of the MAPDI; active layer on the ZnO-NRs using
SPVD. The heat-resistant tapes were removed from both ends and gold contacts were
deposited via the S211 multi-electrode mask (Ossila). The Schottky diodes were fabricated
on the un-patterned 15 mm x 10 mm FTO and ITO substrates following similar steps.
However, only one end was covered with heat-resistant tape and a circular mask, 0.6 mm in
diameter, was used for the gold contact deposition.

The dark current-voltage (I-V) characteristics and device parameters of the Schottky diodes
were determined by an automatic set-up placed inside a Faraday cage. The Faraday cage
creates darkness and minimizes electrical noise during measurement. The set-up uses a
Hewlett Packard pA/DC voltage 4140B source meter, which measures current down to 1071
A with 0.5% accuracy, is used to source /" and measure the resulting /. Current density-
voltage (J-V) characteristics and device performance parameters of the solar cells under
illumination were determined using the automatic /- measurement system (Ossila). The
light measurements were performed under a solar simulator (Oriel LCS-100™ Small Area
Sol1A Series, Newport) with simulated solar output conditions of 100 mW/cm? and

AM1.5 G reference spectral filtering.

3. Results and discussion
3.1. Structural properties

Fig. 3(a-c) shows the diffractograms of ZnO-NRs on various substrates. All the
diffractograms showed strong and sharp peaks that matched the stable ZnO wurtzite
hexagonal crystal structure with the P63mc space group according to JCPDS PDF card
number 36—1451 [26]. The intensities of the (002) planes differed significantly from those of
the (001), (101), and (102) planes, indicating high texturing with preferred orientation on the
(002) plane [27]. This means that the ZnO-NRs tend to grow more on the (002) plane. Solis-
Pomar et al. [3] explained that the preferential direction in the normal c-axes is due to the
decomposition of diethylzinc on the substrates to provide nucleation sites for the growth of
vertical NRs. The texturing of ZnO-NRs has been shown previously to depend on the time to
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grow the seed layer [4] and the orientation of the seed layer along the c-axis [28]. Our results
show that texting is independent of the kind of substrates on which the seed layer and NRs
are grown. The area under the (002) diffraction plane, which is generally taken to be
synonymous to the peak intensity, is observed to be highest for FTO as shown in Table 1,
implying the highest crystallinity. Fig. 3(d) indicates that ZnO-NRs on FTO and ITO are
more crystalline than on glass. This is because the (002) peak of ZnO-NRs grown on FTO
and ITO are more intense than that of ZnO grown on glass. The high peak intensity could be
due to a more significant number of the (002) refection planes on FTO and ITO, which
increases the multiplicity factor.
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Fig. 3. Diffractograms of ZnO-NRs on various (a) ZnO-NRs on FTO (b) ZnO-NRs on ITO substrate (c¢) ZnO-
NRs on glass and (d) comparison of peak intensities of the three substrates.

Table 1. Lattice parameters, average crystallite size, and micro-strain of ZnO on various substrates.

The average

ZnO on various The lattice The lattice R
crystallite size

types of substrates parameter, a (A) parameter, ¢ ()

(002) peak Micro-
intensity (a.u) strain

(nm)
ITO/ZnO 3.244 5.199 26.56 121005.79 5.07 x 107
FTO/ZnO 3.245 5.189 34.00 121097.57 3.89 x 107
Glass/ZnO 3.319 5.295 25.09 100422.21 5.14 x 107



Fig. 4(a-c) shows the XRD images of the MAPbI; grown ITO/ZnO, FTO/ZnO, and
glass/ZnO substrates, respectively. All the diffractograms confirmed the tetragonal crystal
structure of MAPDI; for all samples, having the [4/mcm space group, consistent with earlier
results [24,[29], [30], [31]]. It is important to note that no peaks corresponding to Pbl, were
observed, although thermal annealing occurred within the chamber, unlike for solution
deposited MAPbI; thin films on ZnO in which case thermal decomposition occurs. This
means that sequential physical vapor deposited MAPbI3 thin-films on ZnO is stable to
annealing within the deposition chamber. In Fig. 4 (c), all the peaks of MAPbI3 on the glass
substrate are shifted to angular positions in comparison to peaks on FTO and ITO substrates.
This is because the height of the sample on glass is different from that on FTO and ITO. Fig.
4 (d) confirms the uniform shift of all the peaks of the sample on the glass substrates to the
left of those on FTO and ITO. A similar difference in peak position was observed in the XRD
of powdered and single crystals of the same material by Jesche et al. [32].
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Fig. 4. Diffractograms of ZnO-NRs/MAPDI; on various substrates (a) ZnO-NRs/MAPbI; on FTO (b) ZnO-
NRs/MAPbI; on ITO (c) ZnO-NRs/MAPbI; on glass and (d) comparison of peak intensities of the three

substrates.

The highly intense ZnO peaks are also observed alongside those of the MAPbI3. This means
that the X-rays are capable of penetrating the MAPbI; thin film to the ZnO-NRs during the
coherent scattering process. The large difference in intensities points to the fact that MAPDI;3
film could be thinner than ZnO. Also, it could indicate that ZnO is more crystalline than
MAPDI;. The intensity of the (110) peak for MAPDI;3 is highest in the ITO substrate (Fig.



4(d)), implying that the MAPbI3 film could be more crystalline on ITO/ZnO and FTO/ZnO
than on glass/ZnO.

The crystallite sizes and micro-strains were computed using the Debye-Scherer [33] and the
Stokes and Wilson relations [34] given by Egs. (1), (2), respectively,

)
L= g cos & (1)

4 |;l!l i (2)

[=

where D is the average crystallite size, 4 is the wavelength, £ is the full width at half
maximum, € is the Bragg's diffraction angle, ¢ is the micro-strain and £ is a constant
determined by the shape of the crystallite and considered to be 0.94. The lattice constants for
wurtzite hexagonal crystal structure for ZnO-NRs and the tetragonal structure for MAPbI3
were calculated using Eq. 3 and Eq. 4, respectively,
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where d is the inter-planar spacing, 4, k and / are the Miller Indices, and a and c are lattice
constants. Table 1 displays the lattice constants, average crystallite size, and micro-strain of
the ZnO-NRs. The lattice constant a is comparable for ZnO-NRs on FTO and ITO. However,
there is a slight elongation along the c-axis for the sample on ITO. On the other hand, the
lattice constants a and ¢ for ZnO on the glass are greater than for ITO and FTO. Generally,
there is a positive correlation between the ¢ and the micro-strain. This means that the
elongation along the c-axis could be due to an increase in tensile stresses that cause an
increase in micro-strain. Table 2 displays the lattice constants, average crystallite size, and
micro-strain of the MAPDI;3 thin films on ZnO-NRs. Our previous report on the lattice
constants when MAPbI; was prepared on glass under the same conditions gave a as 8.905 A
and c as 12.526 A [24]. The growth of MAPbI; thin films on ZnO-NRs caused an elongation
along the c-axis and a contraction along the a-axis by comparing the values in Table 2 with
the values above previously reported. This change correlates positively with the
corresponding lattices constants of ZnO shown in Table 1. This indicates that the difference
in the lattice constants is determined by the dimensions of the ZnO unit cells.

Table 2. Lattice parameters, average crystallite size, and microstrain of MAPbI; on ZnO ground on various
substrates.

ZnO on various types of The lattice The lattice The average Micro-
substrates parameter, a (A) parameter, ¢ (A)  crystallite size (nm) strain
ITO/ZnO/MAPDI; 8.588 13.103 22.45 5.04x107*
FTO/ZnO/MAPbDI3 8.588 13.103 22.55 5.01 x 107
Glass/ZnO/MAPbI; 8.758 12.766 24.80 490 x10™*

3.2. Morphological properties of MAPbI3

Fig. 5(a-d) shows FE-SEM images of ZnO-NRs on FTO, ITO, and glass substrates. The
vertically aligned NRs with hexagonal geometry having variable diameters are observed on



all substrates, confirming the XRD results. The average diameters of the NRs are observed to
be 226 + 23, 233 £ 32, and 169 £ 35 nm on ITO, FTO, and glass substrates, respectively.
From the observation of the diameters, the values for the NRs on ITO and FTO are
comparable but greater than the average diameter of the NRs on glass. The average length of
the ZnO-NRs grown on ITO and FTO as estimated using ImageJ was obtained as 511 + 34
and 692 + 25 nm, respectively. However, the length of the NRs on a bare glass substrate was
quite different from the ITO and FTO samples. The growth of the ZnO-NRs on ITO, FTO,
and glass, are observed to be densely and uniformly distributed on the entire substrate.
Comparing Fig. 5(a) and (b), we observed that the NRs were more compact on glass than
FTO. It is worth noting that the seed layer of ZnO aided in the nucleation and growth of these
NRs.

FTO/ZnO _

Fig. 5. FE-SEM micrographs of ZnO-NRs on various substrates (a) ZnO-NRs on FTO substrate (b) ZnO-NRs
on ITO (¢) ZnO-NRs on glass and (d) Top surfaces view of ZnO-NRs on FTO.

Fig. 6(a—d) presents the MAPbI3 grown on as-prepared ZnO-NRs. From the images obtained,
the compact MAPDI; cuboidal grains could be seen on the FTO, ITO, and glass substrates.
The MAPbI; layer entirely covered the ZnO-NRs. Fig. 6(d) shows that the MAPbI; grains on
the faces and also grew along the c-axis of the NRs. The grains are observed to be more
compact on glass than on FTO and ITO. The compact nature of the MAPbI3 grains is
consistent with that of the ZnO-NRs, indicating that the density of the ZnO bottom layer
determines how compact the MAPbI; layer is. The average grain sizes of the MAPDI; thin
films were observed to be 280 + 39, 210 + 42, and 173 + 19 nm on FTO, ITO, and glass
substrates, respectively.
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Fig. 6. FE-SEM of ZnO-NRs/MAPDI; on various substrates (a) ZnO-NRs/MAPbI; on FTO substrate (b) ZnO-
NRs/MAPbDI; on ITO (c) ZnO-NRs/MAPbDI; on a glass and (d) ZnO-NRs/MAPbI; on ITO.

3.3. Optical properties

Fig. 7(a-d) shows the UV—Vis absorption spectra for ZnO-NRs and MAPbI3 on various
substrates. All the spectra for ZnO-NRs on FTO, ITO, and microscope glass substrates show
negligible absorbance in the entire visible region and absorption onsets near 380 nm as shown
in Fig. 7(a—c), consistent with a previous study [35]. This indicates that the NRs are highly
transparent and will transmit most of the visible light to the perovskite absorber for charge
carrier generation. Comparing the absorption intensities of the NRs on the different substrates
as shown in Fig. 8(a), we observe that the absorbance of the NRs is the same in the visible
region but varies significantly in the ultraviolet region. Besides, the absorption edges of the
spectra are very sharp, indicating the absence of deep-level defects in the ZnO-NRs [36].
ITO/ZnO absorbs more the visible region than FTO/ZnO. This could be because ITO loses its
transparency when annealed at high temperatures exceeding 300 °C [37]. We confirm that
MAPDI; is present on ZnO from the visible absorption spectra. All the spectra of MAPbI; on
ZnO show an absorption onset at 780 nm, in good agreement with previous reports [24,38].
Fig. 7(d) compares the spectrum of MAPbI; on FTO/ZnO, ITO/ZnO, glass/ZnO, and glass.
We observe that the spectra differ significantly in the 300—600 nm range and the differences
can be related to the compact nature of the MAPbI3, which is also determined by the compact
nature of the MAPbI3 on the substrate. It is observed that glass/ZnO/MAPDbI3 has the highest
absorption intensity while ITO/ZnO/MAPbI; has the least intensity in this region.

10



3.0 = FTO/ZNO
e F TO/ZNO/MAPbDI,
525
)
=20
2
0 o
A 1.5
3
c 1.0+
0.5
0.0 - -
300 400 500 600 700 800
E Wavelength (nm)
3.51 —— Glass/ZnO

N
(3

Intensity (a.u)
- 3V
(4] o

-
o
A

400 500 600 700
Wavelength (nm)

Glass/ZnO/MAPbDI

800

——I|TO/ZnO
= |TO/ZnO/MAPDbI

Intensity (a.u)
°

00 400 500 600 700 800
Wavelength (nm)

= FTO/ZnO/MAPbDI,
s | TO/ZNOI/MAPDI
Glass/ZnO/MAPDI,
Glass/MAPDI,

352

Intensity (a.u)

0.5

500 600 700 800
Wavelength (nm)

Fig. 7. The absorption spectrum of ZnO-NRs and MAPbI; on various substrates (a) ZnO on FTO and MAPbI;
on FTO/ZnO (b) ZnO on ITO and MAPbI; on ITO/ZnO (¢) ZnO on glass and MAPDI; on glass/ZnO (d)

MAPDI; on FTO/ZnO, ITO/ZnO, glass/ZnO, and glass.

11



—FTO/ZnO —FTO/Zn0
= |TO/ZNnO e [ TO/ZNO
Glass/ZnO

— Glass/ZnO|

Kol

H (ahv/ cmleV)*2

25 26 27 28 29 30 31 32 33

n Absorbance (a.u)

400 600 800 1000
Wavelength (nm) Energy, hv (eV)
——FTO/ZNO/MAPDI, —Glass/IMAPbI,
——ITO/ZnOMAPbI, &
< |——Glass/znO/MAPDI, S
S ()
[ v
~ £
= o
Q -~
-
= &
= 3
1 ﬂ
H e A — 1.50 152 1.54 1.56 1.58 1.60 1.62 1.64
150 1.52 1.54 1.56 1.58 1.60 1.62 1.64

Energy, hv (eV) Energy, hv (eV)

Fig. 8. (a) Absorption spectrum of ZnO-NRs on FTO, ITO, and glass (b) Tauc-plot for the absorption spectrum
of ZnO-NRs on FTO, ITO, and glass (c) Tauc-plot for the absorption spectrum of MAPDI; thin film on
FTO/ZnO, ITO/ZnO, and glass/ZnO and (d) Tauc-plot for the absorption spectrum of MAPbI; thin film on the
glass.

The bandgaps were computed using the Mott and Davis relation given by Eq. 5,
(crh‘u)% = A(hv - E,) (5)

where E, is bandgap and 4 is a proportionality constant, a is the absorption coefficient, /4 is
the Planck's constant, v is the frequency, n is a numerical constant, and its value determines
the nature of the transition; n equals 1/2, 2, 3/2, and 3 for direct allowed transitions, indirectly
allowed transitions, directly forbidden transitions, and indirect forbidden transitions
respectively. Mott and Davis's equation shows that the optical absorption strength is
proportional to the difference between photon energy and bandgap. A Plot of the absorption
strength against photon energy is known as the Tauc's plot and is used to determine the
bandgap of semiconductors. Fig. 8(a-d) shows Tauc's plots for ZnO and MAPDbI; direct
bandgap materials on the various substrates. We observe in Fig. 8(b) that the bandgap of
ZnO-NRs depends on the substrate type. The bandgap of ZnO-NRs is 3.05, 3.18, and 3.20 eV
on FTO, ITO, and glass substrates, respectively. These values are in close agreement with
previous reports [35,39]. Fig. 8 (d) shows the Tauc-plot of the absorption spectrum of
MAPDI; thin film on the glass. The horizontal intercept on Fig. 8 (d) is slightly different from
the intercepts on Fig. 8(c). This shows that the bandgap of MAPbI3 varies with the substrate.
Fig. 9(a) shows a negative correlation between bandgap and average crystallite size of ZnO-
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NRs on FTO, ITO, and glass substrates. The correlation between bandgap and crystallinity of
Zn0O-NRs has previously been observed by Benramache et al. [40]. Our results suggest that
one can tune the crystallinity and bandgap of ZnO-NRs by changing the substrates and that
the NRs on FTO are more crystalline and have a lower bandgap than those on ITO. Fig. 9(b)
shows a weak inverse relationship between the bandgap and diameter of NRs, indicating a
less significant quantum confinement effect. Significant quantum confinement exists in ZnO-
NRs for diameters less than 10 nm, and the quantum confinement can be transferred from
colloidal solutions to thin films [41,42]. For the MAPbI3 thin film on ZnO-NRs grown on
various substrates, the relationship between the crystallite size and the bandgap is different
from that observed for the ZnO-NRs on the same substrates. Here, the bandgaps and
crystallinity of MAPbI; on FTO/ZnO and ITO/ZnO are very different from that of MAPbI;3
on glass/ZnO with no evident linear relationship between bandgap and crystallinity, as shown
in Fig. 9(c). Fig. 9 (d) shows bandgap vs. average grain size of MAPbI; on FTO/ZnO,
ITO/ZnO, and glass/ZnO. We observed that the bandgap of MAPbI; varies with substrate and
decreases with increase in average grain size.
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Fig. 9. (a) Bandgap vs. average crystallite size of ZnO-NRs on FTO, ITO, and glass (b) Bandgap vs. average
diameter of ZnO-NRs on FTO, ITO, and glass (c) Bandgap vs. average crystallite size of MAPbI3; on FTO/ZnO,
ITO/ZnO, and glass/ZnO and (d) Bandgap vs. average grain size of MAPbI3z on FTO/ZnO, ITO/Zn0O, and
glass/ZnO.
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3.4. Electrical properties

Fig. 10 shows the semi-log dark current-voltage (/-V) plots of FTO/ZnO/Au,FTO/ZnO/
MAPDI3/Au ITO/ZnO/MAPbDI3/Au, and ITO/ZnO/Au Schottky diodes. All devices were
rectifying since the forward and reverse curves are anti-symmetric. This means that
FTO/ZnO/Au and ITO/ZnO/Au serve as Schottky diodes, consistent with the literature [43].
Likewise, the FTO/ZnO/MAPDbIz/Au and ITO/ZnO/MAPDbI3/Au can function as photodiodes
[44]. The current through the metal-semiconductor interfaces of the devices can be expressed
by Eq. 6 [45],

N [ giV—IR,) ] : g(V—IR,)
"=k exp | | {1 (.xp(—ﬁ,—

(6)

where Rs is the series resistance, ¢ is the electron charge, V' is the forward-bias voltage, & is
the Boltzmann constant, 7T is the absolute temperature, 7 is the ideality factor, and /s is the
saturation current derived from the straight-line intercept of the Ln()) versus V and is defined
by Eq. (7) [46], .

# e T ap
I, = AA*T? exp ( m—— )

(7)

where A4 is the effective diode area, 4 * is the effective Richardson constant, O, is the
apparent zero-bias barrier height. The ideality factor n can be obtained as in Eq. 8 [46],

o a f_av
= F:T(U'Lr.!.[f}) (8)
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Fig. 10. (a) Semi-log plots of the dark I-V characteristics of FTO/ZnO/Au, FTO/ZnO/MAPbI3/Au,
ITO/ZnO/Au, and ITO/ZnO/MAPDI3/Au Schottky diodes, and (b) Reverse saturation current vs. Schottky

barrier height.

The zero-bias barrier height ¥b% was determined from the saturation current /5. This was
obtained at /=0 V and is given by Ref. [46] Eq. 9,

kT AA'T?
Pph = —Ln (———)
" z ©)
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Using the above equations, the Schottky barrier height ¥/ , the ideality factor n, the series
resistance Rs, and the reverse saturation current were calculated and shown in Table 3. Since
the thickness of the MAPDI; thin film is less than 500 nm, the MAPbI3 is fully depleted when
forward bias, previously reported [[47], [48], [49]]. The full depletion of the thin MAPbI;
film causes the FTO/ZnO/MAPbI3/Au and ITO/ZnO/MAPbI3/Au devices to behave more like
FTO/ZnO/Au and ITO/ZnO/Au Schottky diodes under dark conditions, consistent with
Moeini et al. [47]. The ideality factors were greater than 2, indicating high defect concentra-
tion and shunts that could lead to recombination and leakage currents, respectively [50].
However, we observed that significant differences occur in their ideality factors. The ideality
factors for FTO/ZnO/MAPbI3/Au and ITO/ZnO/MAPDI3/Au are smaller compared to those
for FTO/ZnO/Au and ITO/ZnO/Au. This suggests that FTO/ZnO/MAPbIz/Au and
ITO/ZnO/MAPDIz/Au are better diodes. Both devices on FTO have smaller series resistance
values, compared to the values on ITO. This could be due to the smaller resistance of the
FTO substrate. Importantly, it is observed that FTO/ZnO/MAPbI3/Au has the highest dark
current in forward bias. The phenomenon is consistent with the smallest value of series
resistance for the FTO/ZnO/MAPbI3/Au device, as shown in Table 3. Although all devices
were far from being ideal (with n as 1.0), the diode FTO/ZnO/MAPDbI3/Au showed the lowest
ideality factor of 2.12. This indicates that FTO/ZnO/MAPDbI3/Au is the best of the four
diodes. There is an inverse correlation between reverse saturation current and Schottky
barrier height, as shown in Fig. 10(b). This inverse dependence is consistent with Eq. 9,
indicating a larger Schottky barrier height is required to reduce the leakage current.

Table 3. Dark [-V parameters of ITO/ZnO/MAPbI3/Au and FTO/ZnO/MAPbI3/Au Schottky diodes at room
temperature.

Samples ideality Saturation current, Schottky barrier height Series resistance, Ry
factor, n I (A) Dy (eV) Q)
ITO/ZnO/Au 5.361 2.10x107° 0.501 291.638
ITO/ZnO/MAPDI3/Au 2.556 5.65x 1078 0.593 227.845
FTO/ZnO/Au 5.783 8.63 x 1077 0.523 172.39
FTO/ZnO/MAPbDI3/Au 2.118 8.02 x 1077 0.524 38.766

Fig. 11 shows the current density (J) against voltage (¥) characteristic of illuminated
FTO/ZnO/MAPbI3/Au and ITO/ZnO/MAPbI3/Au solar cells. Also presented in Table 4 are
the performance parameters of solar cells under illumination. The PCE of the devices is lower
than that of exiting state-of-the-art performing devices using ZnO electron transport layers
[10]. The low performance of our devices could be due to structural defects (traps) in the
perovskite and ZnO layers. These traps could lead to recombination losses within the device.
Also, poor device performance could be caused by lower shunt resistance compared to those
of high-performing solar cells. The shunt resistance values for high-performance perovskite
solar cells are in the order of tens of kilo-ohms [51,52] However, our values are in hundreds
of ohms. These lower values indicate the presence of shunting paths that lead to leakage
currents in the device. The shapes of the curves for the fabricated devices are similar but with
different intercepts, suggesting that short current density (Js) and open-circuit voltage (Voc)
depends on the nature of the substrates. The fill factor (FF) of the solar cells on FTO is
50.60% while that on ITO is 48.25%. The lower value of FF could be due to low shunt
resistance (Rsn) and high series resistance (Rs), as shown in Table 4, consistent with the
literature [53]. Recall that the resistance of the ITO (8—12 €/sq) is slightly greater than that of
the FTO (~7 Q/sq). The higher resistance of the ITO substrate may contribute to the greater
series resistance of the solar cell. The solar cells on the FTO substrate showed a higher PCE
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when compared to similar devices on ITO, as shown in Table 4. This is consistent with the
previous investigations including polymer solar cells [37]. This could be due to the lower
series resistance and higher shunt resistance. Also, the Schottky diodes on FTO showed better
quality (lower ideality factor) and lower series resistance than those on ITO. Thus, there
exists a negative correlation between the quality of the diodes and the PCE of the solar cells
with the series resistance. This could be because the resistivity of ITO increases when
annealed above 300 °C while that of FTO does not show significant changes in properties
after high-temperature annealing [37,54].

21. 11O > -
04« FTO

Fig. 11. J-V characteristics of ITO/ZnO/MAPDbI3/Au and FTO/ZnO/MAPbI3/Au.

Table 4. Parameters of FTO/ZnO/MAPbI3/Au and ITO/ZnO/MAPDI3/Au hole transport layer-free solar cells
under illumination.

PCE (%) FF (%) Jse(mA cm?) Voe (V) MP (W) R (Q cm?) Rs (2 cm?)
Device on FTO sample 2.13 50.60 —10.20 041 —2.13 42564 8.59
Device on ITO sample 1.32 48.25 —6.23 044 —-1.32  177.50 17.50

4. Conclusions

In this work, ZnO-NRs were prepared on FTO, ITO, and microscopic glass substrates by
chemical bath deposition. In-situ annealed MAPDI3 perovskite was grown on the FTO/ZnO,
ITO/ZnO, and glass/ZnO substrates by sequential physical vapor deposition. The structural,
morphological, and optical properties of the NRs and MAPbI3; were observed to vary on the
different substrates. X-ray diffraction micrographs confirmed a pure (without Pbl>) tetragonal
MAPDI; phase with 14/mcm space group and highly textured wurtzite hexagonal ZnO crystal
structure, with the P63mc space group. Unlike in one-step solution deposition of MAPbI; on
ZnO that results in thermal decomposition during annealing, the pure MAPbI; films indicated
that there was no thermal decomposition of MAPbI; to Pbl, during in-situ annealing. This
means that the sequential physical vapor deposition approach can be applied to grow MAPbI3
films on ZnO without thermal decomposition. FE-SEM images revealed compact cuboidal
MAPDI; grains on the ZnO-NRs. The average diameters of NRs were 233 + 32, 226 + 23, and
169 + 35 nm on FTO, ITO, and glass substrates, respectively. Similarly, the respective
average grain sizes of the MAPbI3 thin films on FTO/ZnO, ITO/Zn0O, and glass/ZnO
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substrates were 280 = 39, 210 £42, and 173 £ 19 nm. A comparison of the various NR
diameters and corresponding average grain sizes of MAPbI; showed a positive correlation.
UV-Vis absorption spectra revealed that FTO/ZnO absorbed more in the visible region than
ITO/ZnO. The bandgaps of the NRs were 3.05, 3.18, and 3.20 eV, and those of MAPbI; were
1.580, 1.584, and 1.592 eV on FTO, ITO, and glass substrates, respectively. We observed a
negative correlation between bandgap and average crystallite size of ZnO-NRs on FTO, ITO,
and glass substrates; an indication that the bandgap of ZnO-NRs decreases with increases in
crystallinity. A slight non-linear drop in bandgap with an increase in the average diameter of
NRs, saying that quantum confinement effects were insignificant. This less significant
quantum confinement effect could be due to diameters exceeding the critical value of 10 nm.
Similarly, the bandgap of MAPbI3 showed an inverse dependence with average grain size.
Analysis of dark current-voltage characteristics using pure thermionic emission model
revealed that the ideality factors ITO/ZnO/MAPDbI3/Au and FTO/ZnO/MAPbI3/Au Shottky
diodes were two times smaller than that of ITO/ZnO/Au and ITO/ZnO/Au diodes,
accordingly. Also, the series resistances of the Schottky device structures containing MAPbI3
were much lower than corresponding devices without MAPbIz, with FTO/ZnO/MAPbI3/Au
having the minimum series resistance of 38.766 Q. An inverse correlation was observed
between the reverse saturation current and the Shottky barrier height, as expected from
thermionic emission theory calculations. Hole transport layer-free solar cells using FTO
substrates showed a greater PCE and FF than the corresponding solar cells on ITO. This
could be because the resistivity of ITO increases when annealed above 300 °C while that of
FTO does not show significant changes in properties after high-temperature annealing. This
is useful information for the sustainability and performance improvement of halide perovskite
technology because indium is scarce and may deplete over time. Generally, we observed that
the nature/property of an electrode has a significant impact on the structural, morphological,
optical properties of ZnO-NRs and ZnO/MAPbI; layers, and the performance of
ITO/ZnO/MAPbBIz/Au and FTO/ZnO/MAPDbI3/Au devices.
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