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Abstract

The present work aims to fabricate n-i-p forward perovskite solar
cell (PSC) with structure (FTO/compact TiO2/compact TiO2/ MAPDI3
Perovskite/ hole transport layer/ Au). P3HT, Cul and Spiro-OMeTAD
were used as hole transport layers. A nano film of 25 nm gold layer
was deposited once between the perovskite (PSK) layer and the
electron transport layer (ETL), then between hole transport layer
(HTL) and the perovskite layer. The performance of the forward-
perovskite solar cell was studied. The role of the electron transport
layer and the hole transport layer in the perovskite solar cell was
presented. The structural, morphological and electrical properties were
studied with X-ray diffractometer (XRD), field emission scanning
electron microscope (FE-SEM) and current-voltage (J-V)
characteristic curves, respectively. J-V curves revealed that the
deposition of the Au layer between the perovskite layer and electron
transport layer reduced the power conversion efficiency from 3% to
0.08% when one layer of C. TiO2 is deposited in the PSC and to 0.11%
with two layers of C. TiO2. Power conversion efficiency, with Cul as
the hole transport layer, showed an increase from 0.5% to 2.7% when
Au layer was deposited between PSK and Cul layers. Also, s
increased from 6.8 mA to 17.4 mA and Vo from 0.3 V to 0.5V. With
depositing Au layer between P3HT and PSK layers, the results showed
an increase in the efficiency from 1% to 2.6% and an increase in s
from 10.7 mA to 30.5 mA, while Vo decreased from 0.75 V to 0.5V.

1. Introduction
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The last few years have seen an explosion of interest in photo-voltaic (PV) systems

with an organic-inorganic lead halide perovskite active layer, that appeals to the technical
community according to their high efficiency and inexpensive cost [1-3]. PV devices
based on perovskite materials have demonstrated monotonic increase in power
conversion efficiency (PCE) [4], rising from 3.9% when using CHsNHsPbBrs; and
CH3NH3Pblz as light absorbers in DSSCs with an iodine-based liquid electrolyte to over
20% [5, 6], with the current world record of 25.5 percent certified in 2021 by the National
Renewable Energy Laboratory in the USA (NREL) [7].

The Perovskite Solar Cell (PSC) is consisted of five layers: hole transport layer
(HTL), metal-based cathode, electron transport layer, perovskite as the absorber layer,
and transparent conductive oxide (TCO) [8]. The transport layers are critical in
determining a PSC performance. The hole transport layer (HTL) collects holes from the
absorber layer and transports them to the cathode, where they are blocked by electrons.
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To operate as a HTL, any substance must have a higher occupied molecular orbital
(HOMO) than the perovskite absorber layer. Numerous hole transport layers (HTLs) have
been employed, including PTAA, Spiro-OmeTAD, CuO, Cu20, Cui, and NiO [9]. While,
the electron transport layer (ETL) collects electrons from the absorber layer and transports
them to the anode, where they are blocked by holes. To be an ETL, a material's lowest
unoccupied molecular orbital (LUMO) levels must be lower than those of the perovskite
absorber layer. The ETL should have a high transparency in the UV-Visible range in order
for all photons to passing through and then absorbed maximally by the absorber layer.
Various ETLs are employed, including SiO2, SnO2, TiO», and ZnO [9].

The arrangement of the device is critical when assessing the overall performance
of (PSCs). PSCs can further be classified into p-i-n (inverted) and n-i-p (regular or
forward) structures based on the transport (electron/hole) material present on the outer
portion of the cell/encountered by incident light [10]. For n-i-p structures, the
conventional device structure of PSCs includes a transparent conducting electrode
(Fluorine-doped tin oxide (FTO) or Indium tin oxide (ITO), an ETL, a perovskite (PSK)
active layer, and a HTL. TiO2, SnO», and ZnO are the most often utilized ETL materials,
whereas Spiro-OMeTAD or the more stable Poly[bis(4-phenyl) (2,4,6-trimethylphenyl)
amine is employed for the hole transport layer (PTAA) [11].

The fill factor (FF) usually used to quantify solar cell defects. It is defined as the
ratio of the dark blue (maximum power output) to the light blue rectangles (Vo Jsc), as
appear in Fig. (1), and can be calculated as [12]:

\%

FF = _MPPimmp _ Pmpr 4 (1)
Voclsc VocJsc

where Vwmpp is the voltage at maximum power output point, Juep is the current at

maximum power output point, Jsc is the short-circuit current density, Voc is the open-

circuit voltage, and Pmpp is the maximum power output point.
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Figure 1: A solar cell's typical current density-voltage curve and matching electrical power
output density. The current density (J) of the short-circuit, voltage (Vo) of the open-circuit,
and maximum power output point at (PMPP) are all denoted [13].

The most critical aspect of a solar system is its (PCE), which is defined as the ratio
of the generated to the incident power and is computed using the following equation [12]:

_ Pupp __ FEVpclsc
PCE = = S 2)

Pincident
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where @eAML5€ is the power density of the sun on the Earth's surface, and A is the area
of a solar cell.

This work is aimed to study the effect of gold nano-film on the performance of PCS
when it is placed between perovskite layer and each of the electron and hole transport
layers. Also, it demonstrates the importance of the hole transport layer and the electron
transport layer in the cell when they are separated from the perovskite layer by a thin
separator layer.

2. Experimental work

2.1. Chemical Materials

The used materials were fluorine doped tin oxide coated glass (FTO-glass), lead
iodide (Pbl,), and methylamine iodide (MAI), which are from Sharifsolar Company. The
titanium tetraisopropoxide (TTIP), ethanol, Hydrochloric acid (HCI), dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), chlorobenzene (CB), Lithium bis
(trifluoromethanesulfonyl) imide (LITESI), acetonitrile, and Copper(l) iodide (Cul) are
from Merck company. The Spiro- OMeTAD, Poly(3-hexylthiophene-2,5-diyl) (P3HT)
are from Ossila company, and 4-tert-Butylpyridine, and 24 karat alloy gold (Au).

2.2. Preparation of solar cells layers

There are many steps to prepare perovskite solar cell layers. In this work, the method
used was the same method used by A.A. Assi et al. [14, 15]. The conductive glass
FTO/glass substrates were patterned by laser etching and sequentially washed with
deionized water, detergent, acetone and isopropanol. Afterwards, the substrates were
dried with nitrogen gas then left overnight in the oven at 60 °C to keep them dry and
clean.

For the synthesis of C.TiO> layer two solutions were prepared: The first solution
was prepared by adding 365l titanium tetraisopropoxide (TTIP) to 2530 pl ethanol with
stirring for one hr. at room temperature. The second solution was a mixture of 35ul of
Hydrochloric acid (HCI) and 2530ul of ethanol. After 1 h, the second solution was slowly
added to the first. The mixture was deposited on a clean FTO glass using spin coating in
two steps: beginning first with a speed of 1500 rpm for 15 s and then with a speed of 4000
rpm for 25 s with acceleration 12 R-Time, then dried at a temperature of 140°C for 10
min. The thickness of each layer was approximately (200 - 250) nm. The second layer
was added using spin coating (4000 rpm, the 30s, 12 R-Time) and then annealed at a
temperature of 500°C for 30 min.

The perovskite layer was prepared by mixing 461 mg of lead iodide (Pbl2) with 159
mg of methylamine iodide (MAI) and dissolved in a solvent containing 78 mg of dimethyl
sulfoxide (DMSO) and 600 mg of dimethylformamide (DMF). The mixture was stirred
for 10 min at 100 °C then for extra 20 min. at room temperature. Spin coating was used
for the deposition of the PSK layer in three steps: (2000 rpm) for 10s, (4000 rpm) for 10
s and the last step at 2000 rpm for 10s with dropwise adding of 200 ul of chlorobenzene
(CB) as anti-solvent.

For hole transport layer, Spiro- OMeTAD was used, which was prepared using two
solutions: The first solution, called S1, was prepared by mixing 72 mg of Spiro with 1 ml
of CB and stirred for 1h with a stirrer. The second solution, called S2, consist of 520 mg
of Lithium bis(trifluoromethanesulfonyl)imide (LITESI) mixed with 1 ml of acetonitrile
and stirred for 1h with a stirrer. S1 was mixed with 17.5 ml of S2 and 28.8 ul of 4-tert-
Butylpyridine and stirred for 20 min with a stirrer. The final mixture was filtered by 0.22
um filter paper. The final solution was deposited using spin coating technique at 4000
rpm for the 20s.
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Gold (Au) was deposited with a thickness between 70 - 100 nm as a cathode
electrode using the thermal evaporation method. A hot plate at temperature 80 °C was
used to remove the excess solvent.
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Figure 2: Energy diagram of a typical PSC using TiO; as the ETM, MAPDbI; as the perovskite
absorber, and Spiro-OMeTAD as the HTM. FTO is the front contact, while gold is the back
contact [16].

Considering the energy levels shown in Fig. 2, it is obvious that the HOMO energy
levels of P3HT, Cul, and spiro are 5.1 eV, 5.2 eV and 5.1 eV, respectively, which are
very close. The HOMO for HTL should be higher than HOMO of perovskite layer. Also,
it is noted that the Au work function is very close or similar to the HOMO of the prepared
HTL. This result shows that the deposition of gold layer between perovskite layer and
HTL can be used to improve the solar cells performance because of the work function of
gold.

3. Results and discussion

The structure of the PSK layers were analyzed with a Shimadzu 6000 X-ray
diffractometer, using Cu Ka radiation of wavelength 1.5406A°. The XRD patterns of the
samples were recorded at a scanning rate of 0.083330 S-1in the 2O ranges (5°- 80°). Fig.
3 shows the XRD patterns of CHsNH3Pbls layer (PSK layers) with and without using
chlorobenzene as anti-solving.

The pattern has many peaks at 20 equal to 14.2°, 20.17°, 23.66°, 24.69°, 28.63°,
31.01¢, 32.04°, 35.16°, and 38.2° which corresponds to Miller indices (h k 1) of (110),
(112), (211), (202), (220), (213), (222), (042), and (213), respectively. The XRD
measurements proved that the MAPDI3 layer is of tetragonal structure. It can also be seen
that chlorobenzene did not affect the structure of the perovskite layer.
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Figure 3: X-ray diffraction pattern of the PSK layer with and without using
chlorobenzene as anti-solving.

The XRD pattern of gold is shown in Fig. 4. The 20 angles are 38.27°, 44.48°,
64.73°, 77.76°, 81.937°, 98.4°, 111.17°, 115.65°, corresponding to Miller indices (hkl)
(111), (200), (202), (311), (222), (400), (313), (202), respectively. The XRD
measurements denoted cubic structure space group Fm-3m, a=4.069 A. The patterns and
these results are in agreement with those of Oku [17].
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Figure 4: X-ray diffraction pattern of the PSK with gold electrode after one month.

80

The phase analysis for the X-ray diffractometer data was conducted using Match!
Software for phase analysis data Version 3 from Crystal Impact-Software for Chemists
and Material Scientists. The software compares the diffraction pattern of samples to a
database which containing reference patterns to identify the phases which are present. In
XRD Match! Software, there is not any available data for the structure containing Au
interacted with the cell layers.

Figure 5 shows the FE-SEM images of perovskite layer prepared with
chlorobenzene (Fig.5 a) and without chlorobenzene (Fig. 5 b) anti-solvent in 1 step
method. Chlorobenzene was used in the process of preparing perovskite layer for
improving the surface properties of the layer. From Fig. 5, it is revealed that using
chlorobenzene resulted in a homogeneous layer with good topography.
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Figure 5: Top-view of FE-SEM images for PSK layer, A: PSK with C.B anti-solvent, B:
PSK without C.B anti-solvent. L1, L2 and L3 are the grain sizes and D1 is the rod diameter.
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Figure 6: J-V characteristics of PSKs with thin Au layer between ETL and PSK.

Au layer of thickness 25 nm was deposited between ETL and PSK layer according
to the structure in Table (1). The results of J-V characteristics of these structures (Fig. 6)
show that the cells performance was reduced after depositing Au layer between ETL and
PSK, which refer to the importance of ETL layer in the process of energy transformation
in the solar cell.

The presence of the Au layer prevents the contact between ETL and PSK, but it
does not cancel the ETL's role. The performance of PSC was also reduced when using
one thin layer of ETL, which indicates that the ETL is essential in the functioning of the
PSCs.
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Table 1: Perovskite solar cell with thin Au layer between ETL and PSK Parameters.

Vol. 19, No. 51, PP. 23-32

ETL Type Voe (V) | Jsc (MA) | Vinax (V) | Imax(MA) | F.F | 5 %
C.TiO,\C.TiO2\PSK\spiro\Au 0.55 13.65 0.40 7.55 0.40 3

C.TiOz\C.TiO2\25Au\PSK\spiro\Au | 0.3 1.57 0.32 0.34 022 | 0.11

C.TiO2\25Au\PSK\spiro\Au 0.24 0.64 0.32 0.14 0.29 | 0.08

A thin Au layer of thickness 25 nm was deposited between PSK layer and HTL.
Two types of HTL were used: Cul and P3HT. Fig. 7 and Table (2) summarize the cell
parameters measurements. It is clear that the efficiency of the cell with P3HT was lower
than that with Spiro-OMeTAD. When Au layer was deposited between P3HT and PSK
layer, the efficiency increased from 1 to 2.6, which is close to the efficiency with Spiro-
OMeTAD. Also, Isc was increased from 10.7 mA to 30.5 mA, but Vo was decreased from

0.7V 1o 0.5V.
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Figure 7: J-V characteristics of PSKs with thin Au layer between P3HT HTL and PSK.
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Figure 8: J-V characteristics of PSKs with thin Au layer between Cul as HTL and PSK.

Also, Cul was deposited, using thermal evaporation method, as the HTL and Au
layer was deposited between Cul and PSK layers. The J-V characteristics of PSC with
Cul HTL are shown in Fig. 8 and Table (2) where the efficiency has increased from 0.5%
to 2.7% when 25 nm Au layer was deposited between PSK and Cul layer. It approaches
the efficiency of PSC with Spiro-OMeTAD as the HTL. Furthermore, the Isc increased
from 6.8 mA to 17.4 mA and Vo from 0.3 V to 0.5V.

29


about:blank
about:blank

Iraqi Journal of Physics, 2021 Ahmed A. Assi, et al.

Table 2: Perovskite solar cell parameters measured with thin Au layer between

HTL and PSK.
ETL Type Voo (V)[Jse (MA)Vimax (V)] Tmax (MA) [F. F |y %
C.TiO\C.TiO,\PSK\spiro\Au 055 | 13.65 | 0.40 755 |040| 3

C.TiOx\C.TiO2\PSK\Cul(th.ev.)\Au 0.30 | 6.85 0.32 1.59 0.23 | 0.50
C.TiO\C.TiO2\PSK\AU\Cul(th.\Au | 0.50 | 17.39 | 0.32 8.55 0.28 | 2.70
C.TiO2\C.TiO2\PSK\P3HT\Au 0.75| 10.71 | 0.32 3.13 0.12 | 0.99
C.TiO:\C.TiO2\PSK\25Au\P3HT\Au | 0.50 | 30.54 | 0.24 11.14 | 0.16 | 2.64

From the results, one can conclude that depositing Au layer between the perovskite
layer and ETL led to a significantly reduction in the efficiency of the solar cell. This refers
that ETL has an essential role because Au layer prevents the direct contact between
perovskite and ETL. This will increase the recombination and reduce visible light that is
absorbed in the process of separating the electron-hole, which is formed in the PSK layer
by the process of converting light energy.

On the other hand, using P3HT and Cul as HTL in PSC and depositing Au layer
between the perovskite layer and the HTL has good effect on the cell efficiency, where
the efficiency of the cell was improved by about 2.5 times (as concluded from the results
of Fig. 7 and 8 and Table (2)). This indicates that the HTL may interact with the perovskite
layer, but the gold layer prevented this interaction as well as improving the holes transfer
process to the HTL.

4. Conclusions

A solar cell has been successfully fabricated with acceptable performance. To the
best of our knowledge, this is the first time Au layer was added between the perovskite
layer and the HTL and between the perovskite layer and the ETL. Inserting an Au layer
between the perovskite layer and the HTL improved the efficiency of the cell by about
2.5 times more than the cell without Au layer. However, using P3HT and Cul as HTLs
with an Au between ETL and perovskite layer reduced the efficiency. The ETL is
essential in the function of the PSCs.
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