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Abstract: This study mainly is carried out to discuss the effect of nitrogen annealing temperature on perovskite solar cells. The
annealing temperature affects perovskite solar cells during the annealing process. It also affects the formation of perovskite crystals.
Perovskite crystals need to form in a nitrogen box for manufacturing Perovskite solar cells. Spin-coating MAPbI; on the substrate
is annealed with a nitrogen furnace tube to form perovskite crystals. The remaining Pbl, after the annealing is completed to improve
the efficiency of perovskite solar cells. The optimal temperature for the formation of perovskite crystals is found by adjusting the
annealing temperature. By using UV-visible spectrometer, field emission-scanning electron microscope, and measurements of
photoelectric conversion efficiency, cell structure and optoelectronic properties are analyzed as the final results.
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1. Introduction

Organic-inorganic lead halide perovskites have emerged as an effective photovoltaic element with unique properties for
photovoltaic applications, including high absorption coefficients, tunable bandgaps, and solution handling capabilities [1,2]. The
improvement of the photoelectric conversion efficiency (PCE) of perovskite solar cells (PSCs) is dependent on how to control the
shape, interface defects, and passivation of perovskite thin films [3]. Therefore, it is important to choose an effective deposition
technique. One-step spin-coating, two-step spin-coating, sequential deposition, and vapor deposition have been widely used to
fabricate high-quality perovskite thin films [4]. Although two-step spin-coating and sequential deposition are complex, they show
good repeatability and high controllability. Vapor deposition is appropriate for the film uniformity of high-density planar components.
The crystallization deposition in traditional one-step spin-coating is difficult to control. In addition, the humidity and temperature
of the coating seriously affect it. The thermal annealing process involves the evaporation of organic solvents and volatile components.
Different annealing temperatures change the growth of perovskite crystals on the surface, thereby affecting the efficiency of
perovskite solar cells [5-8].

In this study, we use lead iodide (Pbl») and methylamine iodide (MAI) mixed with dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) as perovskite solutions in the fabrication of MAPbI; perovskite layers. Since DMF and DMSO require different
annealing temperatures [11-13], we experiment with different annealing temperatures to understand the effect on perovskite solar
cells and to find the optimal temperature for the formation of perovskite crystals [10].

2. Experimental methods

The fabrication of perovskite solar cells is shown in Figure 1. Firstly, we use ultrasonic washing to clean the conductive glass
in acetone, methanol, and deionized water for 15 min, respectively. Secondly, we put the cleaned FTO glass into the drying oven
for 30 min, and then put it in the ultraviolet disinfection cabinet for 10 min. Thirdly, we prepare the dense TiO; layer [14] and spin-
coat the solution of dense TiO; on clean FTO glass at 5000 RPM for 30 s. After that, the glass is annealed in a high-temperature
furnace at 500 °C for 30 min. Fourthly, the mesoporous TiO; layer is prepared and spin-coated with TiO, solution at 3000 RPM for
30 s. Then, the finished mesoporous TiO; layer was placed in a high-temperature furnace for annealing at 500 °C for 60 min. Next,
the perovskite precurse solution including MAI and Pbl, (1:1.2 mol/L) are dissolved in a mixed solution of N,N-dimethylformamide
(DMF, 400 pL) and dimethyl sulfoxide (DMSO, 100 pL). Then, the solution is heated at 70°C and stirred for 1.5 h until it is
completely dissolved [16]. The MAPDI; solution is spin-coated on the MAPbI3 and the compact TiO»/mesoporous TiO; layer at
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2000 and 5000 RPM for 20 and 30 s. During the spin-coating process, chlorobenzene is added dropwise to promote the
crystallization of the perovskite. Finally, the crystal is annealed at 110°C for 20 min.
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Fig. 1. Illustration of the fabrication process of the PSCs.

The prepared electrokinetic transport layer solution was spin-coated at a speed of 4000 RPM for 30 s to prepare a hole transport
layer on the perovskite film. Finally, gold is plated on the hole transport layer, and gold electrodes are prepared to complete the
perovskite solar cell.

3. Results

3.1. Perovskite

We use the one-step spin-coating method to fabricate the perovskite layer. Before making it, we fill the homemade glove box
with nitrogen until the relative humidity inside the glove box falls below 15% to spin-coat. An anti-solvent is added during the spin
coating process, allowing the perovskite solution to grow into perovskite crystals smoothly. The MAPbI; organometallic mixed
solution prepared by MAI and Pbl, is used with a molar concentration ratio of 1:1.2. After fixing the concentration of MAI and Pbl»
[9], we anneal it at different temperatures of 90, 100, 110, and 120°C. Since organic solutions are sensitive to temperature changes,
DMF is generally used in the preparation of perovskite layers. In this study, DMSO is added to DMF so that the perovskite crystals
grow uniformly. However, suitable annealing temperatures for DMF and DMSO are different. The annealing temperature of DMSO
is generally higher than that of DMF. Therefore, according to the perovskite cells made of DMF, the most commonly used annealing
temperature is 100°C as a reference, and three additional temperatures are set. The effect of different temperatures on the growth of
crystalline perovskite-organometallic mixed solutions was observed. The experimental results are measured and analyzed by UV-
visible spectrometer (UV-vis), field emission-scanning electron microscope (SE-SEM), X-ray diffractometer (XRD), incident
photon-to-electron conversion efficiency (IPCE), and photoelectric conversion efficiency.

3.1.1. SEM analysis

A scanning electron microscope is mainly used to observe the surface of materials, whose resolution reaches the nanometer
level. The electron gun generates a high-energy electron beam through the principle of thermal ionization or field emission. After
passing through the electromagnetic lens group, the electron beam is focused on the test piece. The electron beam is deflected by
the scanning coil in the middle for a second-dimensional scan on the test piece. Generally, the SEM structure photo of the material
is formed by using the secondary electrons and backscattered electrons generated when the electron beam is in contact with the test

iece. Then, the secondary signal is processed to form an observable SEM structure photo. Figure 2 shows that the surface phase of
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perovskite is similar at other temperatures except for 90°C, and perovskite crystal is formed by annealing at 110°C. The film
thickness is about 375—430nm, which is the most appropriate thickness at all temperatures.

Fig. 2. SEM images of samples, perovskite/ compact TiO2/ mesoporous TiO2/FTO layers, annealed at different temperatures.

Table 1. Perovskite thickness of perovskite layer annealed at different temperatures

90°C 100°C 110°C 120°C

Thickness (nm) 375~400 400~420 375~430 250~320
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3.1.2. XRD analysis

Generally, the wavelength of an X-ray is similar to the distance between atoms in a solid. Therefore, a crystalline crystal is
grating for X-ray. When an X-ray is irradiated on the crystal, diffraction occurs. The diffraction intensity of X-rays is calculated
using Bragg's law (nA = 2d,,, sin 6, 1 is the wavelength of the X-ray, d is the spacing, 6 is the diffraction angle, 7 is a positive integer,
and hkl is the index of each crystal plane). The XRD spectrum is composed of the position (26) and the intensity (/) of the diffraction
peak. The position (26) of the diffraction peak shows the shape and size of each lattice on the crystal. The intensity of the diffraction
peak shows the atomic species and positions of the internal composition of the crystal. Therefore, we perform XRD analysis for
samples annealed at different annealing temperatures structure. Figure 3 shows the XRD analysis results using a wavelength of
1.5406 A X-ray.

According to the analysis, 14.22° (110), 28.66° (220), and 32.01° (310) are the lattice peaks of MAPbI;. In Figure 3, "®" is the
lattice peak of MAPbI; and "< is the lattice peak of TiO2/FTO, a larger peak is found after annealing at annealing temperature of
110°.
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Fig. 3. XRD analysis chart of samples after different temperatures annealed.

3.1.3. UV-Vis analysis

UV-visible spectrometers use different light energies to excite electrons to generate different electron transitions, whose range
is between ultraviolet (UV) and visible light (VIS). When the light of different wavelengths irradiates the sample continuously, the
absorption intensity corresponding to the wavelength is obtained. Figure 4 shows the UV-Vis absorption spectra of samples at
different annealing temperatures. The highest peak is the longest wavelength about 500 nm at sample after 110°C annealing, which
means that the perovskite film has better solar light absorption at 110°C annealing temperature.
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Fig. 4. UV-Vis absorption of samples after different temperatures annealed.
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3.2. Analysis of perovskite solar cells

3.2.1. IPCE
AY _ Isc

SR (W) B PN (1)

IPCE(%) = 2R+ 100% 2)

Equation (1) is for the spectral response (SR). Piv is the energy of the incident light, and Isc is the current converted by the
solar cell after receiving the incident light, also known as the short-circuit current. Equation (2) is for IPCE, where 4 is the incident
wavelength. The spectral response displays the photoelectric conversion efficiency of the solar cell for different wavelengths. By
using the spectral response or IPCE spectrogram, we analyze the quality of the solar cell as reference data for improvement.

Figure 5 shows the result of the IPCE analysis of the perovskite solar cell fabricated by annealing at temperature of 110°C.
The conversion efficiency gradually decrease at wavelength longer than 500 nm and steep drop at 740 nm have been observed.
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Fig. 5. IPCE spectrum of perovskite solar cell.

3.2.1. Power Conversion Efficiency

Power conversion efficiency (PCE) is defined as the ratio of energy output from the solar cell to input light energy from the
sun, it calculated by dividing maximum power (Pmax) by solar energy (E) (see in Equation (3)). The standard value of solar energy
(E) is 100 mW/cm?. In addition, PCE is calculated by dividing VocX Jsc X F.F. by Piv (Eq. (4)). P is the power density of the
incident light source.

PCE= fux 3)
E
PCE= JscxVocxF.F.. (4)
PN

Fill factor (F.F.) is a reference value defined by PCE. If the maximum power point of the solar cell falls on the vertical
intersection of the open-circuit voltage (Voc) and the short circuit current density (Jsc) ideally, the maximum power can be obtained.
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However, due to the physical limitations of the battery structure, process technology, and materials, the battery cannot achieve the
ideal output power. Therefore, the fill factor (F.F.) is defined as follows.

F.F. = MAXTMAX 100, (5)

Jsc*Voc

When Imax = Jsc, Vmax = Voc, and FF = 100%, the quality of the solar cell is judged or referred to as comparison with the
value of F.F..

Figure 6 shows perovskite solar cells tested at different annealing temperatures. Figure 6 and Table 2 present that as the
annealing temperature increases, the open-circuit voltage and short circuit current density increase. The photoelectric conversion
efficiency becomes the best at 110°C, but the efficiency decreases at 120°C. According to the experimental results, maybe because
of insufficient temperature, perovskite solar cells annealing at 90 and 100 °C do not reach the optimal crystalline state. According
to Fig. 2, due to high temperature, the part of the organic solution of perovskite solar cells volatilizes when the perovskite crystal is
annealed, resulting in a decrease in the efficiency of perovskite solar cells at 120°C.
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Fig. 6. I-V curves of perovskite solar cells used at different annealing temperatures.

Table 2. I-V characteristic parameters of perovskite solar cells for different annealing temperatures

Voc (V) Jsc (mA/cm?) F.F. (%) PCE (%)
90°C 0.62 7.18 16.86 0.76
100°C 0.86 9.55 25.59 2.11
110°C 1.03 11.55 46.8 5.63
120°C 0.63 2.64 15.64 0.26

4. Conclusions

The purpose of this study is to understand the changes and the effect of perovskite crystallization on perovskite solar cells by
adjusting the annealing temperature. We make the molar concentration MAI and Pbl, into a 1:1.2, and then anneal the solar cell
with nitrogen at four temperatures which are 90, 100, 110, and 120°C to fabricate perovskite solar cells. The results of SEM, XRD
analysis, and efficiency measurement reveals that the annealing temperature affects perovskite crystallization as the thickness of
perovskite annealed at 110°C is thicker than that at any other temperatures. According to the J-V curve, the photoelectric conversion
efficiency becomes the best when the annealing temperature is 110°C. As the annealing temperature decreases, the photoelectric
conversion efficiency decreases, too. Finally, the IPCE spectrum, J-V curve, and photoelectric conversion efficiency show that the
perovskite solar cells that are annealed at 110 °C become the best cells when compared with other cells made with different methods.
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