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series with a current meter (I-METER) and in parallel with a voltage 
meter (V-METER). Voltage (V-limit) and current (I-limit) protection 
systems limit the voltage or current to the programmed value. When 
measuring the resistance of the layers, the SMU acts as a voltage source 
supplying the tested thin perovskite film and at the same time the cur-
rent flowing in the circuit is measured. 

The influence of tested perovskite layer’s illumination is visible in 
the current-voltage characteristics (Fig. 13a–d). In the case of resistance 
measurements of thin perovskite layers, the sample was placed in a Janis 
CCR-CTI cryostat, which enabled measurements in the broad range from 

liquid helium to room temperature. The LCS-100 sunlight simulator 
(Oriel) was used to test the sample in lighting conditions. The LCS-100 
sunlight simulator is intended for research requiring the operation of a 
certified system in a small lighting area. This simulator allows for uni-
form illumination of surfaces measuring 1.5 × 1.5 inches (38 × 38 mm) 
and meets ABB Class requirements under ASTM and IEC standards. 

BK7 glass with two strips of copper contacts was used as a substrate 
for the layers subjected to resistance and temperature dependence tests. 
The contacts were made in the PVD process and are 150 nm thick, 1.5 
mm wide, and 5 mm apart. Samples in the form of thin layers with a 

Fig. 12. Dependence of the maximum intensity for MAPbI3 PL spectra as a function of the temperature (a) and maximum PL wavelength (b).  

Fig. 13. Temperature dependences of the resistance of the MAPbI3 layer under artificial sunlight (a, c) and darkness (b, d).  
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thickness of 300 nm were used to carry out resistance tests. Measure-
ments in light and no light conditions were performed in one measure-
ment for the same sample at each temperature. Experimental I–V 
characteristics allow us to notice significant differences in the values and 
behavior of resistance as a function of temperature for the tested thin 
layer. 

In the case of tests performed in complete darkness, the intensity of 
currents flowing through the layer reached several dozen pico-amperes 
at several volts. The obtained characteristics were almost symmetrical 
concerning zero on the applied voltage scale, and the dependence of I on 
V was linear. As the temperature increased, the observed current flowing 
through the layer increased slightly. Using Ohm’s law, the resistance of 
the thin film was calculated, and for no-light conditions, the value was in 
the order of several hundred giga-ohms and for 300 K it was about twice 
as small as for 10 K. It allows us to conclude that the MAPbI3 perovskite 
thin film behaves like a semiconductor in the absence of light. The re-
sults obtained for measurements under layer illumination conditions are 
more complex. The I–V characteristics are still symmetrical towards 
zero, but the linear relationship between current and voltage is no longer 
maintained. It confirms the semiconductor nature of the layer. Addi-
tionally, the change in the values of the measured currents as a function 
of voltage (and, therefore, the layer resistance) is not monotonic. The 
division of the I–V characteristic into two parts is clearly visible. In the 
temperature range from 10 K to 120 K, the resistance values ranged from 
several dozen to several hundred kilo-ohms, and a constant monotonic 
decrease in resistance was observed with an increase in temperature. In 
the range of 120–140 K, there was a sudden change in resistance by 
approximately an order of magnitude. Again, from a temperature of 150 
K, a monotonic decrease in resistance was observed with an increase in 
temperature. 

Interestingly, the final resistance values for 10 K and 300 K were 
similar and amounted to about 500 kilo-ohms. Moreover, the difference 
in resistance in light and no light conditions was five orders of magni-
tude. Detailed characteristics of the resistance as a function of temper-
ature for the layer under lighting and low-light conditions are presented 
in Fig. 14a–b. 

5. Hybrid perovskite solar cells with photoactive MAPbI3 thin 
film 

Our research focused on several essential factors for the practical use 
of thin films of hybrid perovskites in solar cells. The first was a technique 
for manufacturing the entire solar cell structure in a high vacuum 
environment. We assumed that the whole structure of the cell, i.e., the 
electron transporting layer (ETM), the active perovskite layer, and the 
hole transporting layer (HTM), should be made during a three-stage 

deposition process to minimize the impact of the external environ-
ment on the composition and purity of the deposited layers. Transparent 
conductive and metallic contacts can be made in separate processes. The 
second was that each layer’s material in the cell structure should have a 
sublimation temperature, enabling the deposition of the entire cell on 
both a glass substrate and PET foil. The third goal was to obtain solar 
cells with the same parameters (layer thickness, cell efficiency, etc.) and 
to ensure the repeatability of the process. The final goal was to achieve 
cell efficiency comparable to silicon solar cells currently available on the 
market. 

Based on the above assumptions, we have developed a cell structure 
consisting of ITO - transparent conductive electrode, SnO2 - electron 
transporting layer, CH3NH3PbI3 hybrid perovskite - light-harvesting 
active layer, Spiro-MeOTAD - hole transporting layer, and gold - 
metallic contact. Fig. 15 shows a diagram of the energy levels of the 
materials constituting perovskite solar cells (a), the architecture of the 
tested cells (b), and a picture of studied perovskite solar cells with 
CH3NH3PbI3 hybrid perovskite photoactive layer deposited by PVco-D 
and Spin-Coating techniques (c). 

5.1. Optimization of a perovskite solar cell 

The SCAPS-1D – one dimensional solar cell simulation program 
developed at the Department of Electronics and Information Systems 
(ELIS) of the University of Gent, Belgium, was used to optimize the 
perovskite solar cell architecture [46]. To carry out the optimization 
process, all necessary tests were previously performed for the individual 
layers of the cell. Since all layers were made in the PVD process (classical 
method and co-deposition), physical constants were used for optimiza-
tion based on the research described in the previous sections, for both 
perovskite layers and those transporting holes and electrons. 

The simulated results indicate that hole and electron transport layers 
with a thickness of less than 100 nm do not significantly affect the ef-
ficiency of the developed cell. In contrast, the thickness of the perovskite 
layer (Fig. 16c) and the selection of appropriate metallic contacts 
(Fig. 16b) are of great importance. Fig. 16b shows that the potential 
replacement of gold contacts by other metals except platinum) will lead 
to a reduction in solar cell efficiency. Unfortunately, cheaper alternative 
metallic materials were ineffective in the tested cell design. 

In the case of MAPbI3 perovskite layers, simulations showed the 
optimal layer thickness, which should be approximately 500–600 nm in 
the proposed structure. Interestingly, using thinner layers led to 
decreased cell efficiency due to the porosity of the perovskite structure 
and diffusion processes. Fig. 17 shows the current-voltage characteris-
tics of the proposed MAPbI3 perovskite solar cell as a function of the 
MAPbI3 perovskite layer thickness under one solar illumination. 

Fig. 14. Resistance of the MAPbI3 layer as a function of the temperature: in light (a) and dark (b).  
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5.2. Perovskite solar cell - comparison of experimental studies and 
simulations 

To compare the results obtained from simulations performed in the 
SCAPS-1D program, the structure of a complete solar cell presented in 
Fig. 15b was deposited. The surface of the produced cells had the shape 
of a rectangle with side dimensions of 2.5 by 3 cm. The current-voltage 
characteristics of perovskite solar cells were measured using the mea-
surement system shown in Fig. 18. 

The experimental setup included the KEITHLEY 4200-scs measuring 
system, equipped with three SMU and LCS-100 sunlight simulator 
(Oriel). The SMU can work as a voltage or current source (depending on 
the selected function) and is connected in series with a current meter (I- 
METER) and in parallel with a voltage meter (V-METER). A pair of 
FORCE wires were used in the measurements, while the SENSE wires 
were shorted to the ground. Cell measurements were made under at-
mospheric pressure and room temperature, and the measurement 
probes’ positions were manually adjusted using micromanipulators. The 
LCS-100 sunlight simulator was used to test the sample in lighting 
conditions. For standard solar cell measurements, the spectrum was 
standardized to the AM1.5 spectrum. The influence of illumination on 
the tested perovskite solar cell is visible in the experimental current- 
voltage characteristic presented in Fig. 19. The tested cell showed a 
significant response to illumination with simulated sunlight. The ob-
tained short-circuit current JSC and open-circuit voltage VOC were 23,59 
mA/cm2 and 1.07 V, respectively. The obtained efficiency at room 
temperature was equal to ca.18.5 %. It is worth noting that the tested 
cell also showed a low efficiency of 0.4 % in dark conditions. 

A comparison of the characteristics of current and power densities as 
a function of voltage measured in the experiment with the result of the 
structure optimized in the SCAPS-1D program is shown in Fig. 20a–b. 

A comparison of the parameter values for perovskite solar cells made 
in the vacuum sublimation process and the simulation of its operation in 
the SCAPS-1D program shows their high compliance. Simulations in the 
SCAPS-1D program were extremely helpful in designing the structure of 
a perovskite cell and significantly improved the work on creating an 
optimal structure using the classic and co-deposition PVD processes. 

Based on the high compliance of simulations for a cell operating at 
room temperature and using the physical parameters obtained for thin 
layers constituting the cell, simulations of its operation in the temper-
ature range from 10 K to 300 K were carried out. The simulations were 
performed in the SCAPS-1D program, and the simulations used changes 
in parameters (previously determined for all layers composing a solar 
cell) such as changes in the crystal phase, changes in energy gap, 
changes in resistance, hole and electron concentration, structure defects, 
changes in radiative recombination, etc. 

These simulations allowed several results to be obtained regarding 
the potential operation of the solar cell in conditions of reduced tem-
perature and pressure, which is attractive due to the possible use of 
perovskite cells in space. The results are presented in Fig. 21a–c. 

The analysis of the obtained results leads to several interesting 
conclusions. Firstly, at the temperature corresponding to the transition 
from the orthorhombic to the tetragonal phase, there will be a sudden 
change in the values of parameters such as short-circuit current JSC 
open-circuit voltage VOC, current and voltage at the point of maximum 
power, JMPP and VMPP, respectively. However, changes in the fill factor 
FF and efficiency will be mild. The result of the performance simulation 
in the tested temperature range is significant for application purposes. 
The cell showed similar efficiency values throughout the simulated 
temperature range: 18.2–18.7 %. Slight disturbances in cell efficiency 
occurred in the temperature range corresponding to the change in the 
crystallographic phase. Nevertheless, this disturbance will not signifi-
cantly affect the continuity of the cell’s operation because it leads to a 
slight increase in its efficiency. It makes the cell with the proposed ar-
chitecture fabricated using vacuum co-deposition (PVco-D) techniques 
up-and-coming for applications in space. 

5.3. Perovskite solar cell parameters - comparison of photoactive layer 
CH3NH3PbI3 deposition techniques 

To compare the impact of the hybrid perovskite layer deposition 
technique on the basic parameters of the perovskite solar cell, two 
similar cells were prepared, differing in the method the CH3NH3PbI3 
layer was made. In these cells, the hole (HTM - SpiroMeOTAD) and 

Fig. 15. Energy level diagram (a), architecture of studied perovskite solar cells (b) and picture of studied perovskite solar cells with CH3NH3PbI3 hybrid perovskite 
photoactive layer deposited by PVco-D and Spin-Coating techniques (c). 
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Fig. 16. Cell structure optimization diagrams: efficiency as a function of ETM and HTM (a), efficiency as a function of metal contact’s work function (b), efficiency as 
a function of MAPbI3 layer thickness (c), dependences of VOC and JSC on MAPbI3 layer thickness (d). 

Fig. 17. I–V characteristics of the PTFCS as a function of the MAPbI3 perovskite layer thickness.  
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electron (ETM – SnO2) transport layers, as well as the transparent con-
ducting (ITO) and gold (Au) contacts, were made during the same pro-
cesses. However, the hybrid perovskite layer was made using two 
deposition techniques: PVco-D, discussed in this article, and spin- 

coating, commonly used to produce perovskite solar cells. Methyl-
ammonium triiodoplumbate (II) precursor solution 40 wt % in DMF 
(Sigma-Aldrich) was used to obtain a spin-coating layer. The complete 
spin-coating process was carried out in the surrounding atmosphere and 
under normal pressure conditions by heating the CH3NH3PbI3 film to a 
temperature of 110 ◦C until it crystallized. Unfortunately, the spin- 
coating process, which uses the increased temperature necessary for 
crystallization, leads to significant porosity of the layer. Porosity, in 
turn, made it impossible to obtain a uniform layer on the entire cell 
surface. Therefore, for the layer created using the spin-coating tech-
nique, we can only use the average layer thickness, approximately 600 
nm (the thickness measured in various places of the layer ranged from 
500 to 650 nm). The obtained spin-coating layer also differed by several 
percent in physical parameters such as energy gap (1.62eV), refractive 
index (2.4), and phase transition temperature range (130–160 K). 

The use of two techniques allowed for a comparison of the impact of 
the perovskite layer production technique on the basic parameters of the 
solar cell. The current-voltage characteristics of solar cells immediately 
after their manufacture and six months later are presented in Fig. 22 a-d. 

The analysis of current and power characteristics as a function of 
voltage leads to several fundamental conclusions. Firstly, regardless of 
the technique used to make the perovskite photoactive layer, both cells 
operated for six months, although their basic parameters significantly 
differed. Secondly, the shape of the curves describing cells with a 
perovskite photoactive layer depends on its production technique. The 
shape of the curves with the layer made using the PVco-D technique is 
typical for solar cells. However, for the layer made using the spin- 

Fig. 18. Diagram of the measurement system for testing the electrical properties of perovskite solar cells.  

Fig. 19. Experimental current-voltage characteristics of the tested PTFSC in 
dark and light illumination conditions. 

Fig. 20. Basic characteristics of the cell: measured current and power density as a function of voltage (a), simulated in the SCAPS-1D program (b).  
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coating method, a clear "straightening" of the dependence of the current 
flowing through the cell as a function of voltage was observed (FF 
decreased). After six months of operation, the current-voltage charac-
teristic was close to a straight line, and the power-voltage dependence 
was almost symmetrical. It proves that the bands of the HTM and ETM 
layers are less adjusted to the energy levels of the spin-coated perovskite 
layer. Thirdly, solar cells with a photoactive perovskite layer deposited 
by the PVco-D technique showed a higher short-circuit current, a higher 
open-circuit voltage, and almost three times higher maximum power. 
After six months, the value of the open circuit voltage remained un-
changed, and the value of the short-circuit current decreased slightly, 
causing a change in the maximum power. These differences were much 
more significant in the case of cells with a spin-coating layer. The 
observed behavior of cells over time indicates an increase in their in-
ternal resistance, which is more critical for cells made with perovskite 
spin-coating films. 

5.4. Stability of the perovskite solar cells 

Seven solar cells were made to investigate the temporal stability of 
the basic parameters of perovskite solar cells, such as short-circuit cur-
rent JSC, open-circuit voltage VOC, maximum power Pmax, and fill factor 
FF. Six were made using the PVco-D process to deposit a perovskite 
absorption layer. For comparison purposes, one cell was also made with 
an absorption layer deposited by the spin-coating technique. Fig. 23a–d 
and Table 2 show the dependencies of the basic parameters of the cells 
measured immediately after their fabrication, one month later, and after 
3 and 6 months. 

The analysis of the experimental data collected in the graphs in-
dicates that after six months, all tested cells still generate a potential 
difference between the electrodes (ITO and Au) under the influence of 
sunlight, and the values of the essential cells’ parameters depend on the 
technique used to create the perovskite absorption layer. Measurements 
of current-voltage characteristics indicate that cells with a perovskite 
layer made in the PVco-D process are much more stable over six months. 
For all six cells fabricated in the same PVco-D process, the open-circuit 
voltage value practically did not change over the entire period (changes 
at the level of 2 % of the value). However, a more significant decrease in 
the short-circuit current value was observed (changes of approximately 
17 % of the value), which ultimately reduced the maximum power 
generated by the cells by approximately 20 % and the fill factor by 
approximately 10 %. For comparison, the open-circuit voltage value for 
a cell with a spin-coated absorption layer was 10 % lower and dropped 
by over 25 % over the same six-month period. The initial value of the 
short-circuit current was 20 % lower and decreased by 15 % compared 
to the initial value. The maximum power was three times lower than for 
PVco-D, and its decrease after six months was more significant and 
amounted to over 60 % of the initial value. The initial value of the fill 
factor was 40 % lower compared to the cell with the PVco-D layer, and 
its decrease was about 20 % reduction. 

The obtained results indicate that using a photoactive layer made by 
the PVco-D technique in a perovskite solar cell not only increases the 
efficiency of the cell by several percent but also significantly improves 
its temporal stability. The observed decrease in the short-circuit current 
value with an unchanged open circuit voltage value under Ohm’s law 
indicates an increase in the cell’s internal resistance caused by the 

Fig. 21. Basic characteristics of the PTFSC as a function of the work’s temperature simulated in the SCAPS-1D program: JSC and VOC (a), JMPP and VMPP (b), and FF 
and efficiency (c). 
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degradation of the internal structure of the perovskite absorption layer. 
As is commonly known, perovskite layers are highly hygroscopic, and 
their degradation occurs due to the adsorption of water and water vapor 
molecules contained in the surrounding environment. Due to the much 
higher density and packing of particles in the perovskite PVco-D layer, 
degradation is limited to a small area. Moreover, compared to a porous 
layer made in the spin-coating process, this degradation is significantly 
smaller, and the cells retain parameters similar to the initial ones for 
much longer. It makes the PVco-D technique proposed in this work 
extremely promising for producing perovskite cells. Considering the 
practically zero water content in space, it can be assumed that the 
perovskite solar cell will operate much longer in such conditions [47]. 
Experimental studies of the temperature dependences of the layers 
constituting solar cells presented in this work indicate that low tem-
perature will not significantly affect the efficiency of the cells. 

6. Conclusions 

In summary, we have described an innovative process for obtaining 
hybrid perovskites in thin layers and complete solar cell structures using 
these layers to accumulate sunlight and convert it into electricity. The 
developed PVco-D process using two independent thermal sources in the 
vacuum sublimation process allows for obtaining thin layers of hybrid 
and inorganic perovskites with various chemical compositions and high 
uniformity over a large surface. Moreover, such a process can be 
repeated many times while maintaining identical, and the produced 
layers and perovskite solar cells have similar parameters. This work 

presents experimental data, such as the refractive index, absorption and 
extinction coefficients, complex dielectric constant, and optical energy 
gap, necessary to simulate the operation of solar cells. The PVco-D 
process and the complete solar cell structures were subjected to a 
detailed analysis of their structural, optical, and electrical properties in a 
wide temperature range from 10 K to 320 K. The results of testing the 
optical parameters of MAPbI3 layers obtained in the proposed vacuum 
process (i.e., optical energy gap, absorption band edge, radiative 
recombination) and electrical parameters (resistance) show abrupt 
changes in values in the temperature range responsible for the phase 
transition from the orthorhombic to the tetragonal phase. 

Moreover, it was not possible to determine one value of the phase 
transition temperature for the examined layers, but only the interval in 
which both phases coexisted. It resulted from a much greater layer order 
and density than those obtained in processes using precursor solutions. 
It, in turn, increased the absorption capacity of the layers and reduced its 
resistance by five orders of magnitude when illuminated with sunlight. 
Using such perovskite layers allowed the development and fabrication of 
a complete solar cell structure with a thickness of less than 1 μm, i.e., less 
than the thickness of a human hair. Optimization of the cell structure 
performed in the SCAPS-1D program allowed the creation of a thin-film 
perovskite solar cell with an efficiency of approximately 18.5 % in a 
wide temperature range from 10 K to 320 K, which is very promising in 
mass production. 

Research on the repeatability of the production process and the 
stability of fabricated cells indicates a significant improvement in the 
basic parameters of the cells compared to the commonly used spin- 

Fig. 22. The current - voltage characteristics of solar cells with CH3NH3PbI3 active film deposited by different technique: PVco-D as deposited (a), PVco-D six months 
later (b), spin-coating as deposited (c), spin-coating six months later (d). 
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coating technique and a substantial slowdown in the degradation pro-
cess. Therefore, it makes the cell with the proposed architecture fabri-
cated using vacuum co-deposition (PVco-D) techniques up-and-coming 
for applications in space. 

Currently, our laboratory is conducting research on optimizing cell 
devices and architecture to improve energy conversion efficiency 

further. 
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