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Abstract: Copper, alkali metals, and organic cations were added to perovskite precursor solutions
to enhance the photovoltaic conversion properties and durability of perovskite solar cells. Device
properties were improved by the co-addition of copper and sodium. The enhancement of open-
circuit voltage by bromine substitution also contributed to the improvement of conversion effi-
ciency. First-principles calculations indicated that the energy levels derived from the Cu d orbital
would function as an acceptor level. While the conversion efficiency of the device increased, the
durability of the device decreased. Considering the results by the first-principles calculation, the
decrease in device durability was attributed to the instability of the crystal structure due to the Cu
and sodium substitutions. To enhance the crystal stability, ethylammonium was introduced as a
stable organic cation, and the addition of ethylammonium to the perovskite precursor solution sig-
nificantly enhanced the device durability while maintaining the conversion efficiency.
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1. Introduction

Much research has been conducted to improve the conversion efficiency and dura-
bility of perovskite solar cells. In addition to experimental investigations of the effects of
compound addition, first-principles calculations are also being actively used to predict
the properties of perovskite solar cells. In this study, experiments and first-principles cal-
culations were performed in parallel, and the results of the calculations were used to in-
vestigate the effects of compound additions obtained from experiments.

Here, the effects of adding copper (Cu), alkali metals, and organic cations are inves-
tigated. It has been reported that the addition of Cu compounds to perovskite precursor
solutions improves the film quality of perovskite films by increasing the grain size and
homogenizing the surface morphology [1-3]. In addition, each cationic species of alkali
metal has its own specific additive effect [4-6]. For example, reduction of hysteresis by
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the introduction of potassium cation [7] and homogenization of halogen distribution by
the introduction of rubidium cation [8] have been reported.

Co-addition of Cu and alkali metals to perovskite precursor solutions has been re-
ported to improve device conversion efficiency and durability [9,10]. However, first-prin-
ciples calculations revealed that the substitution of Cu and Na destabilizes the crystal
structure. Therefore, we suggested the introduction of stable organic cations to improve
the stability of the crystal structure [11]. In a previous study, it was shown that the crystal
structure of CHsNHsPbls, a standard perovskite crystal known as a photoelectric conver-
sion material, can be stabilized by substituting methylammonium (MA) with ethylammo-
nium (EA) [12]. In experiments, it was also reported that the introduction of EA com-
pounds enhanced the durability of the devices [13,14].

The composition of halogens in perovskite crystals is also very important, and halo-
gens are known to affect mainly the energy gap. There are a number of studies that have
investigated the effect of halogen composition [15-17].

The purpose of this study is to investigate the effects of adding Cu, Na, and EA to
perovskite precursor solutions using first principles calculations. The co-addition of Cu
and Na increased the conversion efficiency of the devices. On the other hand, the device
durability decreased, and this result was caused by the destabilization of the crystal struc-
ture due to the substitution of Cu and Na. The addition of stable EA greatly enhanced the
durability of the device. These results indicate that the stabilizing effect of EA substitution
on the crystal structure is also observed in the inclusion of Cu and Na.

2. Computational Conditions and Device Fabrication Methods
2.1. Computational Conditions

An example of the crystal structure model used in the first-principles calculations is
shown in Figure 1. The composition of the perovskite crystal is represented as ABXs, con-
sisting of A: organic cation, B: metal cation, and X: halogen anion. A total substitution
structure model with a cell size of 1 x 1 x 1 and a partial substitution structure model with
a cell size of 2 x 2 x 2, as shown in Figure 1, were used in the calculations to study the
effect of atomic or molecular substitution. The details of the calculation method are de-
scribed in the previous papers [11,18-21].

Na*

MA*

Figure 1. 2 x 2 x 2 crystal structure model and images of Cu, Na, and EA substitutions.

2.2. Device fabrication Methods

The electron transport layer, perovskite layer, and hole transport layer were formed
on the FTO substrate by spin coating and annealing, and finally the device was fabricated
by vacuum evaporation of gold. Details of the experimental methods are described in the
previous papers [11,22-27].
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3. Results and Discussion
3.1. Results of First-Principles Calculations

Figure 2 shows the calculated electron density distribution and confirms that the elec-
tron density around halogens increases in the order of iodine (I), bromine (Br), and chlo-
rine (Cl). Table 1 also shows the calculated results for each structural model. It is suggested
that substituting iodine with bromine or chlorine stabilizes the crystal structure and in-
creases the energy gap. These results suggest that the addition of bromide or chloride is
expected to enhance the device durability and open circuit voltage.

(b) ()
Figure 2. Calculated electron density distribution of (a) MAPbIs, (b) MAPbBr3 and (¢) MAPbCls.

Table 1. Parameters obtained by first-principles calculations.

Model Total Energy (keV) Energy Gap (eV) me*/mo mn*/mo
MAPDIs -3.50 1.51 0.071 0.100
MAPDbBr3 -3.66 2.26 0.224 0.100
MAPDCls -3.78 2.75 0.144 0.462

Figure 3 shows the calculated band structure and density of partial states, and Table
2 shows the calculated results. From DOS, the I-p orbital is dominant in the valence band
and the Pb-p orbital is dominant in the conduction band, suggesting that charge is trans-
ferred between I-p and Pb-p. The Cu-d orbital derived from energy levels are formed in
the forbidden band region, suggesting that charge carriers may be trapped and lost by
recombination. The energy gap values in Table 1 suggest that the addition of the Cu com-
pound is expected to significantly lower the energy gap. The DOS confirms that the Na-s
orbital-derived energy levels are far from the CBM. Since this level is isolated in the con-
duction band, it is not expected to be directly involved in charge transfer.

From the total energies, substitution of lead (Pb) and MA with Cu and Na, respec-
tively, is expected to destabilize the crystal structure. On the other hand, substitution of
MA with EA indicates that the crystal structure may be stabilized. Therefore, the intro-
duction of EA into the Cu and Na system is expected to be effective in terms of crystal
structure stability.

Table 2. Parameters obtained by first-principles calculations.

Model Total Energy (keV)  Energy Gap (eV) me*/mo mn*/mo
MACuls -2.52 1.48 0.136 0.079
NaPbls -2.99 1.06 0.077 0.062
EAPDbIs -3.68 1.43 0.076 0.104
MAos75EAo125Pbls -3.52 1.49 0.228 0.199

MAos75EAo.125Pbo.s7sCuo.12513 -3.39 1.00 0.266 0.352
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MAo.750EAo.125Nao.12sPbo.s7sCuo.12513 -3.32 1.04 0.241 0.355

2 3

(d)

Figure 3. Band structures and DOS of (a,b) MAo.s7sEA0.125PbIs, (¢) MAo.s7sEAo.125Pbo.s7sCuo.12513 and (d)
MAo.750EAo.125Na0.125Pbo.s75Cuo.12515.

3.2. Results of Experiments

Table 3 shows the results of current-voltage characterization of the fabricated de-
vices. The simultaneous addition of Cu and Na significantly enhanced the conversion ef-
ficiency, which is mainly caused by the increase in the open circuit voltage. From the cal-
culation results shown in Table 1, it was predicted that the energy gap would increase
with Br substitution. The results correspond to the experimental and calculated results. In
general, the open circuit voltage increases as the energy gap increases. Therefore, the in-
crease in the energy gap due to Br substitution is considered to have contributed to the
enhancement of the open-circuit voltage.

From Figure 3 and Table 2, it was predicted that the introduction of Cu would result
in a loss of carriers and a decrease in the energy gap; however, the actual experimental
addition of Cu enhanced the conversion efficiency and did not decrease the energy gap.
Based on the above calculations and experimental results, we suggest that the Cu-d orbital
level functions as an acceptor level; the creation of an excitation process from the I-p or-
bital level to the Cu-d orbital level enhances the generation of carriers, resulting in en-
hanced device properties.
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Table 3. Parameters obtained by current-voltage characterization.

] Jsc Voc Rs Rsn ave E;
Devices (mA cm?) (V) o Qm) @) (01/1) Z)/o) (eV)
Standard 222 0739 0497 418 383 8.17 5.82 1.55
CuBr2 2% NaBr 2% 21.7 0.841 0578 5.93 594 105 8.36 1.56
CuBr2 2% NaBr 2% EABr5%  21.3 0.843  0.585 5.12 558 10.5 8.67 1.57

Table 4 show the results of the stability evaluation of the fabricated devices. The ad-
dition of Cu and Na decreased the stability of the devices compared to the standard de-
vices, and the calculations shown in Table 2 indicate that the decrease in device durability
is due to the destabilization of the crystal structure caused by the Cu and Na substitutions.
The addition of EA to stabilize the crystal structure significantly enhanced the device du-
rability. Thus, it was confirmed that the stabilization effect of EA substitution is observed
even in the inclusion of Cu and Na. The above calculations and experimental results sug-
gest that the total energy values obtained by first-principles calculations may be used to
estimate the device durability.

Table 4. Device stability.

. Tave (%) ore
D tability (9
evices 0 Week 1 Week 2 Weeks 4 Weeks Stability (%)
CuBr2 2% NaBr 2% 8.36 7.34 6.61 6.75 79.1
CuBr2 2% NaBr 2% EABr 5% 8.67 8.34 8.34 7.98 96.2

4. Conclusions

In this study, the effects of Cu, Na, and EA additions were investigated by experi-
ment and first-principles calculations. The addition of Cu and Na significantly enhanced
the conversion efficiency of the devices. The result that the energy gap increases with bro-
mine addition is in agreement with calculations and experiments, indicating that the bro-
mine substitution contributed to the improvement of the open circuit voltage. The calcu-
lated band structure and device properties also suggest that the Cu-d orbital level may
function as an acceptor level. From the total energy, the crystal structure is predicted to
be destabilized by the Cu and Na substitutions, and a decrease in device durability was
also observed in experiments. The introduction of EA, a stable organic cation, to improve
the stability of the crystal structure significantly enhanced the device durability. The
above calculations and experimental results suggest that the total energy obtained by first-
principles calculations may be used to estimate the device durability. The method de-
scribed here for studying the effects of compound addition through calculation and ex-
periment may be applicable to other alkali metals and organic cations.
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