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A B S T R A C T   

In order to achieve the highest performance of organometal trihalide perovskite solar cells, it is required to 
recognize the dominant mechanisms which play a key role in a perovskite material. In the following studies, we 
have focused on the interfacial recombination between the hole transporting layer (HTL) and the perovskite 
CH3NH3PbI3 in solar cell devices with p–i–n architecture. It has been shown that Cu:NiOx used as HTL drastically 
decreases a short–circuit photocurrent (Jsc) and an open–circuit voltage (Voc). However, we have found that an 
addition of PTAA thin layer improves cells quality and, as a consequence, the efficiency of such solar cells in
creases by 2%. Here, we explain both Jsc and Voc losses with a theory of the “dead layer” of perovskite material 
where a very high surface recombination occurs. We demonstrate the numerical and experimental studies by the 
means of series detailed analyses to get in–depth understanding of the physical processes behind it. Using a 
drift–diffusion model, it is shown that the presence of a parasitic recombination layer influences mostly the 
current distribution in the simulated samples explaining Jsc and Voc losses. The following results could be useful 
for improving the quality of perovskite solar cells.   

1. Introduction 

Hybrid organic-inorganic perovskites attract a lot of attention in the 
last ten years since the materials started to be used as an absorber in 
solar cells. With a continuous progress in the field, current state-of-the- 
art power conversion efficiency (PCE) of perovskite solar cells (PSCs) 
reached the record value of 24.2% [1]. The outstanding performance of 
this material is due to a direct band–gap [2], a high charge carrier 
mobility [3], small exciton binding energy [4] and high absorption co
efficient in a wide spectrum of light [5]. However, the performance of 
PSCs are still far from the final goal. The theoretical calculations have 
shown that the highest PCE of PSCs could be around 31% [6]. Although 
it can be found that the best cells are already reaching a maximum of a 
short–circuit photocurrent (Jsc) [7], there are still observed losses in a 
fill–factor (FF) and an open–circuit voltage (Voc) related to the recom
bination processes. Therefore, further studies are required to specify 
which dominant recombination mechanism limits all photovoltaic pa
rameters (Jsc, FF and Voc) in order to control them. 

In the PSCs, a radiative recombination of charge carriers seems not to 
play a dominant role in comparison to a nonradiative recombination 
mechanism [8,9]. The nonradiative recombination takes place when the 
trapped electron (or hole), which is located at the energy level within 
the band–gap, recombines with an opposite charge carrier. However, the 
traps could be mainly accumulated either at the grain boundaries of the 
polycrystalline perovskite material [10] or at the interface between the 
perovskite and an electron transporting layer (ETL) or a hole trans
porting layer (HTL) [11]. It seems that both types of accumulation exist 
in the PSCs and impact the final performance [8,12]. The aim of this 
work is to investigate and understand the role of recombination pro
cesses which occur at the interface of HTL/perovskite. 

In general, an interface recombination is well known to impact the 
properties of the solar cells [13,14]. However, only recent studies have 
reported the importance of this type of recombination in PSCs [15–17]. 
The presence of surface recombination is inherent to a perovskite ma
terial as perovskite crystals grow depending on the quality of the layer 
which is underneath. Nakane et al. [18] have shown that a growth of the 
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perovskite on TiO2 could result in the creation of a “dead layer” which is 
parasitic for the perovskite with a very high recombination, leading to 
decrease of Jsc and, as a consequence, lowering the final performance of 
PSCs. It seems that, in general, the growth on metal oxide might give 
raise to lowering of interface quality, while this effect does not occur 
when growing the perovskite layer on organics. It might be related to the 
presence of surface defect states in metal oxides which lead to high 
interface recombination [19]. However, the more likely scenario is that 
the chemical reaction taking place at the interface of metal oxides causes 
the formation of recombination layer during the perovskite crystalliza
tion process [20,21]. Fortunately, several techniques have been already 
presented to reduce the surface recombination by e.g. temperature 
treatment [22], chemical passivation [23,24] or laser treatment [25]. 

In this work, we explore the idea of surface recombination with the 
concept of a dead (recombination) layer which appears between 
Cu:NiOx/CH3NH3PbI3 and has a direct parasitic influence on Jsc and Voc, 
and therefore on the efficiency of PSCs. Also, it is shown that a chemical 
modification of Cu:NiOx with PTAA material reduces the parasitic effect 
in the absorber layer. Further, in order to qualitatively verify the exis
tence of a dead layer and explain its role in the PSC operation, the 
experimental results with different illumination conditions were used in 
the simulations. For the simulation purposes, the drift–diffusion model 
has been applied [26–32]. Finally, we show the influence of different 
thicknesses and surface recombination velocities on the operation of 
PSCs. 

2. Simulation tool 

The drift–diffusion model used in this work describes a generation, 
transport and recombination of charge carriers for the given PV stack. It 
also includes continuous equations to quantitatively describe the 
behavior of electrons and holes, and also the Poisson equation to 
calculate the electric field in space and time 

r ⋅ F¼
q

ε0εr
ðp � nþND � NAÞ; (1)  

where F is an electric field distribution, q represents an elementary 
charge, ε0 is a permittivity of vacuum, εr describes a permittivity of the 
material, p and n are hole and electron concentrations, respectively. The 
parameters ND and NA represent donor and acceptor concentrations in 
ETL and HTL layers, respectively. The transport of free charge carriers is 
governed with the following equations of drift and diffusion currents for 
electrons 

Jn¼ qnμnF þ μnkBTrn; (2)  

and for holes 

Jp¼ qpμpF � μpkBTrp; (3)  

where kB is the Boltzmann constant, T represents temperature, and μn 
and μp are mobilities of electrons and holes, respectively. More detailed 
equations for the one dimensional, time–dependent model are included 
in Supplementary Information (SI). In this study, the surface recombi
nation is not two–dimensional as it is usually assumed. Instead, we take 
into account the existence of a three–dimensional parasitic layer with 
the same properties as the absorber. The trap–assisted monomolecular 
recombination occurs there with the surface recombination rate 
described by the equation: 

Rs¼
Ntσs

ν� 1
s;p ðnþ n1Þ þ ν� 1

s;n ðpþ p1Þ

�
np � n2

int

�
; (4)  

where νs;n and νs;p are the surface recombination velocities for electrons 
and holes, respectively, Nt represents density of trap recombination 
centers, σs ¼ 1=ðNtLaÞ is the capture cross section calculated for the 
absorber thickness La, n1, p1 and nint are defined with Boltzmann 

statistics, see equations (S16)–(S18) (SI). 
In the simulation of the PSCs structure, the drift–diffusion model has 

been extended to simulate both transporting layers (ETL and HTL) [26]. 
Fig. 1 shows a band diagram of the investigated PSC, with the following 
layers sequence ITO/HTL/ CH3NH3PbI3/ETL/Au, where HTL is Cu:NiOx 
with or without PTAA, and ETL is PCBM/BCP. In the current study, two 
variations of HTL so called Cu:NiOx and Cu:NiOx/PTAA were used. 
However, we treat PTAA as a passivation layer, and therefore it is not 
included in the electrical simulation model. Its influence is visible in the 
presence of a dead layer which appears only on Cu : NiOx (Fig. 1(inset)) 
but not on PTAA passivated layer (Fig. S2 (SI)). The interfaces between 
the layers in the p–i–n structure lead to numerical difficulties, therefore 
the change in the permittivity has been included in the Poisson equation 
[33], see equation (S30) (SI). Also, the energy levels for electron and 
hole transporting layers are not aligned creating injection barriers (see 
Fig. 1), which drastically influences the final performance of the solar 
cell. Therefore the method of generalized potentials [34–36] has been 
used to include these variations, as shown in equations (S20)–(S21) (SI). 
The developed model is applicable to any PSCs structure when param
eters are well described. 

Table 1 shows all parameters (if not specified otherwise) used for the 
simulation of HTL, ETL and perovskite layer in PSCs. The thickness (L) is 
an experimental value because each layer was measured with a profil
ometer. The spatial grid was discretized with Chebyshev polynomials 
(equations (S8)–(S11) (SI)) reducing the number of grid points (N) 
needed for fast convergence of numerical simulations. Relative permit
tivities (εr) for ETL and HTL have been calculated from optical η and κ 
parameters, see Fig. S1 (SI). For the perovskite material, Lin et al. [37] 
have shown that a dielectric constant is much higher than obtained from 
ellipsometry measurements, therefore we have decided to use a litera
ture value [38]. Asymmetric mobilities for opposite charge carriers were 
chosen close to reference values with more mobile electrons 
(24 cm2 V� 1 s� 1) than holes (1 cm2 V� 1 s� 1) [3,39]. Charge carrier cap
ture coefficients (CnðpÞ) used in the Shockley–Read–Hall recombination 
are close to literature values and they are equal to 5:56� 10� 14 m3 s� 1 

and 4:35� 10� 14 m3 s� 1 for electrons and holes, respectively [29,40]. 
The density of traps (Nt) is taken from reference Ref. [29]. The energy 
trap level has been fixed in the middle of an energy band–gap, which 
seems to be the most efficient [41]. The bimolecular recombination is 
based on the Langevin model with reduction prefactor (ξ) adopted from 
the literature [29]. Although, the Auger recombination is the least 

Fig. 1. Device structure of PSC. After photon absorption, free electrons and 
holes are generated in the perovskite layer and transported to respective elec
trodes through ETL and HTL. The dead (recombination) layer is shown in 
the inset. 
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dominant in perovskite materials, it has been used for clarity in the 
simulation tool with symmetric values of ΓnðpÞ adopted from the litera
ture [42]. Energy levels for the bottom of the conduction band (Ec) and 
the top of the valence band (Eν) for the CH3NH3PbI3 are aligned to the 
energy band–gap equal to 1.6 eV acquired from UV–vis and PL mea
surements (see Fig. S3 (SI)) [43]. The injection barriers are associated 
with the Schottky contacts at the cathode/ETL and HTL/anode with the 
values equal to 0.1 eV and 0.15 eV, respectively. The ITO material rep
resents the anode contact, whereas BCP/Au acts as the cathode contact. 
BCP is used as a tunneling transport layer which adjusts the energy level 
of gold to reduce the contact losses. Therefore, we could simulate these 
two layers as one with fixed energy alignment [44]. In the perovskite 
layer, there is assumed no doping (NAðDÞ ¼ 0). The values of the effective 
density of states NcðνÞ have been adopted from the literature [12]. The 
simulation properties of ETL and HTL have been chosen to resemble 
PCBM [12,45–48] and CuNiOx [49–52]: materials. The simulation 
temperature of the solar cells has been used the same as in the experi
ment (295 K). The built–in voltage equals to 1.13 V is similar to the 
values from the literature [12,30]. 

3. Results 

The optical analysis performed with UV–vis and PL measurements is 
shown in Fig. S3 (SI). For the UV–vis experiment, the transmittance (T) 
and reflectance (R) of the samples have been measured and recalculated 
to the absorbance using a relation of 100% ¼ A þ T þ R, the resulted 
absorbance is shown in Fig. S3a (SI). Using the tauc–plot, the optical 
band–gaps (Eg) have been obtained, which values were applied in the 
simulation. The Eg values of 1.601 eV, 1.595 eV and 1.591 eV were ob
tained for the thicknesses of 375 nm, 470 nm and 575 nm, respectively. 
The same shift of the band–gap is observed in PL measurements when 
the film thickness increases, see Fig. S3b (SI). The possible explanation 
of the effect is in–plane tensile strain perpendicular to the substrate 
which increases with film thickness and may impact the band–gap [53]. 

In order to characterize a crystal structure of the perovskite layer, the 
XRD measurements have been performed. Fig. S4a (SI) illustrates the 
XRD results of the perovskite which show negligible differences for three 
different thicknesses. The samples exhibit tetragonal phase with I4cm 
symmetry, which is confirmed by the diffraction peak with highest in
tensity of (110) [54]. Most importantly, in all three samples, we can see 
a very small diffraction peak observed at about 13∘ related to a sec
ondary PbI2 phase. The morphology of CH3NH3PbI3 material is 
analyzed on the glass substrate with AFM measurements, see Figs. S3b–d 
in SI. The layers exhibit a very good coverage with the large grains of 
approximately 215 nm, 226 nm and 239 nm (statistics done on about 
150 grains) for 375 nm, 470 nm and 575 nm thick layers, respectively. 

The PSCs have been measured under AM1.5 conditions. Fig. 2 shows 

the results for the PSCs with the perovskite thickness of 375 nm for two 
structures with Cu:NiOx and Cu:NiOx/PTAA. It has been observed that 
the samples without PTAA material have PCE lower by about 2–3% 
(Fig. 2a). This behavior is mostly due to 1 mA cm� 2 losses of Jsc and 
100 mV of Voc, see Fig. 2b,d, while FF remains the same for both types of 
devices (Fig. 2c). The same effect could be observed for the samples with 
thicker absorber layer (470 nm and 575 nm), as seen in Figs. S5–S6 (SI). 
However, the losses of Voc and Jsc increase with increasing the thickness 
of perovskite absorber. For the samples with perovskite thickness of 
575 nm, the Voc and Jsc drops are about 200 mV and 2 mA cm� 2, 
respectively, which results in approximately 4% of PCE losses. The PSCs 
with modified HTL maintain high PCE with slight increase in efficiency 
when the perovskite layer thickness increases. This originates mostly 
due to higher Jsc which rises with the increasing the absorber thickness 
due to higher absorption of light in the red part of the spectrum [55]. It is 
also shown that using only PTAA thin film as HTL the perovskite solar 
cell works similar to structure with Cu:NiOx/PTAA, see Fig. S7 (SI). For 
all analyzed types of devices, the FF slightly decreases with higher layer 
thickness. This is most probably related to increase of bulk recombina
tion for thicker perovskite layers [56]. The observed parasitic phe
nomenon is likely related to surface recombination at HTL/CH3NH3PbI3 
interface as the only Cu:NiOx has been modified. Such an effect has been 
already reported for perovskite solar cells [12]. However, for a high 
surface recombination, it is expected that FF also should be affected. In 
this study, we further demonstrate that the concept of a dead layer with 
a very high trap recombination is able to explain the losses in photo
current and voltage with small impact on FF. 

The representative J–V curves and EQE of the two types of devices 
with the perovskite absorber thickness of 375 nm is shown in Fig. 3. For 
both cells, we can see the hysteresis effect is relatively small, which 
suggests a good quality of the perovskite layer, see Table 2. This is very 
important for further simulation analysis, because it has been reported 
that the hysteresis is smaller for p–i–n structure which should be related 
to the interface defects that influence different rates of ion migration [8, 
57]. Therefore, in the simulated device configuration we can neglect the 
impact of ions. The result of maximum power tracking (MPPT) shows 
good light stability of the cells during 150 s of measurements under 
AM1.5 light spectrum (Fig. 3a-inset). Fig. 3b illustrates the External 
Quantum Efficiency (EQE) for the same perovskite solar cells. It is 
observed that the total photocurrent of each cell calculated from EQE 
also proves the losses of 1 mA cm� 2 (Jsc). 

The experimental J–V characteristics have been used for the simu
lation process with the parameters given in Table 1. The profile of 
charge carriers generation (G) has been calculated with the transfer 
matrix model [58,59] which uses an extinction coefficient (κ) and a 
refractive index (η) in a function of wavelength, see Fig. S1 (SI). The 
obtained carriers generation profiles for both PSC structures with 
Cu:NiOx and Cu:NiOx/PTAA are presented in Fig. S8 (SI). It should be 
mentioned that there is no charge carriers generation within a recom
bination layer [18]. Validation of the simulation model, which is in an 
excellent agreement with the experimental results is shown in Fig. 4 for 
both PSCs structures. The detailed simulations for both structures at the 
illumination of 1 sun are presented in Figs. S9–S10 (SI). Fig. S9 (SI) 
demonstrates that at short–circuit conditions the presence of a dead 
layer only slightly influences a charge carriers concentration (part a), an 
electric field distribution (part b), and an energy alignment (part c). 
However, in Fig. S9d (SI) there is visible loss of electron and hole 
photocurrent due to the presence of the dead layer. At the open–circuit 
voltage (Voc), we can see that high recombination in the dead layer 
drastically impacts on the charge carriers distribution not only at the 
interface but also in the bulk (Fig. S11a (SI)). Therefore, we will further 
focus only on Voc conditions. As a result of the shift in charge carrier 
densities, the electric field distribution has changed throughout the 
sample. It is due to a higher value of jEj at the interfaces between per
ovskite/ETL and HTL/perovskite. The effect of a dead layer also slightly 
influences the alignment of conduction and valence bands. However, the 

Table 1 
Parameters used in simulation of the perovskite solar cells. For better read
ability, parameters for holes and electrons are written in the brackets and 
without brackets, respectively.   

unit ETL perovskite HTL 

L nm 40 375 45 
N  20 60 20 
εr  3.75 63 2.1 
μn(p) cm2 V� 1 s� 1 2� 10� 3  24 (1) ð10� 2Þ

Cn(p) 10� 14 m3 s� 1  10� 4  5.56 (4.35) (1) 

Nt m� 3 1022  1021  1022  

Γn(p) 10� 40 m6 s� 1  4 1.55 (4) 

ξ  10� 4  10� 2  10� 4  

Ec(ν) eV � 4.0 � 3.9 (� 5.5) (-5.35) 
ND(A) m� 3 1020  0 (0) ð1:4 � 1023Þ

Nc(ν) m� 3 2:5� 1025  8� 1024  ð2:5 � 1025Þ
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Fig. 2. Photovoltaic parameters for PSCs, a) PCE, b) Jsc, c) FF, and d) Voc. Solar cell structure with Cu:NiOx (black symbols) and Cu:NiOx/PTAA (red symbols) as HTL. 
Both stacks have 375 nm perovskite thickness. 

Fig. 3. The experimental results for two PSCs. a) J–V characteristics for for
ward (solid line) and reverse (dashed line) scans with the inset of MPPT for the 
cells. b) EQE and integrated photocurrent of the cells. The absorber thickness 
equals to 375 nm. Red and black lines represent Cu:NiOx with and without 
PTAA layer, respectively. 

Fig. 4. Photocurrent–voltage characteristics for experimental (square symbol) 
and simulation (solid line) results for a) Cu:NiOx with 5 nm dead layer, and b) 
Cu:NiOx/PTAA without dead layer. In the dead layer, the surface recombina
tion velocities are equal to 3:75� 103 and 3:75� 104 m s� 1 for electrons and 
holes, respectively. Other parameters used in simulations are the same for both 
devices and they are specified in Table 1. 
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most relevant impact of the dead layer is visible on the photocurrent 
distribution (Fig. S11d (SI)) which clearly shows the role of this 
recombination layer. It is observed that the electron and hole photo
currents reach the high values at HTL/perovskite interface, however, 
very high recombination in the dead layer leads to abrupt loss of the 
current. This effect is not visible in the sample without dead layer, as 
shown in Fig. S12d (SI). Also, it should be pointed out that the photo
current distribution in the PSC with the dead layer is reversible in 
comparison to a sample without this layer. This will be later explained in 
more details. 

It is well known that the same shape of a fitting curve could be ob
tained for different sets of parameters. However, simulation results are 
more precise when more physical variations are applied. Therefore, 
using light filters, the range of measurements has been extended for the 
representative samples. Fig. 5 shows the simulation results of the cell 
with Cu:NiOx. These results are in excellent agreement with experi
mental results using the same set of parameters (Table 1) for a very wide 
range of the illumination profiles (0.001–1 suns). The numerical simu
lations with the use of either bulk or one dimensional surface recom
bination have not been able to explain all the observed experimental 
results. It should be also mentioned that only the chosen parameters 
could simultaneously explain all the variations including the surface 
passivation, the absorber thickness and the light intensity. Simulations 
have shown that the best fit for the dead (recombination) layer has been 
obtained if the thickness of dead layer is 5 nm and with the surface 

recombination velocities equal to 3:75� 103 and 3:75� 104 m s� 1 for 
electrons and holes, respectively. It is observed that holes recombine 
mostly in the dead layer. This effect originates from a location of the 
interface between the perovskite and HTL, where more holes are pre
sent. Fig. 5a shows the PCEs in respect to illumination. It should be 
noticed that the highest efficiency is reached at a light intensity of about 
0.8 suns and starts to decrease for higher light intensities. The simula
tion results are in slight disagreement with the experiment at lower il
luminations which are associated with almost dark conditions. The Jsc 
follows exactly the same trend for simulation and the experiment, which 
confirms a linear relationship between the current and light intensity in 
PSCs [60] and suggests that monomolecular recombination is dominant 
at a short–circuit [61] (Fig. 5b). The FF is the most sensitive photovoltaic 
parameter in simulation of solar cells. Even a slight change of any 
parameter in the numerical model may drastically change the final 
shape of the curve with different illumination intensities, see Fig. 5c. 
Also, the general shape of FF suggests a competition of two dominant 
recombinations in the PSCs. We can see that the FF decreases mono
tonically above 0.1 suns which is related to series resistance, bimolec
ular recombination or surface recombination. However, below 0.1 suns, 
the FF drops with a decreasing value of light intensity which should 
occur for a pure trap–assisted recombination [8]. Therefore, it is ex
pected that charge carriers recombination is monomolecular for the low 
illumination. Also, a spread of the statistical bar at 0.001 suns should be 
related to the leakage current, which has a higher impact on FF at low 
intensities [62]. Fig. 5d shows the Voc dependence from the light in
tensity. The calculated ideality factors (nid) for the experimental and 
simulation results are very similar suggesting a good choice of dominant 
recombination channel. According to Tress et al. [63], the surface 
recombination dominates if the ideality factor is closer to 1, which is 
mainly observed for lower built–in voltage in a perovskite material. 
Therefore, the acquired value of nid�1.4 proves the idea of a high 
recombination at Cu:NiOx/CH3NH3PbI3 interface. The small flattening 
of Voc at high intensities should be also related to high surface recom
bination in the dead layer. 

Table 2 
Photovoltaic parameters for the PSCs representative cells.   

Cu:NiOx  Cu:NiOx/PTAA  

Forward Reverse Forward Reverse 

Jsc [A m� 2] � 194.24 � 194.92 � 204.25 � 204.48 
Voc [V] 1.00 1.00 1.07 1.08 
FF [%] 76.20 75.13 75.75 75.88 
PCE [%] 14.84 14.66 16.58 16.71  

Fig. 5. Photovoltaic experimental (square symbol) and simulation (solid line) results for different illuminations. a) PCE, b) Jsc with the inset presented the same 
result using linear scale of the light intensity, c) FF, and d) Voc. Solar cell structure with Cu:NiOx as HTL. Parameters are the same as used in Fig. 4a. 1 
sun ¼ 100 mW cm� 2. 
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Fig. 6 shows photovoltaic parameters as a function of light intensity 
for Cu:NiOx/PTAA in the perovskite solar cell. The passivation with 
PTAA is assumed to reduce the surface recombination. Therefore in the 
simulation, we have used the same set of parameters but with a removed 
dead layer. The simulated and experimental results show a very good 
agreement, which finally proves the existence of the dead layer at 
Cu:NiOx. It appears to be the simplest way to improve the interface and 
remove the parasitic recombination. The PCE results for different illu
minations are similar to the previous ones, however, lowered by about 
2%, see Fig. 6a. Fig. 6b-inset presents a linear trend of Jsc as a function of 
light intensity. It suggests monomolecular recombination as a dominant 
mechanism in this region. The FF in respect to the light intensity shows 
very similar behavior as the PSC with the dead layer, as seen in Fig. 6c. 
However, there is no surface recombination in this system. Therefore the 
region above 0.1 suns, where FF starts to increase, should be associated 
with bimolecular recombination. At low illumination, a monomolecular 
recombination still dominates. In Fig. 6d, nid is approximately 1.7 at the 
open–circuit voltage. A value of the ideality factor closer to 2 confirms 
the existence of the trap–assisted SRH recombination as a dominant 
recombination channel in the bulk. 

Fig. 7 illustrates the simulation results for the PSC at different illu
mination intensities. The results are presented only for the current dis
tribution which is a representative variable for the analysis of a dead 
recombination layer. It should be mentioned that the total current in 
each simulation is always about zero, because the open–circuit condi
tion is used in the simulation. However, the amplitude of current within 
the simulated sample decreases proportionally with decreasing the light 
intensity. Fig. 7a shows the PSC simulated at 1 sun illumination. It has 
been already noticed that the current distribution is reversed at the 
interface of the dead layer (Figs. S11–S12 (SI)). However, the current 
distribution gets back to the normal distribution at the HTL interface for 
lower light intensity, see Fig. 7b and c. The explanation of this effect is 
related to high asymmetric recombination in the dead layer. If light 
intensity increases, the total charge carrier concentration has a higher 
value. Therefore, the dominant recombination should be proportionally 
higher in the parasitic layer. As the surface recombination is 

asymmetric, it leads to inversion of a total distribution of photocurrent. 
However, at very low light intensities, where almost dark conditions are 
observed, the charge carrier density is much lower. Thus, the surface 
recombination is not strongly influencing the shape of the photocurrent 
distribution. As a consequence, it starts to resemble the sample without a 
dead layer, see Fig. 7d and Fig. S13d (SI). 

Further, the influence of dead layer thickness and a surface recom
bination velocity with illumination intensities were analyzed. Fig. 8 
shows photovoltaic parameters for the PSCs with 2 nm, 5 nm (as a 
reference) and 10 nm dead layer with a constant surface recombination 
velocity. Fig. 8a demonstrates that the PCE is decreasing with increasing 
the thickness of the recombination layer. This trend is especially visible 
at high illumination intensities. The efficiency decreases mostly due to 
the loss of short–circuit photocurrent, see Fig. 8b. This occurs due to the 
fact that no charge carriers are generated within the recombination layer 
and even small losses in the generation profile from an illumination side 
influence the total photocurrent. Fig. 8c illustrates the resulted FF. It 
should be noticed that the thicker the parasitic layer is, the more visible 
is a monotonic rise of the FF above 0.1 suns. This effect originates from 
the higher domination of the surface recombination. Recently, it has 
been reported that the fill–factor monotonically decreases in the whole 
range of illumination when the surface recombination is the only 
recombination mechanism [12]. From Voc analysis, it is clear that the 
ideality factor gets closer to 1 for a higher thickness of the recombination 
layer, as shown in Fig. 8d. The same trends were obtained for the 
different surface recombination velocities with a constant thickness of 
the dead layer, Fig. S14 (SI). The reason is that the recombination rate 
depends both on the thickness and the surface recombination velocity. 
Therefore, the same rate could be acquired with different parameters. 
However, a thickness of the dead layer also influences the photocurrent 
in contrast to a surface recombination velocity, which finally confirms 
our choice of recombination mechanisms (Fig. S14b-inset (SI)). 

Fig. 9 shows spatial dependencies for different dead layer thick
nesses. For clarity, the distributions are only presented for the absorber 
layer. It is observed that, for the higher surface recombination rates, the 
smaller values of a total charge carriers density within the absorber were 

Fig. 6. Photovoltaic experimental (square symbol) and simulation (solid line) results for different illuminations. a) PCE, b) Jsc with the inset presented the same 
result using linear scale of the light intensity, c) FF, and d) Voc. Solar cell structure with Cu:NiOx/PTAA as HTL. Parameters are the same as used in Fig. 4b. 1 
sun ¼ 100 mW cm� 2. 
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obtained, see Fig. 9a. The difference between electron and hole con
centrations rises with increasing the thickness of the dead layer. This 
leads to the fact that the electric field increases linearly, see Fig. 9b. 
However, these changes in the concentrations and the electric field 
impact the diffusion and drift currents. Therefore, the total photocurrent 
is also varying with different recombination layer thicknesses, see 
Fig. 9c. The average current approaches zero for the open–circuit con
ditions, however the amplitude increases with increasing a thickness of 
the dead layer. Fig. S15 (SI) presents the same behavior for different 
surface recombination velocities. It shows that the presence of parasitic 
dead layer in the PSCs has a significant effect on the working operation 
even with its relatively small thickness and twice smaller surface 
recombination velocity. 

4. Experimental section 

4.1. Device fabrication 

The precursor for perovskite CH3NH3PbI3 phase was prepared as 
described below. Commercial lead iodide (PbI2) (99.99%, TCI), meth
ylammonium iodide (MAI) (GreatCell Solar), dimethylformamide 
(DMF) solvent (99.8%, Sigma-Aldrich) and 1-methyl-2-pyrrolidinone 
(NMP) solvent (99.5%, ACROS Organics), were used as received. The 
powders of MAI and PbI2 were mixed in 1:1 molar ratio and dissolved in 
DMF:NMP (9:1 vol ratio) solution by stirring overnight at room tem
perature. Three precursors solutions with 1 M, 1.2 M and 1.4 M equi
molar concentrations were used in all experimental section. Patterned 
glass/ITO substrates were ultrasonically cleaned with soap water, 
deionized water, and ethanol, followed UV–ozone treatment for 30 min. 
All the solar cells preparation processes were carried out inside the 
nitrogen–filled glove–box with oxygen and moisture levels about 1 ppm. 
The HTL of Cu:NiOx was prepared from 0.95 mmol Ni(NO3)2⋅6 H2O and 
0.05 mmol Cu(NO3)2⋅3 H2O powders mixed in 9:1 volumetric ratio of 2- 
methoxyethanol solution and acetyloaceton solutions, respectively. The 
Cu:NiOx was spin–coated at 1500 RPM for 60 s with acceleration 1500 
RPM s� 1. It was dried on hot–plate for 5 min at 150∘C in N2 environment, 
and further for 15 min at 300∘C in air. The surface passivation of Cu:NiOx 
has been done with poly(triaryl amine) (PTAA) (Sigma-Aldrich) solution 

in toluene with the concentration of 2 mg mL� 1. The solution was 
spin–coated at 5000 RPM for 35 s with the acceleration of 5000 RPM 
s� 1. Then samples were annealed at 100∘C in N2 for 10 min. Subse
quently, the perovskite solution was dynamically spin–coated with the 
following gas quenching [64]. The 100 μL precursor was spin–coated on 
glass substrate in two steps. First, at 2000 RPM for 10 s with acceleration 
200 RPM s� 1 and, then at 5000 RPM for 30 s with 2000 RPM s� 1. After 
15 s of spin–coating, the N2 gun was used for quenching the perovskite 
layer for 15 s at 6 bars pressure with 10 cm vertical position from the 
substrate. Afterwards, the samples were immediately placed on the 
hot–plate at 100∘C for 10 min. The ETL solution was prepared by dis
solving 20 mg mL� 1 of [6,6]-phenyl C61 butyric acid methyl ester 
(PCBM) (99%, Solenne) in chlorobenzene, the solution which was stir
red overnight at 60∘C. ETL was spin-coated at 1500 RPM for 55 s with 
the acceleration of 3000 RPM s� 1 and followed by spin–coating of 
bathocuproine (BCP) (99.99%, Sigma-Aldrich) solution of 0.5 mg mL� 1 

in ethanol at 3000 RPM for 50 s with the acceleration of 3000 RPM s� 1. 
Subsequently, the cleaning of ITO contacts from HTL, the perovskite and 
ETL layers was done in air with the use of DMF:chlorobenzene solution 
in 1:6 vol ratio. Finally, Au electrodes were thermally deposited with a 
thickness of 100 nm under the pressure of 1 � 10� 6 mbar through a 
shadow mask on top of the ETLs. 

4.2. Characterization 

The film thickness of each layer was measured with Bruker XT 
Dektak profilometer giving for the CH3NH3PbI3 perovskite material 
375 � 5 nm, 470 � 2 nm and 575 � 4 nm for 1 M, 1.2 M and 1.4 M molar 
concentrations, respectively. The crystal structure characterization was 
performed using a Bragg–Brentano geometry X–ray diffractometer 
(PanAlytical Empyrean; referred as XRD). The morphology was inves
tigated with atomic force microscope (Park NX-10 tool; referred as 
AFM). The optical properties of the samples were measured with UV–vis 
spectrophotometer (Agilent Cary 5000) by measuring the transmittance 
(T) and the reflectance (R). Steady–state photoluminescence spectrum 
(Horiba Labram Aramis system; referred as PL) was measured with an 
excitation laser beam at 532 nm and Si detector. The current–voltage 
(J–V) characteristics of solar cells were measured in N2 filled glove–box 

Fig. 7. Spatial distributions of electron (black line) and hole (red line) photocurrents calculated for an open–circuit voltage (Voc) at illumination equal to a) 1 sun, b) 
0.1 sun, c) 0.01 sun, and c) 0.001 sun. All simulations are done for solar cell structure with dead layer (violet area) at the interface, and also with PCBM (blue area) 
and the perovskite (white area). All the parameters are the same as used in Fig. 4a. 
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under a white light halogen lamp using illumination mask of 0.09 cm2, 
to define the active area of the sample. The light intensity was calibrated 
to 100 mW cm� 2 with a silicon reference cell to simulate AM1.5 spec
trum. However, for obtaining different illuminations, the set of neutral 
filters have been used to obtain 1, 0.83, 0.53, 0.33, 0.1, 0.01 and 0.001 
sun intensities. The J–V curves were measured with Keithley 2400 with 
a scanning rate of 0.165 V s� 1 with 20 mV step. The scanning was per
formed in forward (from � 0.1 V to 1.1 V) and reverse (from 1.1 V to 
� 0.1 V) bias to show the effect of hysteresis. The measurements of J–V 
characteristics were done without preconditioning with light soaking or 
UV treatment. The maximum power point tracking (MPPT) was per
formed for approximately 2 min with continuous illumination, and 
control of voltage and current at maximum power point. The external 
quantum efficiency (EQE) was measured with setup from Rera Solutions. 

5. Summary 

Two types of perovskite solar cells with different HTLs (Cu:NiOx and 
Cu:NiOx/PTAA) were analyzed. The experimental results demonstrate 
that significant recombination losses are observed in the PV devices 
without PTAA material. It leads to a photocurrent and voltage drop of 
1–2 mA cm� 2 and 100–200 mV, respectively. This in turn leads to the 
loss of efficiency by 2–4%, which values are perovskite thickness 
dependent. The simulations based on the drift–diffusion model have 
shown the presence of a dead (recombination) layer at the interface of 
HTL/perovskite in the solar cell with Cu:NiOx as HTL. The thickness of 
this recombination layer is estimated to be 5 nm for a 375 nm thick layer 
of the perovskite absorber. Results of spatial simulations have confirmed 
that the dead layer influences the charge carrier density and the electric 
field distribution. However, the most visible impact is observed on the 
current distribution within the solar cell. The same parasitic recombi
nation phenomenon could be observed in any PSCs with p–i–n config
uration, where metal oxides would be used as HTL. Therefore, the 
performed analysis could help to further improve the performance and 
give a better understanding of the recombination mechanisms in 
perovskite solar cells. 

Fig. 9. Spatial simulation results for an open–circuit voltage (Voc) at 1 sun 
illumination only for the perovskite layer. a) Electron (black line) and hole (red 
line) density distributions, b) absolute electric field distribution, and c) electron 
(black line) and hole (red line) photocurrents. The simulation distance is in 
respect to cathode (Au) electrode. The parameters used are the same as 
in Fig. 8. 

Fig. 8. Photovoltaic parameters for different illuminations. a) PCE, b) Jsc with inset presented results at 1 sun, c) FF, and d) Voc. Solar cell structure includes dead 
layer with 2 nm (triangle up symbol), 5 nm (square symbol) and 10 nm (triangle down symbol) thicknesses. Surface recombination velocities equal to 3:75� 103 and 
3:75� 104 m s� 1 for electrons and holes, respectively. 1 sun ¼ 100 mW cm� 2. 
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