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The main drawback of the methylammonium lead halide perovskite solar cells is their 
degradation in ambient atmosphere. To investigate ambient-air-induced cell degradation, spec-
tral dependencies of open-circuit voltage (VOC), fill factor (FF) and the power conversion effi-
ciency (PCE) have been acquired (for the first time reported in literature). 

Our custom-made measurement system allowed us to perform measurements of the above-
mentioned entities in situ directly in vacuum during and after thermal deposition of the elec-
trode. We also studied how these parameters in vacuum changed after cell exposure to ambient 
air for 85 min (50 nm top electrode) and for 180 min (100 nm top Ag electrode). For fresh 
CH3NH3PbI3–xClx cell (never been in open air) with very high shunt resistance of 3·107 Ω·cm2 
(with practically no shorts and therefore FF could be determined mainly by charge carrier 
recombination processes) we found that FF in vacuum increased along with an increase of the 
incident photon energy from 0.55 at 760 nm up to 0.82 at 400 nm. Hypothesis considering hot 
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polaron participation in charge carrier photogeneration and recombination processes as well 
as another competing hypothesis were offered as possible explanations for the observed FF 
increase. 

The kinetics of short-circuit photocurrent EQE with a change in pressure was also inves-
tigated. It was also shown that perovskite solar cell degradation could be noticeably reduced 
by increasing the top Ag electrode thickness to at least 100 nm, which could possibly facilitate 
the usual encapsulation process.

Keywords: Degradation kinetics, fill factor spectral dependence, lead halide perovskite, 
power conversion efficiency, solar cells.

1. INTRODUCTION

In the previous short literature review, 
we described the advantages of a low-
temperature-developed inverted perovskite 
solar cell ITO/PEDOT:PSS/CH3NH3PbI3–x 
Clx/PC60BM/C60/Ag and mentioned that 
the main drawback of it was degradation 
in ambient atmosphere [1]. Despite numer-
ous reports existing about perovskite solar 
cell degradation during long periods of time 
such as days or months in ambient atmo-
sphere, we did not find any report consid-
ering the degradation within short periods 
of time immediately after the deposition 
of the top electrode and the following vac-
uum change in the measurement chamber. 
Therefore, we developed a cell production 
and measuring system which allowed us to 
investigate kinetics of the first stage of deg-
radation in situ, not only immediately after 
the top electrode deposition but also during 
the following decrease in vacuum up to the 
ambient atmospheric pressure and pump-
ing back to the high vacuum (~5·10–7 torr). 
Thus, we present here the change kinet-
ics of the short-circuit photocurrent (SCP) 
external quantum efficiency (EQE) during 
the slow decrease of the vacuum up to the 
ambient atmosphere conditions – as far as 
we know, for the first time in literature for 
such cells.

We found that an increase in the thick-
ness of the top Ag electrode from 50 nm to 
100 nm noticeably decreased the speed of 
cell degradation in the open air.

Spectral dependencies of other pho-
tovoltaic parameters such as open-circuit 
voltage (VOC), power conversion effi-
ciency (PCE) and fill factor (FF) were also 
acquired in the spectral range of 380–780 
nm. Those measurements of spectral depen-
dences are necessary for calculating spec-
tral dependence of PCE, which may be a 
valuable parameter for solar cells if we 
need to use them for illumination that dif-
fer from full solar spectrum or if we want 
to enforce their parameters in some desir-
able spectral region by creating tandem 
sells. Those dependences can be used for 
“hunting” hot charge carrier presence in the 
cell. It is known than hot carriers in organic-
inorganic perovskites give very long life-
time up to 100 ps and so they can appear 
in solar cells if one manages to receive 
them on electrodes. For the fresh cells with 
high shunt resistances of ~2·107 Ω·cm2, we 
observed a FF increase from 0.55 at 760 nm 
up to 0.82 at 400 nm, also for the first time 
reported in literature. Hypotheses to explain 
this phenomenon are offered in the present 
study.
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2. EXPERIMENTAL

Fig. 1. The scheme of the experiment and the structure of the studied cells. The layers are sequentially 
deposited onto the bottom side, while the light is being shined from the top side.

The inverted planar mixed halide 
perovskite solar cells were fabricated with 
the following layer configuration:  glass/
ITO/PEDOT:PSS/CH 3NH 3PbI 3–xCl x/
PC61BM/C60/Ag, using spin-coating from 
the solutions in the ambient atmosphere 

and, for the C60 and Ag electrode, by ther-
mal vacuum evaporation – as reported pre-
viously [2]. The device structure, the energy 
level diagram of layers and the scheme of 
the experimental arrangement for in situ 
measurements are shown in Fig. 1.

2.1. Device Preparation: The Wet Part

Patterned ITO substrates (PGO 15 
ohm/sq) were sequentially cleaned with 
chloroform, acetone, deionized (DI) water 
and isopropanol for 15 min each in an 
ultrasonic bath. After every sonication, 
the substrates were dump-rinsed in DI 
water. Poly(3,4-ethylenedioxythiophene) 
poly(styrenesulfonate) (PEDOT:PSS, 
Clevios Baytron AI4083) was deposited by 
spin-coating at 6500 rpm, at acceleration 
of 3000 rpm/s for 60 sec and annealed at 
145 °C for 1 hour in the argon atmosphere. 
Then the perovskite absorber CH3NH3PbI3-

xClx was deposited by a modified interdiffu-
sion method [3]: the mixture of PbI2 (Sigma 
Aldrich, 99.999  % purity with trace metal 
bases) and PbCl2 (Sigma Aldrich, 99.999  % 
purity with trace metal bases) with a molar 
ratio 3.4:1 was dissolved in the mixture 
of N,N-dimethylformamide (DMF; Sigma 
Aldrich, 99.8 %) and dimethylsulfoxide 

(DMSO; Sigma Aldrich, 99.9 %) with a 
molar ratio 3:1 [4], then spin-coated in 
the ambient air at a rate of  6500 rpm and 
acceleration of 3000 rpm/s at 65 °C for 75 
s, using ~70 μL of 65 °C hot solution. The 
PbI2:PbCl2 film was dried as-fabricated for 
20 minutes at the room temperature (rt) 
and for 20 minutes at 70 °C with an aim 
to remove the remaining solvents and to 
promote crystallization of the film. Then 
the cell was placed back on the hot spin-
coater at 65 °C, after which ~90 μL of the 
hot 40 mg/mL methylammonium iodide 
(MAI; Sigma Aldrich, 99.9 %) solution in 
2-propanol (IPA; Sigma Aldrich, 99.9 %) 
was squirted onto the middle of the cell, 
and after ~10 seconds the coating process 
was started at a speed of 6000 rpm with an 
acceleration of 3000 rpm/s and continued 
for 75 s. 

Subsequently, the sample was put into 
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the thermostat at 50 °C, after which the tem-
perature was slowly lifted up to 105 °C at 
a speed of 1.5 degree per minute. Anneal-
ing was continued for 1 h in the ambient air 
and then for 1 h in the argon atmosphere 
to finish the interdiffusion process; then the 
temperature was slowly decreased to the rt. 
Then the cell was covered with the PC61BM 
(American Dye Source, 99.5 %) layer from a 
30 mg/mL solution in 1,2-dichlorobenzene 
(DCB; Sigma Aldrich, 99 %) by spin-coat-

ing at the speed of 2000 rpm and accelera-
tion of 800 rpm/s, at the room temperature 
for 60 sec, using 50 μL of the solution. To 
improve the interdiffusion efficiency of the 
PC61BM into the perovskite along the grain 
boundaries and to remove the remaining 
solvents, the cell was again annealed for 
1 hour in the argon atmosphere at 100 °C, 
slowly rising the temperature from 50 °C to 
100 °C and then slowly lowering back to 
50 °C.

2.2. Device Preparation: The Vacuum Part

Then an absorption spectrum of the 
cell was obtained, after which it was trans-
ferred to the custom-made vacuum system 
where about a 40 nm–thick C60 layer and an 
Ag electrode were thermally deposited in 
the vacuum of 10–6 torr. The photoelectric 
measurements were then performed in situ, 
without any moving of the cell. The double 
fullerene layer was used to passivate the 
deep and the shallow trap states [5]–[7]. The 
active cell area was 7 mm2 according to the 
top electrode area. During the deposition of 
the top Ag electrode, the ohmic resistance 
and thickness of the electrode as well as 
the short-circuit current EQE were simul-
taneously measured while illuminating the 
cell via the bottom PEDOT:PSS electrode 
through the quartz window of the vacuum 
chamber by monochromatic light of 720 nm 
with an intensity of 1015 phot/(cm2·s). Such 
a low quanta energy was used to avoid any 
possible photochemical processes in the 
cell. 

Thus, the minimal thickness of the Ag 
electrode was chosen to be 50 nm, at which 
the value of the short-circuit photocurrent 
EQE reached its saturation while increas-
ing the electrode thickness (as it will be 
shown further in the article, this thickness 
was enough to perform all the photoelec-
tric measurements in vacuum but too low 
to protect the cell against fast degradation 
in the ambient air). The deposition speed 
and thickness of the thermally evaporated 
layers were checked by a calibrated 10 MHz 
quartz oscillator, frequency meter and com-
puter-controlled shutter. The deposition 
speed for C60 was 6.5 Å/s at cell (sample) 
t = 25 °C. Before the deposition of the Ag 
electrode, the cell was cooled down a little 
to t = 13 °C to avoid a possible short-circuit, 
and the deposition speed was changed from 
2 Å/s in the beginning up to 4.5 Å/s at the 
end of deposition for the 50 nm (thin) layer 
and to 7 Å/s for the 100 nm (thick) Ag.

2.3. In Situ Measurements

The cells were illuminated via the 
ITO electrode (see Fig. 1) by a chopper-
modulated monochromatic light in the 
370÷900 nm spectral region with an inten-
sity of 109÷1015 phot/(cm2·s), coming from 
a 250 W high-pressure xenon lamp through 
a grating monochromator. Appropriate fil-

ters were used to eliminate the second-order 
effects and the stray light. The selected light 
modulation period was chosen to be 6 s 
long, and the intensity was controlled by a 
calibrated Si photodiode. A constant pho-
ton flux onto our cell during the measure-
ment of the spectral and the current–voltage 
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dependencies was achieved by computer-
controlled movements of a Thorlabs linear 
variable ND metallic optical filter with the 
correction against the Si photodiode spec-
tral sensitivity [8].

Synchrodetection technique [9] with 
the use of PC-controlled data storage, eval-
uating the mean value and the root-mean-
square deviation (RMSD) allowed achiev-
ing the measurement accuracy of 1.5 %. The 
current (EQE)–voltage dependence mea-
surements were made with a step of 0.05 V, 
the time for a single step varying from 
multiple minutes to 2 hours (depending on 
the level of the current noise) to ensure the 
aforementioned accuracy level of 1.5 % at 
the high-voltage end. After setting the next 
voltage value, a 20-second dead time was 
introduced to avoid the influence of tran-
sition processes. Hence, our EQE–voltage 
curves can be considered as if static. The 
magnitude of the dark current was perma-
nently monitored by taking the endpoint 
value of the residual current during each 
dark half-period of the light modulation.

During the time-and-pressure-
dependent SCP EQE evolution experi-
ment, measurements were checked every 
30–1000 light–dark periods, the light being 

adjusted to 1015 phot/(cm2·s) with a relative 
error (the normalized root-mean-square 
deviation, NRMSD, calculated as the ratio 
of the RMSD to the mean value over the 
aforementioned 30–1000 periods) ±  1  %; 
for each period the mean value and the 
NRMSD of the EQE, the light intensity and 
the value of the photocurrent were collected. 
This made it possible to achieve the values 
of the NRMSD of the EQE from ~0.1 % to 
0.4 %, and the measurement time of 2 to 55 
minutes for each data point stored.

The ambient air that was let in during 
the experiment had the following prop-
erties: 760 torr pressure, ~40% relative 
humidity and ~22 °C temperature.

As noted before, the formation of 
perovskite degradation features of multiple 
volatile products [10]–[13] should be inten-
sified under vacuum conditions. However, 
we checked this idea for a cell with 50 nm 
thin top electrode for two weeks in vacuum 
and observed a modest (~5 %) decrease in 
the short-circuit photocurrent EQE at 480 
nm, whereas for the 620–720  nm region 
even a small increase in EQE was observed. 
Similarly, only minor changes in the prop-
erties were observed for the 100 nm thick 
top electrode cell after 2 months in vacuum.

3. RESULTS AND DISCUSSION

3.1. Cell with 50 nm (Thin) Ag Electrode

Figure 2 shows the dynamics of vacuum 
influence on the short-circuit photocurrent 
EQE for the inverted planar mixed-halide 
perovskite solar cell CH3NH3PbI3–xClx by 
changing pressure in the measurement 
chamber from 3·10–7 torr to the ambi-
ent air conditions (760 torr, ~40 % relative 
humidity, ~22 °C) and back to 10–6 torr for a 
26-hour measurement period.

After shutting both the high- and low-

vacuum valves, the vacuum slowly dropped 
from 3·10–7 torr to ~10–4 torr over 45 min-
utes. During this period, the value of the 
EQE did not change noticeably; however, 
45 minutes later the EQE began to increase 
from 38.3  % to 43.2  %, which continued 
for 20 minutes (at this moment, 65 min-
utes had passed since the vacuum pumping 
was switched off). This peak value (~12 % 
higher than in high vacuum) remained for 
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~20 minutes (peak P in Fig. 2); then the 
EQE began to diminish, reaching its ini-
tial high-vacuum value after 2  hours, at 
which point the pressure in the measure-
ment chamber dropped to 10–3 torr. A simi-
lar initial increase in the EQE for a direct 
mesoporous MAPbI3 perovskite solar cell 
was observed by Z. Song et al. [11]; this ini-
tial increase of the short-circui current EQE 

for the first 10÷20  minutes was explained 
by passivation of the surface trap states by 
the water molecules [14] and the improving 
contacts between the perovskite crystallites 
[15]. Song et al., however, carried out their 
measurements at a relative humidity (RH) 
of 55 % and 80 % at 1 atmosphere of the N2 
gas; we observed a similar effect.

Fig. 2. Time dependence of the pressure change influence on the short-circuit EQE for the ITO/PEDOT:PSS/
CH3NH3PbI3-xClx/PC61BM/C60/Ag cell with a 50 nm thick Ag electrode for 720 nm illumination with an 

intensity of 1015 phot/(cm2·s). The curve within the top pane is based on moving average with a period of 5.

By decreasing vacuum from 3·10–7 torr 
to ~10–4–10–3 torr, the water vapour content 
in the chamber was lower by many orders 
of magnitude. Yet in our cell the Ag elec-
trode was very thin (50  nm) and possibly 
very porous and, hence, easily penetrable 
by both H2O and O2; whereas Song et al. 
[11] used a dense and continuous gold elec-

trode, relatively impenetrable to water. The 
water in our case could have originated in 
the gas phase by continuous desorption 
from the inner surface of the metallic walls 
of the measurement chamber and possibly 
by small leaks in the vacuum chamber (even 
a small concentration of water could lead to 
significant changes in the cell [14], [15]). 
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Here we must mention that by increasing 
the Ag electrode thickness to 100  nm, as 
well as its density, by faster evaporation (up 
to 7.5 Å/sec), this phenomenon was not so 
expressed anymore.

Then the system was left at slowly 
changing pressure for the time monitoring 
of the SCP EQE over ca. 20 h; the pressure 
slowly increased from 10–3 torr to 10–2 torr 
due to non-absolute hermeticity of the 
chamber. During this time, SCP EQE oscil-
lated with a period of ~10 hours (see Fig. 
2), characterizing the complicated diffu-
sion processes of H2O and O2 into the cell 
through different layers and simultaneous 
back-diffusion of the perovskite destruc-
tion products out of the cell. After ~22-hour 
observation of the cell SCP EQE changes 
in the forevacuum, the ambient atmosphere 
(760 torr, 22 °C, RH ~ 40 %) was let into the 
measurement chamber, initially slowly by 
slightly opening the valve until the pressure 
reached 2·10–1  torr (SCP EQE oscillations 
continued) and then by promptly opening 
the valve, at which point we observed a 
fast plunge of the photocurrent EQE from 
43 % to 31 % during 85 minutes in the air 
(Fig. 2). However, as the vacuum pumping 

was restarted again, the SCP EQE increased 
back: first, during the period of ~15 minutes 
in the forevacuum of 10–1 torr, to 34 % and 
saturated at this value; second, when the 
high-vacuum pumping was started, to ~36–
38 %. In addition, the spectral dependence 
of the SCP EQE remained practically 
unchanged after pumping back to 5·10–7 torr 
(see Fig. 3; this pressure was achieved next 
day after the measurement depicted in Fig. 
2 ended). 

Here we see that the obtained EQE val-
ues are too moderate as it was also previ-
ously observed for the cells created by the 
interdiffusion method on the PEDOT:PSS 
HTL [16], possibly due to incomplete con-
version of the PbI2:PbCl2 layer to perovskite 
after the deposition of the MAI layer and the 
following annealing of the cell. Such a situ-
ation is indeed sometimes observed when 
using a two-step interdiffusion method 
[16]–[18] where the excessive PbI2 acts as 
an insulating layer, reducing the photocur-
rent [19]. This explanation is also supported 
by the very high values for shunt resistance 
(~3·107 Ω·cm2) and series resistance (Rser; 
~ 50÷60 Ω·cm2) obtained for our cells (see 
Table 2).

Fig. 3. Spectral dependences of the short-circuit photocurrent (SCP) EQE and the optical density of the 
perovskite and the PCBM layers for the cell with a 50 nm thick Ag electrode, before and after the exposure to 

air for 85 min. The curves are smoothed by moving average with a period of 5.
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Table 1. The Change in the Electric Properties of the ITO/PEDOT:PSS/CH3NH3PbI3-xClx/PC61BM/C60 /
Ag Cell with a 50 nm Thick Ag Electrode after the Air Inlet for 85 Minutes and Subsequent Pumping Back to 
Vacuum. The values given are the mean values with respect to the different directions of the applied voltage.

λ, nm
EQE, % FF VOC, V PCE, %

before after before after before after before after
480 42 49 0.73 0.29 0.87 1.19 9.8 6.6
720 38 41 0.55 0.26 0.83 1.09 9.7 6.7

Table 2. The Change in the Electric Properties of the Cell With a 50 nm Thick Ag Electrode after the Air Inlet 
for 85 Minutes and Subsequent Pumping Back to Vacuum (average with respect to different directions of 
applied voltage).

λ, nm
Rshunt, Ω·cm2 Rseries, Ω·cm2

before after before after
480 2.7·107 2.3·107 47 640
720 3.6·107 2.4·107 52 670

Fig. 4. The photocurrent EQE dependences on the externally ap¬plied voltage at ‘+’ polarity of the ITO 
electrode for the light intensity of 1015 phot/(cm2·s) and (a) 480 nm or (b) 720 nm wavelength, measured in the 
vacuum of 5·10–7 torr, for the sample with a 50 nm thick Ag electrode. The lighter curves stand for increasing 
voltage, the darker ones – for decreasing it; the EQE values are plotted with a negative sign, which indicates 

the electron flow direction towards the top Ag electrode.

Although the short-circuit photocur-
rent EQE in the vacuum did not change 
significantly after the exposure of the cell 
to the ambient air (as seen in Fig. 3), the 
EQE dependence on the applied voltage 
experienced dramatic changes after the air 
inlet for 85 minutes and subsequent pump-
ing back to 5·10–7 torr, when VOC increased 
from 0.83 V to 1.1 V (for illumination with 
720  nm) and from 0.87 V  to  1.2 V (for 
illumination with 480 nm) – as shown both 
in Figs. 4 and 5 as well as in Table 1. At 
the same time, the fill factor (FF) decreased 
profoundly from 0.78 to 0.30 for 480  nm 

and from 0.55 to 0.26 for 720 nm, as seen in 
Table 1 and Fig. 6; see also Fig. 4. 

After the cell exposure to the ambient 
air for 85  minutes, we observed that the 
shape of the current–voltage (CV) depen-
dence on the cell noticeably changed (Fig. 
4) and two distinct regions emerged. The 
dominant region (represented by dashed 
lines in Fig. 5) has now [extrapolated] VOC 
values around ~0.60÷0.70  V, which are 
less than the values for the freshly made 
cell (0.83÷0.87 V). The FF corresponding 
to this dominant region is also lower after 
the cell exposure to the ambient air than it 
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was before the air inlet (see Fig. 6). One can 
conclude that, while the cell had stayed for 
85 minutes in the ambient air, new charge-
carrier recombination centers were irre-

versibly created in the cell, intensifying the 
recombination processes and thus leading 
to a decrease in both the fill factor and the 
VOC for the dominant region.

Fig. 5. Spectral dependences of the open-circuit voltage VOC, measured in the vacuum of 5·10–7 torr before 
and after the air inlet, for the sample with a 50 nm thick Ag electrode. The lighter curves stand for increasing 

voltage, the darker ones – for decreasing it; the dashed curves characterise the dominant region of the CV 
dependence plot.

Fig. 6. Spectral dependences of the fill factor, measured in the vacuum of 5·10–7 torr before and after the air 
inlet, for the sample with a 50 nm thick Ag electrode. The lighter curves stand for increasing voltage, the darker 
ones – for decreasing it; the finely dashed curves characterise the dominant region of the CV dependence plot.

Apart from the dominant region of the 
current–voltage characteristic, Fig. 4 also 
demonstrates a thin long tail over which 
the VOC increases up to 1.2 V (at 480 nm) – 

and even higher for shorter wavelengths 
(Fig. 5). It indicates that after the air inlet 
into the measurement chamber not only 
charge recombination centers were cre-
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ated but also some fraction of perovskite 
possibly degraded irreversibly to PbI2. As 
it is known such degradation increases the 
bandgap up to 2.36 eV [10]. Barrier forma-
tion for the electron current at the contact of 
the perovskite layer with the Ag electrode 
after the air inlet cannot be ruled out, as the 
series resistance of the cell after the air inlet 
increased from 50÷60 Ω·cm2 to more than 
600 Ω·cm2 (details in Table 2).

For this high-voltage tail of Fig. 4, a 
large hysteresis in the VOC was observed 
with respect to the direction of the voltage 
change, as seen in Fig. 5. It indicates the 
appearance of a large number of the charge-
carrier trapping centers after the air inlet. 
Possibly, these trapping centers intensify 
the recombination of the photogenerated 
charge carriers, consequently reducing the 
fill factor from 0.50÷0.82 for the cell that 
has only been in the vacuum to ~0.30 after 
the air was let in and then pumped back out 
to the high vacuum (as seen in Fig. 6).

For a virgin cell in the vacuum we 
found an interesting phenomenon: when 
increasing the energy of the light quanta of 
the excitation beam, the fill factor increased 
from 0.50 at 780 nm up to 0.82 at 400 nm, 
with a relatively steeper increase for the 
wavelengths shorter than ~600 nm (Fig. 6). 
The VOC also experienced a mild increase 
along with an increase in the light quanta 
energy, as seen in Fig. 5. As far as we know, 
such a spectral dependence of the fill factor 
for a metal-organic perovskite solar cell has 
not been observed before.

At present, we cannot offer a convinc-
ing explanation of these phenomena but 
only propose some hypotheses discussing 
the hot polarons and their quasi-ballistic 
transport. It is known that at the room tem-
perature after the photoexcitation, there are 
very long–lived hot charge carriers in the 
methyl ammonium lead halide perovskites. 
The lifetimes of such charge carriers are up 

to 100 ps [20]–[26], which is about two to 
three orders of magnitude longer than in the 
conventional semiconductors [25]. For the 
large charge-carrier densities (more than 
1018 cm–3), this is explained by the “hot pho-
non bottleneck”, which originates from the 
reheating of the charge carriers due to the 
reabsorption of the phonons [20], [21], [24]. 
For much lower charge carrier densities of 
≤ 1016 cm–3, which occur under the solar flux 
and also in the experiments described in the 
present study, the long-living hot charge 
carriers can exist due to the formation of 
spatially large polarons determined by the 
fast motion of the methylammonium cation 
as well as the slower motions of the lead 
halide framework [22]. The reason for these 
outstandingly large lifetimes of the hot 
charge carriers is slow cooling of hot polar-
ons by scattering on the acoustic phonons 
[25], and also by very low thermal conduc-
tivity of halide perovskites resulting from 
short phonon lifetimes [26].

The more the energy of exciting light 
quanta surpasses the bandgap, the hot-
ter polarons are formed, with increasingly 
higher both the kinetic energy and the cool-
ing time. Thus, for an excitation energy of 
3.14  eV (1.49  eV above the bandgap) in 
CH3NH3PbI3, a quasi-ballistic transport of 
the hot carriers is observed over up to 230 
nm distance and a non-equilibrium transport 
over up to 600 nm in 100 ps after the excita-
tion, as visualized by the ultrafast micros-
copy [25]. For lower excitation energy of 
1.97 eV (0.32 eV above the band edge), on 
the other hand, only very little quasi-ballis-
tic transport was detected [25]. Similarly, 
for the CH3NH3PbI3–xClx perovskite (simi-
lar to the one in the present investigation) 
hot charge carriers with the lifetime above 
100  ps were observed for the pump pho-
ton energies of 3.1 eV and 2.6 eV but were 
not observed for lower pump energies of 
2.05 eV in 100 ps after the excitation [24].
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During the quasi-ballistic transport, the 
charge carriers interact weakly with the 
trapping centers [24], [25]; therefore, few 
of them undergo recombination during the 
transport through the perovskite layer. This 
can explain the observed increase of the fill 
factor (which depends directly on the charge 
carrier recombination) when increasing the 
photon energy above ~ 2.07 eV (600 nm), 
as shown in Fig. 6: the higher energy the 
charge carrier possesses, the longer the 
distance it travels quasi-ballistically. If 
it were possible to collect most of these 

charge carriers at the electrodes, we would 
observe a strong increase in the VOC value 
when increasing the incident photon energy 
above 2.07 eV – but only a small increase 
from 0.83 eV to 0.87 eV was detected (see 
Fig. 5), probably because there were sub-
stantial losses of the kinetic energy of the 
hot charge carriers both at the interfaces and 
inside the charge transport layers, possibly 
including the insulating layer of PbI2:PbCl2 
(in front of the PEDOT:PSS layer), which 
remained unconverted from the interdiffu-
sion process when the cell was created.

Fig. 7. Spectral dependences of the power conversion efficiency (PCE), measured in the vacuum of 5·10–7 torr 
before and after the air inlet for 85 min, for the sample with a 50 nm thick Ag electrode. The lighter curves 

stand for increasing voltage, the darker ones – for decreasing it.

Fig. 8. Spectral dependences of the power conversion efficiency (PCE), measured in the vacuum of 5·10–7 torr 
before and after the air inlet for 180 min, for the sample with a 100 nm thick Ag electrode. The lighter curves 

stand for increasing voltage, the darker ones – for decreasing it.
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After the cell was exposed to the ambi-
ent air for 85 minutes, there was no increase 
in the FF when moving to the wavelengths 
of the excitation light shorter than 600 nm 
anymore (Fig. 6). This could be explained 
by accumulation of the perovskite degrada-
tion product PbI2, which strongly increased 
the cooling rate of the hot carriers (observed 
for the cells produced using a two-step 
method [20]), and, possibly, by the contact 
degradation of the Ag electrode, marked by 
an increase in series resistance of the cell 
from ~ 50 Ω·cm2 to more than 600 Ω·cm2 
(Table 2).

Nevertheless, the observed phenomena 
can also be explained by another hypothesis: 
when a cell accommodating a large number 
of the charge carrier traps absorbs light and 
if the photon energy exceeds the depth of a 
filled trap plus the applied (external) volt-
age multiplied by the electron charge, the 
charge carriers can now go in the opposite 
direction to the applied external voltage 
due to energetic considerations. This direc-
tion coincides with the flow direction of the 
charge carriers in the absence of the applied 
external field. The higher the energy of the 
photon, the more excess energy is received 
by the charge carrier released from a trap, 
and hence the easier it can overcome the 
applied external field. This, in turn, pro-
duces higher opposite-direction extra cur-
rent, which changes the shape of the pho-
tocurrent EQE dependence on the applied 
voltage in the region of high voltages. Con-
sequently, the observed fill factor should be 
larger, as is actually seen in Fig. 6 (compare 
also the curves for the virgin cell in Figs. 4a 
and 4b). Such a situation is possible when 
the local electric field in the cell is strongly 
non-uniform and when some processes 
of trap filling from external sources take 
place. Such a process can be the dark injec-

tion from the electrodes. Still, this is only a 
hypothesis, and at present we have no exact 
explanation for an increase in the FF when 
increasing the incident photon energy.

Using the obtained spectral depen-
dences for the EQE, the FF and the VOC, we 
can construct spectral dependences for the 
power conversion efficiency (PCE) using 
the following formula [8]:

,	  (1)

where	VOC – the open-circuit voltage, V;
FF – the fill factor;
EQE – the external quantum efficiency for 
the short-circuit photocurrent;
Ephot – the incident photon energy, eV.

The PCE spectral dependences for the 
cell with a 50 nm thin electrode are shown 
in Fig. 7. This quantity is rather constant 
within the range of 480–740  nm, despite 
the fact that the optical density of the sam-
ple varies significantly between 550 and 
740 nm. One reason is the Ag top electrode 
(not present when the absorption spectrum 
was acquired) acting as a mirror for the 
light to pass multiple times in the sample, 
thus facilitating more complete absorption. 
It can also be seen that after the exposure 
to the ambient air, the PCE decreased 1.5 
times at 720 nm, and even more at wave-
lengths shorter than 460  nm. At 400  nm, 
this decrease in the PCE even approached 
3 times. This is mainly due to a dramatic 
decrease in the fill factor, as seen in Table 1 
and Fig. 6. Much lesser degradation of the 
cell performance under the exposure to the 
ambient air was observed for the cell with 
increased thickness of the top Ag electrode 
(100  nm instead of 50  nm). This will be 
discussed in the following section of the 
article.
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3.2. Cell with 100 nm (Thick) Ag Electrode

The spectral dependences of the PCE 
for the cell with a 100  nm thick Ag elec-
trode are shown in Fig. 8. This cell experi-
enced a twice as long (180 min) exposure to 
the ambient atmosphere in the measurement 
chamber compared to the one with a thin 
electrode; nevertheless, as can be seen in 
Fig. 8, the PCE suffered much lesser reduc-
tion for this cell (compare Figs. 8 and 7). 
Here we must admit that both cells are not 
absolutely identical because the one with 
a thick electrode shows lower PCE values 
in the short-wavelength region, possibly 
indicating a thicker layer of the leftover 
PbI2:PbCl2 left unconverted during cell 
fabrication. In addition, the shunt resis-
tance for the thick-electrode cell is about an 
order of magnitude lower than for the thin-
electrode cell – this is probably evidence of 
higher pinhole concentration. Yet we hope 
that these differences do not obstruct the 
comparison of the Ag electrode protecting 
properties in both cases: the diminution of 
the PCE for the cell with a 100  nm thick 
electrode is only 1.2 times at 720 nm and 1.6 

times at 400 nm (Fig. 8 and Table 3) while 
for the cell with a 50  nm thick electrode, 
exposed to the ambient air for half as long, 
it was 1.5 times at 720  nm and ~3 times 
at 400  nm. The series resistance for the 
cell with a thicker Ag electrode increased 
from 30÷35 Ω·cm2 to 50÷60 Ω·cm2 after a 
180  min exposure (see Table 4) while for 
the cell with a thinner electrode the increase 
was much stronger, from ~50  Ω·cm2 to 
640÷670 Ω·cm2, for only 85 min exposure 
(see Table 2). The decrease in the fill fac-
tor after the exposure to the ambient air was 
also much smaller for the cell with 100 nm 
thick top Ag electrode than for the cell with 
50 nm thick Ag electrode (compare Table 
3 with Table 1). We can conclude that the 
increase in the top Ag electrode thickness 
just by 50 nm (from 50 nm to 100 nm) sig-
nificantly improves the protection of the 
cell from the ambient atmosphere influence. 
Therefore, it becomes possible to perform 
subsequent encapsulation under ambient 
conditions instead of the glovebox.

Table 3. The Change in the Electric Properties of the ITO/PEDOT:PSS/CH3NH3PbI3-xClx/PC61BM/C60/Ag 
Cell with a 100 nm Thick Ag Electrode after the Air Inlet for 180 Minutes and Subsequent Pumping Back to 
Vacuum. The values given are the mean values with respect to the different directions of the applied voltage.

λ, nm
EQE, % FF VOC, V PCE, %

before after before after before after before after

480 45 36 0.64 0.52 0.88 0.92 9.7 6.4

720 39 39 0.60 0.51 0.83 0.85 11 9.6

Table 4. The Change in the Electric Properties of the Cell with a 100 nm Thick Ag Electrode after the Air Inlet 
for 180 Minutes and Subsequent Pumping Back to Vacuum (average with respect to different directions of 
applied voltage)

λ, nm
Rshunt, Ω·cm2 Rseries, Ω·cm2

before after before after

480 3.1·106 2.0·106 35 64

720 3.9·106 2.2·106 31 52
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Fig. 9. The photocurrent EQE dependences on the externally applied voltage at ‘+’ polarity of the ITO 
electrode for the light intensity of 1015 phot/(cm2·s) and (a) 480 nm or (b) 720 nm wavelength, measured in the 
vacuum of 5·10–7 torr, for the sample with a 100 nm thick Ag electrode. The lighter curves stand for increasing 
voltage, the darker ones – for decreasing it; the EQE values are plotted with a negative sign, which indicates 

the electron flow direction towards the top Ag electrode.

Finally, the current–voltage character-
istics changed less after the exposure to 
the air for the 100  nm–thick-Ag-electrode 
cell. It should be noted that the two regions 
observed on these plots for the 50 nm–thick-
Ag-electrode cell are not present for the 
100  nm–thick-Ag-electrode cell anymore: 
no long-tail region as in Fig. 4 is visible in 

Fig. 9. Only some decrease in the EQE val-
ues and the appearance a noticeable hyster-
esis are present, which indicates that even 
the protection offered by the 100 nm thick 
Ag layer is not enough to ensure the cell 
stability over a period of 180 minutes in the 
ambient air.

4. CONCLUSIONS

For inverted planar mixed halide 
perovskite CH3NH3PbI3–xClx solar cells, 
the fill factor was found to increase when 
increasing the energy of the excitation pho-
tons: from 0.55 at 760  nm up to 0.82 at 
400 nm for a freshly prepared cell with a 50 
nm thick top Ag electrode, which had very 
high shunt resistance Rshunt of 3·107 Ω·cm2. 
Such high resistances indicate the low con-
tent of pinholes; in such a case the FF is 
mainly established by the recombination 
processes of the photogenerated charge 
carriers in the cell. This increase could be 
caused by hot polaron formation; the higher 
polaron energy, the lower their recombina-
tion. Also, other hypothetical explanations 
cannot be excluded. Thus, spectral depen-
dences for the FF and the VOC can provide 

an additional insight into the photovoltaic 
processes in the cell.

The kinetics of initial evolution of 
short-circuit photocurrent (SCP) EQE when 
vacuum was changed slowly from 5.10–7torr 
to ambient atmosphere and pumped back to 
high vacuum was investigated. When ini-
tially vacuum diminished to ~ 10–4 torr even 
some increase of EQE was observed for 
cell with thin Ag electrode. This could be 
caused by incoming water molecules pas-
sivating surface trap states and/or improv-
ing intergrain contacts. By further decrease 
of vacuum some long period oscilations 
of SCP EQE were observed due to intri-
cate diffusion processes of  H2O and O2 
until~2·10–1  torr was reached. Letting the 
ambient air into the measurement chamber 
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caused a steep fall in EQE, but after the 
vacuum pumping was restarted, nearly ini-
tial values of the SCP EQE were observed 
again. Hence, this change for SCP EQE 
spectral dependence is reversible. However, 
spectral dependences for FF and VOC bore 
strong evidence of irreversible degrada-
tion where FF diminished to less than 0.3 
in the whole investigated spectrum, but VOC 
dependence tail part increased up to 1.3 V 
at 420 nm. Thus, we can conclude that to 
get more full information about degradation 
processes in the cell we ought to investigate 
also spectral dependences for FF and VOC, 
not only for SCP EQE

It was observed that the speed and the 
paths of degradation after the air inlet into 
the measurement chamber were strongly 

dependent on the thickness of the top Ag 
electrode. It means that for a 50 nm thick 
top electrode, exposure of the cell to the 
ambient air for 85 minutes and subsequent 
pumping back to 5·10–7  torr induced dra-
matic changes in the shape of the current–
voltage characteristics and thus in the VOC 
and the FF. On the other hand, for the cell 
with a 100 nm thick top electrode, exposure 
to the ambient air for twice as longer period 
of 180 minutes and following pumping 
back led only to a moderate fall in the FF, 
whereas the shape of the current–voltage 
characteristics changed considerably less. 
Therefore, top Ag electrode thickness of at 
least 100  nm is recommended to increase 
the lifetime of the cells before their encap-
sulation. 
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