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1. Introduction

In recent years, perovskite-based solar 
cells have shown extraordinary progress in 
reaching high power conversion efficien-
cies (PCE) with the current record standing 
at 25.2% for a perovskite single-junction 
device, which is substantially better than 
CIGS and CdTe and within reach of silicon 
solar cells.[1] However, in order for perov-
skites to successfully enter photovoltaic 
market, scalability and stability also need to 
be ensured. The latter especially has been 
one of the main causes of skepticism for a 
long time. The current T80 lifetime standard 
in the photovoltaic field, i.e., the time when 
PCE of the module drops down to 80% of 
its initial PCE, is around 30 years, while the 
perovskites solar cells are yet notorious for 
poor long-term stability. The main degrada-
tion factors arise from their compositional 
instability,[2] ion migration, and halide/
metal reactivity,[3–5] as well as moisture, 
oxygen and UV light sensitivity.[6–8] In addi-

tion, the charge selective contacts are also not immune to degra-
dation.[9,10] As a result, a lot of research effort has been directed 
toward better understanding and avoidance of the separate deg-
radation modes.

The first step toward this goal is to thoroughly observe per-
formance of the operating solar cells, and for this, it is impera-
tive to utilize relevant testing conditions. Several different 
testing procedures have been applied, with most if not all of 
the analysis conducted under controlled conditions in the labo-
ratory. The most common ones are off-the-shelf stability, con-
stant MPP tracking at 25 °C or at elevated temperatures,[11,12] 
or aging samples first under elevated temperature (constant 
or cycling) but measuring finally at 25 °C.[13–18] A few groups 
have investigated aging of the devices under outdoor condi-
tions, however, instead of MPP tracking those cells were kept 
at open-circuit condition and I–V measurements in regular 
intervals were performed, either outdoors[19–21] or in the labo-
ratory.[22,23] As expected, elevated temperatures speed up the 
degradation process of perovskite devices.[24] Degradation 
is faster at open-circuit conditions due to the higher excess 
charge carrier concentration creating additional recombination 
centers, but it is also present at MPP conditions.[25] Schwenzer 
et  al. have tested the stability of perovskites under tempera-
ture cycling; they observed a linear decrease in open-circuit 

Perovskite solar cells (PSC) have shown that under laboratory conditions they 
can compete with established photovoltaic technologies. However, controlled 
laboratory measurements usually performed do not fully resemble operational 
conditions and field testing outdoors, with day-night cycles, changing irradi-
ance and temperature. In this contribution, the performance of PSCs in the 
rooftop field test, exposed to real weather conditions is evaluated. The 1 cm2 
single-junction devices, with an initial average power conversion efficiency of 
18.5% are tracked outdoors in maximum power point over several weeks. In 
parallel, irradiance and air temperature are recorded, allowing us to correlate 
outside factors with generated power. To get more insight into outdoor device 
performance, a comprehensive set of laboratory measurements under different 
light intensities (10% to 120% of AM1.5) and temperatures is performed. From 
these results, a low power temperature coefficient of −0.17% K−1 is extracted in 
the temperature range between 25 and 85 °C. By incorporating these tempera-
ture- and light-dependent PV parameters into the energy yield model, it is pos-
sible to correctly predict the generated energy of the devices, thus validating 
the energy yield model. In addition, degradation of the tested devices can be 
tracked precisely from the difference between measured and modelled power.

Dr. M. Jošt, A. Al-Ashouri, Prof. S. Albrecht
Young Investigator Group Perovskite Tandem Solar Cells
Helmholtz-Zentrum Berlin
Kekuléstraße 5, Berlin 12489, Germany
E-mail: marko.jost@fe.uni-lj.si
Dr. M. Jošt, Dr. B. Lipovšek, Dr. B. Glažar, Dr. K. Brecl, Dr. G. Matič,  
Prof. M. Topič
Faculty of Electrical Engineering
University of Ljubljana
Tržaška 25, Ljubljana 1000, Slovenia
Dr. A. Magomedov, Prof. V. Getautis
Department of Organic Chemistry
Kaunas University of Technology
Radvilenu pl. 19, Kaunas LT-50254, Lithuania
Prof. S. Albrecht
Faculty IV-Electrical Engineering and Computer Science
Technical University Berlin
Marchstraße 23, Berlin 10587, Germany

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.202000454.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited.

Adv. Energy Mater. 2020, 2000454

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202000454&domain=pdf&date_stamp=2020-05-28


www.advenergymat.dewww.advancedsciencenews.com

2000454 (2 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

voltage (VOC) of around −0.11% K−1 and a severe degradation 
in short-circuit current (JSC), which, however, was revers-
ible after several hours of light-soaking.[26] Nevertheless, with 
the improvements in material and solar cell fabrication, the 
devices are now even passing standardized protocols, such as 
IEC 61215, involving indoor tests in which modules are heated 
up to 85  °C for 1000 h at 85% relative humidity and tempera-
ture cycles from −40 to 90 °C up to 100 times. The IEC tests for 
perovskite solar cells are orderly summarized in.[27] In addition, 
a consensus statement for reporting and assessing stability of 
perovskite solar cells based on ISOS procedures has recently 
been agreed.[28] However, while these measurements and aging 
procedures are a good indicator of long term stability and are 
valid for established technologies such as silicon, they do not 
fully resemble the outdoor operational conditions, with regular 
day-night cycles, where irradiance and air temperature simul-
taneously change. This is especially critical for perovskite solar 
cells, due to their unique characteristics compared to other 
conventional high efficiency solar cells, most importantly ion 
migration,[29] as such conditions might affect their long term 
stability and energy output.[30] It has been shown recently 
that indoor testing cannot fully suggest their outdoor stability 
under operational conditions.[23,31] For example, the regular 
polling and electric field intensity changes during day-night 
cycles cause regular ion redistribution,[8,32] which seems to be 
reversible, however, combined with temperature they might in 
the long-term potentially create new recombination centers in 
the perovskite bulk or at the interfaces.[31] Despite that, opera-
tional conditions are rarely considered. Only few reports can 
be found, even for day-night cycling only, all conducted in the 
laboratory conditions.[8,32,33] Recently, Tress et  al. analyzed the 
typical operational performance applying real temperature and 
light intensity profiles but under controlled lab conditions.[34] 
Interestingly, all reports show that with an increasing time 
of testing, perovskite devices suffered some irreversible and 
reversible degradation, which potentially cannot be detected 
in a constant temperature, constant one-sun AM1.5 irradiance 
MPP track. It is unclear whether this might be overcome with 
future optimizations or is an intrinsic property of perovskite. 
The above further highlights the necessity for outdoor testing 
under real operational conditions. Such measurements would 
help to investigate degradation processes, focusing on the elim-
ination of the main causes of decreased performance.

Besides outdoor conditions affecting the stability, the sun 
spectra and air temperature can heat up the module and thus 
have a strong effect on PCE and consequently energy yield of 
all PV devices. While standard testing conditions (STC) define 
the cell temperature of 25 °C during the measurements, under 
operational conditions solar modules can easily reach 70 °C 
and more for several hours. The most basic temperature effect 
can be calculated using a detailed balance limit (DBL):[35] e.g., 
by heating the cell from 25 to 70 °C the DBL PCE drops from 
33.7% to 31.8% respectively, thus temperature has a negative 
effect on device performance. This change corresponds to a 
power temperature coefficient γ = kth_P = −0.13% K−1, when nor-
malized with a PCE. The effect of temperature on J–V charac-
teristics, derived from the DBL theory, is shown in Figure S1 
(Supporting Information) with the calculated PCE shown as 
an inset. The drop in PCE is mainly due to a drop in VOC, a 

drop of ≈50 mV is expected only due to increased temperature 
for a ΔT = 45 K, caused by increased blackbody radiation from 
the warmer solar cell. The JSC, on the other hand, depends 
only on the sun spectra and thus does not change in the DBL 
calculations. The detailed analysis of JSC, VOC, and fill factor 
FF and their dependence on bandgap and temperature can be 
found in.[36] In addition, also material properties can have a 
temperature dependence, for example, JSC of silicon solar cells 
increases under increased temperature due to the narrowing 
of the bandgap. Thus, knowledge of the performance under 
elevated temperatures is important for understanding and pre-
dicting outdoor solar cell performance.

For other technologies, temperature-dependent characteris-
tics with well-established temperature coefficients have been 
reported.[37–39] For perovskites, on the other hand, only a few 
reports are available which overall differ significantly: in the 
early reports, a relatively high kth_Ps in the range from −0.33[40] to  
−0.7% K−1[41,42] were obtained, most likely due to nonoptimized 
perovskite solar cells. In 2016, Fu et  al. have measured a much 
lower kth_P  =  −0.18% K−1[43] utilizing a semi-transparent p–i–n 
stack. Recently, Deng et  al. reported a kth_P  =  −0.13% K−1 for a 
15% solar cell with a blade coated perovskite absorbers,[44] which 
is on par with minimal values derived from thermodynamic 
limits in DBL theory as explained above. Sometimes reports 
also show a nonlinear kth_P,[34] which is attributed to the used 
hole-transporting material Spiro-OMeTAD. Spiro-OMeTAD has 
temperature-activated charge transport, and also limits the tested 
temperature range to 50 °C due to its low glass transition temper-
ature, thus not suitable for high-temperature applications.[45] On 
the other hand, Gehlhaar et al. have studied temperature effects 
from the other point of view: they measured perovskite module 
operational temperatures under different incident irradiation den-
sities and ambient air temperatures,[46] which helps understand 
and predict operational temperatures of perovskite modules. 
Knowing temperature characteristics and operational temperature 
of perovskite solar cells is necessary for energy yield predictions.

Energy yield (or energy output) is a valuable quantity of 
evaluating the performance of solar cells and modules under 
outdoor conditions, and is a very important aspect for prac-
tical applications. Such an analysis is already quite common 
for perovskite/silicon tandem solar cells,[47–50] but temperature 
dependency is usually neglected. In reports that do discuss tem-
perature effects, the question remains whether all the effects 
of the temperatures were considered. Höranthner and Snaith 
show temperature-dependent one-diode modeling of perovskite 
single-junction and perovskite/silicon tandem with preliminary 
results shown in the Supporting Information.[47] They theoreti-
cally derive the kth_P to be −0.165% K−1, but do not calculate the 
energy yield due to lack of reliable data, such as device opera-
tional temperature. A more complete approach has recently 
been published by Schmager et  al. where they presented the 
methodology behind energy yield calculations and assumed 
literature values for temperature dependency.[50] However, the 
complete tandem modeling is more complex due to tempera-
ture-dependent bandgap shifting, spectrally and possibly ther-
mally induced current mismatch and consequent fill factor 
correction.[51,52] Thus it is important to fully understand the 
behavior of the subcells first, in this case, the perovskite, since 
their properties are less investigated. Tress et  al.[34] analyzed 
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the temperature effect on the energy yield, based on laboratory 
measurements. However, they did not include spectral changes 
and diffuse irradiation, which are key components of outdoor 
conditions.

Overall, for perovskite solar cell outdoor testing reports are 
scarce and temperature-dependent analysis is mostly focused 
on power temperature coefficients, neglecting current (JSC, 
JMPP), voltage (VOC, VMPP) and fill factor dependency on irra-
diance and temperature. Thus more data and knowledge are 
needed to clearly rate the stability and degradation of perovskite 
solar cells under operational outdoor conditions and to forecast 
the energy yield of perovskite-based cells and modules in the 
future.

In this contribution, we perform a first true MPP tracking 
analysis of perovskite single-junction solar cells under out-
door conditions, which are further corroborated by systematic 
laboratory measurements. The testing procedure is schemati-
cally presented in Figure  1. The fabricated 1 cm2 area devices 
with an average PCE of 18.5% are encapsulated and placed on 
the rooftop. Their power output is tracked at maximum power 
point (MPP) and all relevant weather data are recorded simul-
taneously. From this, the influence of outside conditions, such 
as irradiation and temperature on the performance is analyzed. 
In parallel, a number of similar devices are tested in controlled 
laboratory conditions under different light intensities from 10% 
to 120% of AM 1.5g and elevated temperatures (IEC 61853[53]) 
from 25 to 85 °C, from which the temperature coefficient and 
light intensity dependence are extracted. Using a full set of 
temperature-dependent PV performance parameters (JSC, VOC, 
and FF), we develop a first perovskite single-junction tempera-
ture dependent energy yield model for the given high-efficiency 
perovskite solar cell. Not only that, we obtain an excellent match 
with the measurements on the rooftop, thus demonstrating the 
first validation of energy yield calculations for perovskite solar 
cells. The model enables easy real-time evaluation of the rooftop 
data which is otherwise challenging due to changing weather 
conditions. We observe that the matching between MPP tracks 
and our model is very good in beginning, but is increasing with 
time. We ascribe this to the degradation of our devices, which 
is confirmed by I–V measurements, performed on the rooftop 

with our MPP tracker. Thus, with the developed temperature 
dependent energy yield model, we can not only predict energy 
output under any climate conditions, but also to track the deg-
radation of devices precisely.

2. Results

2.1. Device Structures

To analyze the outdoor and temperature dependence for 
perovskite single-junction solar cells, we utilize the p–i–n (so-
called inverted) configuration. This configuration has been 
shown to be very robust during humidity and temperature 
stress tests[5,13] and is more suitable for our tests compared to 
n–i–p spiro-OMeTAD based devices, because of the associated 
degradation.[54,55] Additionally, p–i–n configuration is also uti-
lized in state-of-the-art tandem solar cells,[48,51] thus some of 
our results could easily be transferred to tandem devices. The 
layer stack of our devices is as follows: glass|ITO|MeO-2PACz
|perovskite|C60|SnO2|Cu. The perovskite absorber used here is 
a typical “triple cation” Cs0.05(FA0.83MA0.17)Pb1.1(I0.83Br0.17)3.[56] 
The molecule MeO-2PACz forms a self-assembled mono-
layer and acts as a highly efficient hole selective contact.[57] 
The metal-oxide SnO2 as interfacial or barrier layer was used 
between C60 and metal electrode to improve the temperature 
resistance and long-term stability of the devices.[58] As will  
be shown below, the devices with SnO2 survived the tem-
perature tests without degradation, confirming our choice of 
device architecture.

In the scope of our research, devices with two different areas 
were used. For laboratory experiments, we fabricated solar cells 
with a smaller active area of 0.16 cm2, which is the standard lab 
scale testing area size. The substrates contained 6 devices each; 
one device was tracked, while the others were not measured 
but kept at VOC under light-soaking conditions. For the outdoor 
testing, we fabricated large area (>1 cm2) single-junction perov-
skite solar cells with one device per substrate. The larger area 
was used since it has a larger area-to-edge ratio and this design 
facilitated encapsulation and contacting; these devices were 
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Figure 1. Schematic presentation of the procedures utilized. The perovskite single-junction solar cells were tracked in MPP on the rooftop. During the 
tracking, weather data (irradiance, temperature) were collected (left side). In parallel, similar devices were measured in the laboratory under different 
light intensities and elevated temperatures (right side). From the data obtained, a temperature dependent energy yield model was developed, allowing 
us to predict energy output or track the degradation.
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covered with a glass slide and sealed with a two-component 
encapsulant (see Figure S3, Supporting Information) to ensure 
a longer lifetime under outdoor conditions. Despite larger area, 
only a negligible drop in PCE was observed; an average PCE 
of 18.5% at STC was achieved with both designs (Figure S2,  
Supporting Information).

2.2. Outdoor Performance

The outdoor testing was performed on the rooftop testing site 
at the University of Ljubljana from August to November. The 
encapsulated 1 cm2 devices were put in a closed, sealed plastic 
box to further prevent penetration of moisture and oxygen to 
the active area of the device. The top side of the box was a glass 
cover. The so-prepared devices were then placed on the rooftop 
facing south under the tilt angle of 30°. Figure  1 shows sche-
matically the outdoor testing setup with all the relevant details, 
while Figure S4 (Supporting Information) shows a photograph 
of the rooftop testing site. The devices were MPP-tracked using 
an internally developed µMPP tracker, which can also perform 
I–V measurements at regular intervals. The details on µMPP 
hardware will be published elsewhere. The temperature of the 
cell together with the air temperature was recorded. Addition-
ally, a spectrometer and pyranometer recorded the spectral dis-
tribution of solar irradiance over time and its integrated power, 
respectively.
Figure  2 shows the data of the two selected days of the 

rooftop testing. The data over the course of 6 days in September 
2019, from which those two days were selected, are shown in 
Figure S5 (Supporting Information). Figure 2a displays a strong 
interconnection between the solar irradiance Ginc (shown in 
light blue), the temperature of the cell Tcell (red) and generated 
electrical power P (black). The solar irradiance dictates both 
the Tcell and its electrical output. All the irradiance changes are 
almost instantly shown (the temperature heating/cooling rate 
of 3.1 K min−1 was predicted in[46]) and the generated electrical 
power reacts accordingly. The maximum achieved temperature 
of the cell was ≈60 °C. In Figure 2b, the electrical performance 
of the same solar cell is shown in more detail with parameters 
P, VMPP and JMPP overlaid. The shape of P and JMPP are almost 
identical, while the VMPP stays relatively constant around 0.9 V 

over the course of the day when the device is producing power. 
This is reasonable due to the logarithmic dependence of photo-
voltage on illumination intensity (for constant FF). Additionally, 
a stronger drop in VMPP under higher temperature is counter-
balanced by an increase due to higher solar irradiance as will be 
shown below. Whether this is a general case or only a specific 
case connected with conditions during our tests remains to be 
tested.

Next, we focus on the temperatures. In most laboratory 
experiments, Tcell is usually determined by the heating/cooling 
stage located of the solar cell sample holder. Outdoors, in the 
solar modules, Tcell is typically determined indirectly by the air 
temperature Tair and Ginc. Additional effects, such as device per-
formance and module specifics like color, amount of reflection 
and absorption can all be summarized in the parameter NOCT, 
which stands for the nominal operating cell temperature and 
is defined as Tcell at 20 °C air temperature, 1 m s−1 wind speed, 
and 800 W m−2 total irradiance. Using NOCT, Tcell can empiri-
cally be calculated from an arbitrary combination of Tair and 
Ginc

= − ° ⋅ +−T G T
NOCT 20 C

800Wm
cell 2 inc.total air  (1)

For silicon modules NOCT = 44 °C is usually used, despite 
the values ranging somewhere between 41 and 47 °C.[59] Using 
these two NOCT values, 41 and 47 °C, for a silicon solar cell 
with PCE = 20% and kth_P = −0.4% K−1, the difference in PCE 
at 1000 W m−2 and 25 °C air temperature (STC) would be 0.6% 
absolute. For perovskite devices or modules, however, there are 
only few reports on NOCT. In the previously mentioned report 
by Gehlhaar et al.,[46] the authors predict the module tempera-
ture at NOCT conditions to be around 43 °C, which fits well 
with silicon modules. Nevertheless, different PCE values and 
bandgaps, causing different thermalization and long wave-
length losses could affect NOCT value.

Using Equation (1) and measured Tair, Tcell, and Ginc, we are 
able to calculate NOCT of our tested perovskite single-junction 
devices. Figure  3a shows the difference between the Tcell and 
Tair in dependence of solar irradiation. Using a linear fit, we 
estimate the NOCT for our system to be 43 °C. The value is in 
line with the silicon modules and fits with the results reported 
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Figure 2. a) Solar irradiance (blue), the temperature of the tested cell (red) and the power (black) generated by the solar cell tested on the rooftop for 
two selected days. b) Detailed analysis of the generated power, decomposed into JMPP and VMPP for the same two days. The two graphs for the course 
of 6 consecutive days are shown in Figure S5 (Supporting Information).



www.advenergymat.dewww.advancedsciencenews.com

2000454 (5 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

by Gehlhaar et al.[46] Checking back, using our calculated NOCT 
parameter to predict Tcell from Tair, we get good matching with 
the measured cell temperature over several days during the day-
time, as shown in Figure 3b. Thus, following Gehlhaar and our 
results, when only Ginc and Tair are available, but not also Tcell, a 
NOCT = 43 °C can reliably be used to predict Tcell.

While the rooftop MPP tracking provides useful data on 
the operation (P, JMPP, VMPP) of solar cells, it is challenging 
to evaluate how the devices are actually performing due to 
changing irradiance and temperature, even from J–V curves 
that were obtained during rooftop testing (see Figure S6 in 
the Supporting Information for graphs and discussion). Thus 
we turn to controlled conditions in the laboratory and system-
atically investigate performance under different, well-controlled 
light intensities and temperatures.

2.3. Laboratory Conditions

These tests were conducted in air and the devices were not 
encapsulated. For contacting, a thermally coupled copper 
sample holder was used, placed on a temperature-controlled 
chuck. The device was in direct contact with the holder and 
reached the desired set temperature within a few minutes, as 
confirmed by the stabilized power output.

Two different laboratory tests were performed. In the first 
one, the solar cell is tracked under one-sun AM1.5 conditions 
(100 mW cm−2) in MPP. To determine the performance under 
elevated temperature, the temperature was simultaneously 
altered during the tracking in 15 °C steps between 25 and 85 °C 
and back to 25 °C within ≈150 min as shown in Figure 4a. Lower 
temperatures were not considered due to potential water con-
densation forming on the devices in the humid air. Before each 
temperature change, we waited ≈15 min for the MPP to stabi-
lize. The initial PCE at 25 °C is 18.3% and stable over 10 min of 
tracking. Upon the temperature change to 40 °C, the PCE imme-
diately drops by 0.5% absolutely, with a similar trend happening 
for each of the temperature increment. At 85 °C a PCE of 16.4% 
is measured, meaning the PCE dropped by around 1.8% abso-
lute for a ΔT = 60 K. When lowering the temperature from 85 °C 
back to 25 °C, the starting PCE of 18.3% was reached again. In 

general, the PCE at the same temperatures during the cooling 
and heating cycle are very similar (see also Figure 4b), thus we 
can exclude short-term degradation effects of the device under 
test during the measurement. This excellent operational stability 
even at 85 °C is attributed to our selection of stable charge trans-
port layers (MeO-2PACz and SnO2). Nevertheless, the devices 
kept under VOC during the temperature test degraded consider-
ably (see Figure S7, Supporting Information).

The drop in PCE is mostly connected to the drop in VMPP: 
the difference between 25 and 85 °C is around ≈80 mV, which 
is the same value as predicted in the DBL. At the same time, 
the predicted DBL VOC drop is only 60 mV due to a FF drop. 
The JMPP changes also occur, especially immediately after the 
temperature change. When the temperature was increased, 
then the initial drop is followed by a slow (a couple of minutes) 
increase in JMPP; when the temperature was lowered, the initial 
increase is followed by a slow decrease. Overall, JMPP drops with 
temperature, approximately by 0.4 mA cm−2 for a ΔT = 60 K.

From the data above, we can determine the temperature 
coefficient by extracting the PCEMPP values just before the next 
temperature step. Plotting PCE versus temperature, we see a 
clear linear dependence as shown in Figure 4b, with a slope of 
−0.03%abs K−1. The obtained slope is then normalized with the 
device PCE at STC (18.3%), to finally get kth_P = −0.17%rel K−1.  
This value is lower than that for silicon devices, e.g., state of 
the art SunPower’s silicon modules with −0.29% K−1[60] or 
0.39% K−1 for a standard monocrystalline module,[61] and fits 
with report by Fu et  al.[43] We also added guides to the eye 
for the kth_P in the range between 0.05% and 0.3% K−1 that 
show a clear difference between different slopes. Additionally, 
we have tested a few devices from different batches. They all 
showed very similar temperature coefficients between 0.15 and  
0.2% K−1 as shown in Figure S8 (Supporting Information).

The above tests were made under a sun simulator at 
100 mW cm−2 illumination intensity, which in outdoor opera-
tion is rarely the case due to the ever-changing weather condi-
tions. Therefore, in the second test, we perform light intensity 
tests at 5 different temperatures (25, 40, 55, 70, and 85 °C) and 
12 different illumination intensities from 10% to 120% of the 
AM1.5 irradiation in 10% steps. For each of the 60 combina-
tions, an I–V measurement was performed, covering a broad 
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Figure 3. a) Dependence of irradiance on the temperature increase of the solar cell (Tcell − Tair). From the slope (black line), parameter NOCT can be 
determined, in our case NOCT = 43 °C. b) Comparison between the measured Tcell and cell temperature calculated from Tair and NOCT.



www.advenergymat.dewww.advancedsciencenews.com

2000454 (6 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

range of light intensity and temperature combinations. The 
results are summarized in Figure 4c,d. In Figure 4c J–V charac-
teristics at different temperatures and 100% illumination inten-
sity are plotted together. Similarly to the MPP test, the main 
change (drop) is in VOC; there is also a slight decrease in JSC, 
validating the observed minor JMPP drop in the MPP test. From 
the PCE at one-sun, we can again determine the kth_P the same 
way as above: kth_P around −0.21% K−1 is obtained this way and 
is shown as an inset in Figure  4c. This value is similar, but 
also slightly higher than the one derived from MPP tracking. 
While this adds additional confirmation for our approach and 
extracted values, it could also indicate that frequent polling, 
applying external bias other than the VMPP, light soaking start-
stop operation is more demanding for the devices than con-
tinuous MPP tracking. This shows that extracting temperature 
coefficients has to be done with great care to not be influenced 
by potential device degradation or light-soaking effects. We 
speculate that this can be one of the reasons for the variation in 
the reported results.

Furthermore, we compare VOC at different temperatures 
and light intensities in the tested range. For all the 5 temper-
atures tested, a logarithmic dependence of VOC versus light 
intensity is apparent, from which the ideality factor n can be 
calculated (n  = slope/kT). The absolute ideality factor varies 
slightly from batch-to-batch but is constant at around ≈1.27 
for all the temperatures. The voltage temperature coefficient 

β  = kth_Voc  =  −0.12% K−1 as shown in Figure S9 (Supporting 
Information). Additionally, in Figure S9 (Supporting Informa-
tion) we show JSC, FF, and PCE dependence for the tested set 
of temperatures and light intensities. Under one sun the JSC 
drop for the ΔT = 60 K is around 0.7 mA cm−2, which yields a 
current temperature coefficient α = kth_Jsc = −0.054% K−1. This 
is slightly higher than observed for JMPP in the MPP track 
and as mentioned above indicates that at MPP the devices 
are slightly more stable than when performing I–V measure-
ments as also confirmed by a slightly lower kth_P. Potentially, 
the FF drop is lower in the MPP track than in the I–V meas-
urement, where a drop of 5% over ΔT  = 60 K is measured 
(Figure S9, Supporting Information). The FF is also higher at 
lower light intensities, pointing out that even our small area 
devices have potential series resistance losses in the contacts. 
In Figure S9 (Supporting Information), a PCE is normal-
ized to the PCE at 25 °C and shown in dependence of light 
intensity in linear scale. For the lower intensity at the elevated 
temperature, the relative drop in PCE is higher. However, it 
is unlikely that the device would often operate at a higher 
temperature and lower intensity since the high intensity is a 
source of higher temperature (unless a sudden cloud appears 
on a sunny hot day).

Finally, to see the effect of temperature on JSC in more detail, 
we performed temperature-dependent EQE measurements. 
The results are shown in Figure S10 (Supporting Information). 

Adv. Energy Mater. 2020, 2000454

Figure 4. a) MPP track of the fabricated perovskite single-junction device with changing the temperature between 25 and 85 °C with a 15 °C step. 
JMPP (blue) and VMPP (red) are also plotted. b) PCE in dependence on temperature. PCE points for each temperature were taken from the MPP track 
just before the temperature change. PCE from both increasing (blue) and decreasing (red) temperature direction are shown. The linear fit shows the 
temperature coefficients: solid line shows the measured one, while dashed lines indicate how other kth_P values would manifest. c) J–V characteristics 
at 100 mW cm−2 intensity. Inset show calculated kth_P from those measurements. d) VOC dependence on light intensity and temperature for the tested 
perovskite device. From the slope, ideality factor is calculated for each of the temperatures.
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Due to experimental limitations, temperatures only up to 41 °C 
could be reached. Nevertheless, a clear trend is visible near the 
bandgap wavelength, showing a bandgap increase with tem-
perature, which has also been reported in the literature.[62,63] 
Otherwise, the spectra are largely unchanged. The drop 
between 25 and 41 °C is 0.2 mA cm−2. This fits well with the 
0.16 mA cm−2 change of JSC in the same temperature range.

2.4. Energy Yield

Integrating the above-measured temperature data into our pre-
viously developed optical energy yield algorithm,[48] we can now 
track the predicted output of the rooftop tested devices. Using 
optical simulations based on combined ray-tracing/transfer 
matrix method,[64] we obtain absorption spectra of the device 
stack under different incident angles as well as under diffuse 
light irradiance that are needed to include the sun path and 
type of solar irradiance. We consider the perovskite single-junc-
tion device with the layer stack as used in the experiment and 
described above. In the optical simulations, we also include the 
glass cover from our measurement box, which induces roughly 
8% additional reflection losses. The n and k values were deter-
mined via ellipsometry and R and T method and are the same 
as in our previous research.[48] Excluding the box glass cover, 
the superstrate configuration of perovskite single-junction solar 
cells already resembles module integration; only a thicker glass 
with little additional parasitic absorption and back side lamina-
tion, not affecting the optics, would have to be utilized. As the 
optics of the cell is only affected by the sun position and device 
structure, and not other weather conditions, optical part of our 
results can be translated to any location.

The direct and diffuse solar irradiance contributions[65] were 
measured with pyranometers on the rooftop and averaged over 
1 h for simulations. The spectral changes were measured with 
a spectrometer. Reflected irradiance G albedo was then calcu-
lated from Ginc, we assume a spectrally independent factor of 
0.2, which describes well the ground reflection characteristics 
of our rooftop. Thus, we consider these three contributions 
to the current: direct, diffuse and reflected albedo; all three 
are depicted in Figure S11 (Supporting Information). Due to 
a very low amount of albedo reflected light, we believe that 
other reflectivity or spectral dependence would not change the 
result. The final, total JSC is a sum of these three contributions 
(JSC_total  = JSC_direct, JSC_diffuse, and JSC_albedo). The VOC and FF 
dependency on light intensity are obtained from the laboratory 
measurements at different temperatures and light intensities, 
as explained above. To obtain a denser dataset and improve 
accuracy, the VOC and FF data between measurement values 
were interpolated.

The power generated by the cell at any moment can be 
expressed as

P t T J t T Irr spectrum V T G FF T G, , , _ , ,cell SC cell OC cell inc cell inctotal )() ) )( ( (= ⋅ ⋅

 (2)

Where the Irr_spectrum is the spectrally resolved solar irradi-
ance Ginc. Alternatively, also a simplified version can be used. 
There, instead of individual VOC and FF values at different 

cell temperatures, only VOC and FF at different light inten-
sities at 25 °C and the temperature coefficient kth_P can be 
used. First, the power P0 without temperature deviation from 
25 °C is calculated and then weighted with kth_P depending 
on the Tcell

= ⋅ ⋅P J V FF0 SC _ total OC  (3)

( )( )= + ⋅ − °P P k T1 25 C0 th _ P cell  
(4)

In Figure 5a, the MPP track data obtained from our rooftop 
test site and the calculated energy are compared, with 3 selected 
days with different stages of degradation shown in more detail 
in Figure S11 (Supporting Information). We consider two cal-
culated cases as presented by Equation (2) or Equations (3) 
and (4). Despite the greater complexity of the model described 
by Equation (2), there is very little, almost negligible differ-
ence between the two calculation procedures. Compared to the 
measurement, our calculated power outputs with both proce-
dures match very well, and we get an excellent match for the 
first few days of solar cell operation. Interestingly, we do not 
observe a significant reversible degradation as the generated 
power in both morning and evening hours match the predicted 
one well, which could be connected to the p–i–n architecture of 
our devices.

However, over time the difference between simulated and 
measured energy output is increasing. These changes with time 
can be attributed to the slow degradation of the cell under test. 
Thus, using the temperature-dependent energy yield modelling 
procedure we can not only predict the expected energy output, 
but also track and evaluate the degradation of our devices from 
comparison between measured and predicted energy output. 
Figure 5b shows the performance ratio of several devices tested 
on the rooftop, calculated as the ratio between measured and 
simulated (predicted) energy in percentage. The data obtained 
from MPP measurements are shown with symbols and thick 
lines were added as guides to the eye. Depending on the device, 
different speed of degradation can be observed despite initially 
similar PCE = ≈18.5%. For the best cell, the T50, time in our case 
when the power output drops below 50% of the expected one, 
was around 35 days. There are several possible reasons for dif-
ferent and fast degradation. The most likely one is successful-
ness of encapsulation in combination with rainy weather (e.g., 
moisture ingress into the device, see Figures S3 and S4 (Sup-
porting Information) for photographs of devices after testing) 
or that long-term stability of the devices could be connected 
with defects that are not visible when measuring under STC. 
As shown in Figure S6 (Supporting Information) the degrada-
tion severely, and mostly, affects FF. Consequently, while the 
developed temperature-dependent energy yield model itself is 
not able to point to the parameter that is affected the most (for 
this I–V measurements are necessary), its complexity is never-
theless needed as simple estimations for degradation, e.g., JMPP 
(Ginc, Tair), are not sufficient. It is also worth noting that devices 
6 and 7 that were mounted in late October degrade much slower 
in the initial phase of outdoor testing than previous devices. 
Whether this is due to batch-to-batch variations or the colder 
and less sunny weather affects devices less, remains unclear. 

Adv. Energy Mater. 2020, 2000454
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Disentangling different degradation mechanisms will be a part 
of future investigations.

Finally, using our energy yield model, we can now compare 
different locations and climate conditions if spectral and tem-
perature data are available. We chose three locations in the 
USA: Phoenix, Washington D.C and Golden, with different 
temperatures and irradiation per year. Data for a typical meteor-
ological year is obtained from NREL,[66] the locations and aver-
aged irradiance spectra are shown in Figure S12 (Supporting 
Information). As expected, the energy output is the highest 
where solar irradiation is the highest (Phoenix). Interestingly, 
due to low kth_P of perovskite solar cells, the temperature per-
formance penalty is very low: almost negligible, less than 1% 
relative for Golden with an average Tcell  = 20 °C in operation. 
Even in Phoenix, the hottest out of the three locations with the 
average operational solar cell temperature of 44 °C, the tem-
perature penalty is less than 5%. Owing to their very low tem-
perature coefficient, the perovskite solar cells have a very stable 
power output, even in the hottest weather conditions (Figure 6).

Adv. Energy Mater. 2020, 2000454

Figure 6. Energy yield analysis for three locations in the USA for a typical 
meteorological year (TMY). The same solar cell as used in the modeling 
above was assumed. On the right axis, the average Tcell during operation 
is plotted.

Figure 5. a) Comparison between measured (black) and simulated energy of the outdoor tested solar cell. A zoom-in of the three selected days showing 
more details is presented in Figure S11 (Supporting Information). In the first case (blue), we assumed the values obtained from J–V characteristics at 
different temperatures and light intensities. In the second (red), a kth_P = −0.17% K−1 obtained from MPP tracking at 100% AM1.5G and different tem-
peratures were used. Over time the difference between measurements and simulations increase, thus in b) degradation analysis from the simulated 
energy yield is shown for 7 different devices that were mounted at different times. The symbols show calculated performance ratio from measurements, 
while the thick lines were added to guide the eye. The tests lasted from 15.8.2019 to the 18.11.2019. In the first few days, the devices 1, 3, 4, and 5 were 
MPP tracked, but the data were not recorded. Their energy yield could still be estimated from the I–V measurements performed at that time (marked 
with open symbols).
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3. Conclusion

We showed one of the first outdoor field tests of perovskite 
single-junction devices. The fabricated solar cells with the 
active area >1 cm2 and average PCE of 18.5% were placed 
on the rooftop and tested by MPP tracking and periodic I–V 
measurements, while the weather conditions were monitored. 
We analyzed solar cell performance in relation to the incident 
solar irradiance and air temperature. From the data, we cal-
culated the nominal operating cell temperature (NOCT) to be 
43 °C and also observed a weak effect of solar irradiance Ginc 
on voltage. To confirm this, we performed extensive laboratory 
tests under controlled conditions, investigating perovskite solar 
cell performance under different light intensities (10% to 120% 
of AM1.5) and temperatures (from 25 to 85 °C). The devices 
showed excellent stability up to 85 °C. From the MPP tracking 
and I–V measurements, we obtained a low temperature coeffi-
cient kth_P = 0.17% K−1 in the temperature range between 25 and 
85 °C. The drop in performance under elevated temperatures is 
strongly connected to the drop in VOC with kth_Voc = −0.12% K−1, 
which, however, is much lower than kth_Voc of the established 
PV technologies. These results show that perovskite solar cells 
are highly suitable for operation under elevated temperatures.

By combining our findings in the laboratory measurements 
and weather data with our optical model, we develop a tempera-
ture-dependent energy yield model. In the beginning of the field 
test, the measured and simulated values match well, validating 
the model. With the increasing time of testing, the difference 
gradually increases, indicating the degradation of our devices. 
The developed temperature-dependent energy yield model can 
therefore be used to predict the energy output of perovskite solar 
cells in field testing on a chosen location or analyze possible 
degradation if the dynamic MPP tracking data are available.

4. Experimental Section
Perovskite Materials: Anhydrous DMSO (dimethyl sulfoxide), DMF 

(dimethylformamide), and ethanol were purchased from Sigma 
Aldrich. C60 (purity = 99.9%) was purchased from Sigma Aldrich. FAI 
(formamidinium iodide) and MABr (methylammonium bromide) were 
purchased from Dyenamo. PbI2 and PbBr2 were bought from TCI. CsI 
was purchased from abcr GmbH. MeO-2PACz was synthesized as 
described in the previous publication.[57]

Perovskite Solar Cell Preparation: The fabricated perovskite sub cell has 
an inverted (p–i–n) planar structure and a layer configuration of glass/
ITO/MeO-2PACz/Perovskite/C60/SnO2/Cu. All the spin-coating layer 
deposition steps were conducted in a nitrogen atmosphere The hole 
transport material MeO-2PACz (1.3 mg mL−1 in ethanol) was deposited 
using spin-coating (3000 rpm for 30 s) and annealed for 10 min at 100 °C. 
The perovskite was prepared following the typical “triple cation” process 
as it was previously described.[48] 100 µL of perovskite solution was then 
spread on the substrate and spun using one step spin-coating process 
(4000 rpm for 35 s). 25 s after the start of a spinning, films were washed 
with 400 µL ethyl acetate anti-solvent drop. The films were annealed at 
100 °C for 1 h. Afterward, 23 nm C60 was thermally evaporated at a rate 
of 0.15 A s−1 at 390 °C. 20 nm SnO2 were prepared by thermal ALD in an 
Arradiance GEMStar reactor. Tetrakis(dimethylamino)tin(IV) (TDMASn) 
was used as the Sn precursor and water was used as oxidant. Finally, a 
100 nm thick Cu back electrode was evaporated as a top contact. A two-
component resin from R&G Faserverbundwerkstoffe GmbH was used 
for encapsulation. The resin was put on the substrate edge, then the 
substrate was covered with a glass.

Optical Simulations: The optical simulations were done using 
CROWM[64,67] The simulator is based on combined ray and wave 
optics models. As the input parameters, realistic thicknesses and 
experimentally determined refractive indices of the materials were 
employed. The imaginary part of the refractive index of the perovskite 
absorber was wavelength-shifted to obtain the different bandgaps. The 
main outputs of the simulator are total reflectance, transmittance and 
absorptance in each layer. Their solar-spectrum wavelength integration 
equals to the generated JSC or the equivalent JSC loss in each individual 
layer. The simulations were carried out in the wavelength range from  
350 to 800 nm, which is a sufficiently broad range for the analyzed 
perovskite single-junction solar cells.

Device Characterization: The current–voltage (I–V) measurements 
were performed under standard test conditions (25 °C, LED sun 
simulator, Wavelabs, class AAA), adjusted with a calibrated KG3 silicon 
reference cell (Fraunhofer ISE). The scan rate was 0.250 V s−1 with a 
voltage step of 20 mV. The light intensity dependent I–V measurements 
were performed by adjusting the LEDs of the sun simulator. The light 
intensity was then swept from 10% AM1.5 to 120% AM1.5 in 10% steps. 
The temperature was set using thermal chuck. The EQE was measured 
as a function of wavelength from 300 to 850 nm with a step of 10 nm 
using an Oriel Instrument’s QEPVSI-b system with 300 W xenon arc 
lamp, controlled by TracQ-Basic software.

Outdoor Data: Rooftop MPP tracking and I–V measurements were 
performed using an in-house developed µMPP tracker (http://lpvo.
fe.uni-lj.si/en/services/pv-monitoring/cell-monitoring/). Spectrum 
was measured with spectroradiometer EKO MS-711, global and diffuse 
irradiance were measured with Kipp&Zonen CMP21 pyranometers. 
Temperature was detected using a digital temperature sensor attached 
to the back-side of the device.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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