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1. Introduction

The power conversion efficiency (PCE) of perovskite solar cells
(PSCs) has significantly improved over the past decade.[1]

A major challenge remaining to be solved for the technology
to become commercialized is the low operational stability.
It is known that, for example, water, oxygen, and UV-light are
harmful to PSCs,[2–4] but these issues are likely to be solved
on a technical level by proper encapsulation[5–7] or UV-filters.[8,9]

However, some stressors are intrinsic to the operation of a solar

cell, like non-UV light, the photovoltage of
the cell, and the temperature during oper-
ation. This makes it worth testing and eval-
uating the operational stability of PSCs.

The high-throughput aging system
was built in 2018 in cooperation among
Helmholtz-Zentrum Berlin, the LSA
GmbH, and the Laboratory of Photovoltaics
and Optoelectronics from the University of
Ljubljana and has been constantly tested
and improved since then.

The aging system is able to simulta-
neously perform continuous maximum power point tracking
(MPPT) of 384 individual solar cells. To the best of our knowl-
edge, this is the setup with the highest measurement capacities
in onemachine existent. The setup is furthermore capable of pre-
cisely controlling the substrate temperature to be constant or
cycled, provides sample chambers with atmospheric control,
and has the option to perform dark-light cycling. Table 2 gives
an overview of the essential features of the system.

The system has already proven to be a powerful tool to test
PSCs in controlled conditions and enables us to run different
ISOS-protocols.[10] Table S1, Supporting Information, gives all
publications to date[11–23] that involve measurements done on
the system along with the used ISOS protocol. Table 1 shows
the most used ISOS protocols on the presented aging setup.
Table S2, Supporting Information, gives a complete overview
of all measurement conditions that can be performed.

It has been found that excess charge carriers remaining in the
solar cell induce phase instability of the perovskite material.
Excess charges promote the migration of ions in the material
by lowering the activation energy for the migration, which leads
to phase segregation.[24] In the open-circuit condition, excess
charges are accumulated in the device. This is likely one reason
why aging results strongly differ depending on the bias condition
during the aging.[25] Another study found that also in light-
cycling experiments, both the photodegradation and the follow-
ing recovery processes are heavily influenced by the electrical
bias condition during aging.[26] Consequently, while it is not
exclusively a feature of perovskite solar cells,[27] it is essential
for this young technology to age the solar cells in the MPPTmode
and not in the easy to access yet unrealistic open-circuit condi-
tion. Other load conditions may also introduce degradation paths
that don't exist in MPPT mode, and it is unknown how the
results translate from one condition to the other. Additionally,
since the real-world operation is generally performed at maxi-
mum power point (MPP), we highly recommend to age PSCs
in this load condition. Therefore, this machine is designed to test
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perovskite solar cells in MPP conditions. This is technologically
challenging since it requires electronics that track the MPP of
each solar cell. We specifically designed measurement electron-
ics for this purpose, and details are given in Section 3.

While the efficiencies of PSCs have sky-rocketed to values[1]

close to the Shockley–Queisser limit,[28,29] the reproducibility
of PSCs is still low.[30] Therefore, this high-throughput system
allows us to test many solar cells in parallel and thus to provide
statistics allowing for robust statements.

2. System Description

Figure 1 shows the complete system, which has the dimensions
of 1.3� 0.8� 2m3, and a schematic of the subsystems.

The system is controlled by a programmable logic controller
(PLC) and accessed via a graphical user interface (GUI) on a win-
dows computer. The software is custom-made by the LSA
GmbH. On-the-fly data is stored in a Microsoft SQL database,
output as an Excel document, and then processed with
MATLAB scripts according to the needs of the analysis.

An integral part of the system are the sample boxes (a). They
are built air-tight and are constantly flushed with nitrogen and
therefore provide atmospheric control (b), which is particularly
important for PSCs.[31] Currently, the system can host eight such
sample boxes, and each box can host eight devices carrying six
solar cells. Therefore, 384 individual solar cells can be measured
in parallel. The advantage of a modular system is that different
aging conditions can be applied to every box. Thus, various
experiments can be run in parallel. For example, the sample tem-
perature and the electronic load conditions can be varied, but also
light cycling can be applied to a specific box. Another advantage
of a modular system is that the other part-systems can still be
operated when maintenance is necessary on one of the sample
boxes. Also, the volume that needs to be nitrogen-controlled is
reduced, for example, compared to a system entirely fitted into
a glovebox. Our high-throughput ageing setup also provides a
secondary gas feeding system, which can be attached to another
type of gas like dry air or air. With the flick of a switch, the atmo-
sphere in a sample box can be changed. The use of humid air is
not intended in this particular setup due to possible corrosion
of parts.

We are aware that in an open system, the nitrogen flow may
remove degradation products from the cells which can possibly
prevent a back reaction and therefore influence the aging behav-
ior.[32] However, this will largely depend on the dominant deg-
radation pathway which is also influenced by the applied
temperature. Therefore, we cross-check aging results with
encapsulated devices on a regular basis, while the intention of
high-throughput screening is better matched with unencapsu-
lated devices.

The sample boxes contain a contacting system (c). Our
in-house solar cell device layout is shown in Figure S1,
Supporting Information. A device carries six solar cells, and three
of the solar cells share a common ground, the so-called busbar.
Thus, a device features eight contacts. The cells are contacted in a
four-wire setup with two pins per contact, and the contacting is
realized with spring-loaded gold pins attached to a custom-made
printed circuit board (PCB). A PCB is an elegant way to fit many
connections into the limited space of a box. A sample box is then
attached to the measurement electronics via small computer sys-
tem interface (SCSI) cables. The samples are held down onto the
contacting and thermal coupling by a fixation plate (d) which is
screwed down. The measurement electronics can route a single
solar cell to a source measure unit (SMU) (e) to perform sequen-
tial current density – voltage scans ( J–V scans) on every solar cell.

Table 1. Most commonly used ISOS[10] aging protocols in the presented
aging system.

ISOS-protocol Light condition Temperature Atmosphere Loada)

ISOS-L-1I Constant 25 �C Nitrogen MPPT

ISOS-L-2I Constant 65, 85 �C Nitrogen MPPT

ISOS-LC-1I Cycled 25 �C Nitrogen MPPT

ISOS-LC-2I Cycled 65, 85 �C Nitrogen MPPT

Thermal cycling under
operationb)

Constant cycled Nitrogen MPPT

a)While the ISOS protocols also allow for OC condition, we would like to highlight the
necessity for aging with MPPT here. b)Not defined as ISOS protocol.

Figure 1. The high-throughput aging system and schematic of the
subsystems.
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Another central part of the system is the custom-made MPPT
electronics (f ) made by the Laboratory of Photovoltaics and
Optoelectronics. We dedicated the next chapter to electronics
for details. The measurement electronics allow for different test-
ing modes: MPPT, short-circuit, open-circuit, and constant volt-
age. The system is passive, meaning that no voltage is applied.
Instead, the load resistance of a solar cell is varied. Consequently,
in constant voltage mode, the voltage can only be set to a value
between 0 V and Voc.

Samples are actively temperature controlled by thermoelec-
tric heat pumps (Peltier elements). Two Peltier elements con-
trol the temperature of the eight samples of one box. The
Peltier elements are connected in parallel and are sourced
by a single DC power supply for each box. This is advantageous
over a pulse-width-controlled power supply due to an improved
lifetime of the Peltier elements and improved electromagnetic
compatibility. The Peltier elements’ driving voltage and polar-
ity (heating/cooling) is controlled by the PLC via a closed feed-
back loop incorporating PT100 sensors sitting in the copper
blocks above the Peltier elements. The temperature can be con-
stant or cycled; the temperature range is –10 to 100 �C. The
Peltier elements are thermally coupled to a cooling circuit, pro-
viding tempered water for all the boxes. On top of the elements,
there is a copper block (c) which serves as a sample stage. On
top of the copper, there is a pad attached that consists of ther-
mal interface material and is topped by glass-polytetrafluoro-
ethylene (PTFE) tape (shown in Figure 10). This material
combination serves multiple purposes: It is thermally conduc-
tive to connect the samples to the Peltier heat control, electri-
cally insulating to not connect the single solar cells on one
substrate, chemically inert to avoid introducing interactions
with the cells, nonsticky in order not to damage samples when
they are released from the system and also soft to serve as elas-
tic bearing and not to damage samples by the applied hold-
down pressure. The active surface of the solar cells is directly
attached to the PTFE surface.

To perform an experiment, the sample boxes are slid into a big
light chamber (g). The light source (h) is a Hoenle SOL 2000
metal halide lamp with an H6 spectrum shaping filter. The sys-
tem actively controls the metal halide lamp via a global monitor-
ing cell to maintain the desired illumination intensity. As a UV
filter, the UV-blocking foil “KFU15” by Mitsui is optionally used
to block UV-light with wavelengths below 380 nm. The spectrum
of the lamp with and without UV filter compared to the AM1.5 G
spectrum is shown in Figure 2.

Dark–light cycles can be run on two sample boxes with
the help of a shutter system (see Figure S2, Supporting
Information), which shades an entire box. The duration of the
illuminated and the dark phase can be controlled. When cells
are in the dark, they are put to open-circuit conditions
automatically. The shutter system gives access to the ISOS-LC
and ISOS-LT protocols,[10] thus allowing to perform studies on
the day-night behavior, which is unusual for PSCs.[33–35]

During the dark phase, sequential J–V scans in dark and light
conditions or short MPPT in light can be performed in a defined
interval to inquire about recovery times.

Table 2 gives an overview of the essential properties of the
high-throughput aging system.

3. MPPT Electronics

The “micro” maximum power point tracking (μMPPT) electron-
ics are capable of continuous MPPT and can monitor a large
number of solar cells individually. Additionally, they feature

Figure 2. Spectrum of the metal halide lamp and the lamp plus UV-filter
compared to AM1.5 G.

Table 2. The system in numbers.

Property Type or range

Light source Metal halide

Lamp control Active

Light modes Constant or cycled (shutter operation,
per sample box)

Shutter slots 2

Light intensity 1–2 suns (applies to all boxes)

UV Filter Optional

Temperature control Active with Peltier elements,
per sample box

Temperature range �10 to þ100 �C

Temperature modes Constant or cycled

Sample boxes 8

Devices per sample box 8

Solar cells per device 6

Total number of solar cells 384

Tracking Parallel for all cells

Tracking modes MPPT, Voc, Jsc, constant voltage
(within photovoltage)

Variation of measurement modes For every 4/8 devices of a sample box,
a different tracking mode can be chosen

J–V scans Sequentially

Atmosphere control N2, air, dry air, others possible; per sample box
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periodical switching to the measurement bus to connect individ-
ual cells to an external source-measurement unit for precise J–V
scanning or additional analyses. The prefix “μ” refers to small
area lab-scale solar cells.

The system consists of several micro μMPPT cards
(see Figure 3) that are inserted into a backplane of a sub-rack,
which provides all the necessary interconnections. The
μMPPT cards are accessible from the backside through device-
under-test (DUT) adapters, which are rerouting the measure-
ment connections to adapt to the required wiring and cable
arrangement. A single standard sub-rack can hold up to
12 μMPPT cards. One μMPPT card has 24 channels and can thus
MPP-track 24 individual solar cells. Multiple crates can be con-
nected to increase the number of channels. In the current version
of the aging system, two sub-racks are utilized with 16 μMPPT
cards and 384 channels. The basic system architecture is shown
in Figure 4.

Each channel consists of an electronic load, controlled
by a microcontroller with voltage and current measurement
capabilities, and is connected to the individual measured
solar cell via a four-wire connection. Additionally, it is con-
nected to the common measurement bus via relays (bypass).
During the bypass of one chosen channel, all other cells
remain in their selected mode of operation without interrup-
tion. The simplified schematics of the electronic load are
shown in Figure 5.

The electronic load allows the connection of either single junc-
tion or tandem solar cells, such as silicon/perovskite photovoltaic
(PV) cells. Therefore, the input voltage range is �1.65 V with
automatic polarity detection to allow the operation of cells of both
polarities on the same substrate. For cells with higher open-
circuit voltage, the voltage range can be optionally extended to
up to 2 V for one polarity by increasing the supply voltage while
maintaining common reference voltage (COM).

Figure 3. a) 24-channel μMPPT board, b) DUT adapter board.

Figure 4. The μMPPT system consists of 24-channel μMPPT cards, inserted into a backplane with device-under-test (DUT) adapters allowing for flexible
routing schemes.
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As load, we chose metal–oxide–semiconductor transistors
over the source-measurement approach, where operational
power amplifiers are usually used. This maximizes efficiency,
simplicity, integration, and significantly lowers the overall cost.
However, the MPP-tracker cannot source power in this configu-
ration but can only operate as a load. The load transistor is con-
nected as a source follower, where the solar cell voltage follows
gate voltage, making control simple and inherently stable. The
measured solar cell's voltage is used as an input for the
voltage regulation to compensate for the gate-source voltage
difference. To allow dual polarity operation, two transistors
are used. Two more transistors are added to select the correct
polarity, shown as a switch in Figure 5. The input current range
can be adjusted by choosing an appropriate current shunt resis-
tor and can reach up to 50mA, limited by the maximal power
dissipation on load transistors.

A single microcontroller controls multiple channels. Internal
analog-to-digital converters with differential inputs measure the
solar cell's voltage and current. To accept both polarities, the
common terminal of the cells is connected to a potential between
the two supply rails of the microcontroller. This node is marked
as COM in Figure 5. For noise reduction and increased resolu-
tion, digital averaging is performed at the interval of 200ms to
reduce the power-line interference for both 50 and 60Hz envi-
ronments. All channels are processed simultaneously in parallel;
therefore, the measurement data of all channels is available every
200ms.

A perturb and observe (P&O) algorithm[36] (see Figure 6) is
implemented in the microcontroller's firmware and runs
independently of computer control. Based on the previous step,
voltage is changed stepwise towards an expected higher power.
The MPPT algorithm has an adjustable voltage step size and
tracking step duration. The tracking step duration is input as
a multiple of 200ms, a fixed interval over which the cell's current
is averaged. Within one tracking step, the power output of the last
of the 200ms measurement intervals is decisive for the direction
of the following voltage change. The voltage step size stays fixed
throughout an experiment. Tracking efficiency was determined
to be 99.95%.[37] A selectable voltage step size and tracking
duration are essential to adapt to different PV cell technologies.
For example, perovskite-based solar cells can exhibit large capac-
itance and hysteresis[38] that can cause tracking problems.[39]

In the presented aging setup, a voltage step size of 0.01 V with
a tracking step duration of 1 s is utilized typically. Besides the
MPPT mode, open circuit, short circuit, and constant voltage
modes can be selected independently for each channel. The
microcontroller's firmware can be upgraded in place to provide
easy updates of the algorithm.

4. Data Management and Track Selection

With two measurement parameters for MPPT and 12 for J–V
scans (see Table S3, Supporting Information, for a complete
overview) recorded over time for every single of the 384 solar
cells, it becomes evident that the data management is challeng-
ing. The system records those values for each experiment
separately, which is the run of one box. A particular challenge
is to organize and categorize the data. Every substrate/device
carries six individual solar cells. Our standard practice is to
always age two devices of the same kind in one run to have good
statistics. Those are averaged together, and for this reason, we
define a cell parameter that tells the scripts that these devices
are equal. The data management is realized in MATLAB, and
plotting is performed semi-automatically.

Since the reproducibility of PSCs is still low,[30] this is also
reflected in the aging curves. MPP-tracks tend to have strange
shapes, are unexpectedly low or unrealistically high, or cells just
not get measured. The reasons for this can be manifold: While

P
V
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-

Shunt

Current measurement

COM

Voltage measurement

Voltage adjust

Polarity select

Figure 5. Simplified schematics of the electronic load stage of the μMPPT.

Figure 6. Schematic of the Perturb and Observe MPPT algorithm.
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we assume that the inhomogeneity of the cells themselves is the
main reason for this variety in aging behavior, it can also not be
assured that all the 1024 contacting pins (64 devices contacted
with eight double-pin contacts, see Figure S1, Supporting
Information, for contact layout), are always reliable. Therefore,
to discover trends in an aging experiment, it is necessary to
pre-select the tracks that become analyzed. We are aware that
selecting data is not known to be perfect scientific practice.
However, we consider the unusual tracks erroneous or inaccu-
rate and they should therefore be removed from the analysis.
If peculiarities in the aging behavior or diverging trends are
observed on a significant number of equal cells, this is still
accounted for in the interpretation of data. Furthermore, we
are constantly reporting how many cells of a particular cell stack
are being analyzed, which is essential information on the reliabil-
ity of the data. The selection rule is simple: All cells that behave
similarly without significant irregularities will go into the analy-
sis. There are two problems with this kind of analysis: It is not
always given that all solar cells of two or more equivalent devices
behave equivalent – then the behavior is chosen, which is seen
for most solar cells. The other problem is that there is always
room for human interpretation in the selection process, which
is unavoidable. The burden of selecting in a fair and unbiased
manner remains on the data analyst and is always followed with
great care in our case.

Figure 7 gives an example of the selection process. The MPP
tracks of all solar cells of two equivalent devices are plotted
together in Figure 7a. There was a problem with device 8 cell
1 since the efficiency is below 1%, while other solar cells start
the tracking above 18% PCE. Consequently, this cell is not used
in further analysis. The data of device 8 cell 4 is very messy, point-
ing at a contact problem. The aging behavior of device 8 cell 4 and
device 7 cell 4 is similar ascendingly. However, most cells behave
differently. Therefore, those cells are also filtered out. While the
initial general behavior of device 8 cells 3 and 5 is like the other
cells’ behavior, the tracks’ overall height is significantly lower,
and they are filtered out. Additionally, the aging behavior of
device 8 cells 3 changes drastically after �230 h of aging, further
justifying to filter the two cells starting lower in PCE. Figure 7b
shows the MPP tracks that are considered valid and that are used
for further analysis: To calculate average values or T80. Figure 7c
shows the average calculated from Figure 7b and the standard
deviation displayed as an error bar. The spikes occurring
every 24 h are artifacts of periodically performed J–V scans.
They appear on some types of solar cells and others not.
This is believed to originate in different transient response
times of different stacks, which causes hysteresis in J–V scans
depending on the scan speed.[40,41] This is also why MPPT
has become the standard method of determining PSC's stabi-
lized efficiency.[42]

5. Example Plots

Figure 8 shows different examples of plots that are generated
automatically. Here, they only serve the purpose of display;
the examples are not related. Figure 8a shows the average
PCE from MPPT over aging time; the error bar represents the
standard deviation. This is the most used plot since MPPT is

the strength of this aging system. Figure 8b,c shows the J–V
scans of one solar cell plotted together; the color code represents
the aging time. Figure 8c shows the typical solar cell parameters
PCE, Voc, Jsc, and FF derived from daily J–V scans in an aging
experiment for forward and reverse scans of all solar cells of
one device.

6. Challenges when Building the High-
Throughput Aging System

In the following paragraph, we discuss challenges that arose
during the development of the aging system.

A particular challenge when building a high-throughput aging
system is to host and measure a large number of devices in a
confined space. The larger the area that needs to be illuminated,
the higher the cost of the lamp and the more difficult to maintain
a good spatial homogeneity of the light. Therefore, the sample
boxes need to be designed as small as possible, which leads to
the next challenge: The packing density of the necessary contact-
ing cables is already too high to be realized with cables but
requires the design of a PCB, which hosts the contacting pins.
This makes the contacting of devices limited to one particular
layout of devices, which leads to the next problem: To test the
electronics, the making of tester devices became necessary.
Since a system can't be tested with an unstable testing device,
small silicon photodiodes were mounted to a particularly
designed PCB, which can be inserted into the sample boxes
(see Figure 9). The used photodiodes are given in Table S4,
Supporting Information.

As already mentioned in Section 2, the thermal coupling of the
devices to the active temperature control requires a combination
of unusual material properties: Thermal conductivity, electrical
insulation, chemical inertness, non-stickiness, and elastic/soft
material. Additionally, it has to stand a relatively wide tempera-
ture range of �10 to 100 �C. Finding the right material combi-
nation required a lot of testing, therefore we are providing the
found material combination of a thermal interface material
pad and glass-PTFE tape in Table S4, Supporting Information.
It is important to mention that the thermal interface material
should consist of non-silicon material, otherwise silicon oil
can leave the heat pad and contaminate the samples.
Figure 10 shows details of the sample stages as well as the ther-
mal interface pad.

Another difficulty concerning the devices has been to hold
them down in position. A metal frame is used to press them
down onto the heat-conducting pad and into the contacting pins.
In the first version, this metal plate also had an opening to realize
a lateral fixation. However, this turned out to regularly break the
devices when a device got canted in the opening. A better
solution was to remove the opening and press down the devices
with a flat fixation plate (see Figure S3, Supporting Information).
The lateral fixation of devices was then realized with pins that sit
beside the devices (see Figure 10d).

The definitions of “inverted” and “regular” PSC devices do not
necessarily correlate with the polarity of the contacts of devices,
which lead to difficulties during the initial testing phase of the
system. Therefore, we provide a short discussion of those in
Supporting Information.
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A particular challenge during the design phase was to con-
struct the sample boxes airtight. Especially the commercially
available plugs to route the solar cells’ currents and voltage

signals to the MPP electronics are not made to be impermeable.
They were sealed by pouring a resin into the backside of the
plugs. Another challenge was to design the lids of the sample

Figure 7. Example of the data selection process. a) Shows the raw data, b) shows MPP selected tracks, and c) shows the resulting average. The error bar
represents the standard deviation.
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boxes. The lids have to be transparent, which implies the use of
glass, but they also need to be pressed down sufficiently against
the gasket to properly close the box. Currently, a sheet of glass is
glued into a metal frame. Then this frame can be screwed down,
pressing the glass sheet into a silicone gasket. Under a constant
flow of nitrogen, a humidity measurement showed a stable

humidity value of 0.1% RH, which is the lower limit of the mea-
surement device used. Thus, the sample boxes are considered to
be sufficiently airtight and provide an inert testing atmosphere.

Lastly, the water-cooling system which supplies cooled water
into the sample boxes as a heatsink for the Peltier element, did
show signs of electrochemical corrosion in the beginning. The

Figure 8. Example plots generated automatically.
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problem was solved by replacing all metal parts within the water
cycle with stainless steel. Before, brass adapters and aluminum
tubes were used in some places.

7. Considerations on Improvements

The following paragraph discusses what we would improve if we
built another high-throughput aging system based on the lessons
learned for this system. One major problem has been the gas-
tightness of the sample boxes, as discussed in the previous sec-
tion. Therefore, including humidity and oxygen sensors into the
sample boxes is an important improvement we'd implement.
The temperature can only be set for an entire box in the current

system version. However, since temperature variations are inter-
esting with respect to accelerated ageing,[43] it would be a consid-
erable improvement to allow for two different temperatures
within one box, one temperature for four devices.

8. Requirements for Collaboration

We are happy to receive devices to be tested. The easiest way is to
use the suitable dimensions and contact layout for devices shown
in Figure S1, Supporting Information. Since this will not always
be feasible for users, we are also able to receive devices with open
contacts in a limited capacity. Currently, users can apply for
access to the high-throughput aging system in the VIPERLAB
project.[44]

9. Conclusion

This research instrument paper presented details of a high-
throughput aging system for parallel MPPT of PSCs. We gave
information on the system's capabilities and the development
process as well as valuable details for engineers, who would want
to design a similar system. Table 2 provides an overview of the
essential properties of the high-throughput aging system.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 10. Four sample stages. a) Copper block connected to the Peltier
element. All four sample stages shown are connected to the same Peltier
element. b) Combination of a thermal interface material pad wrapped in
PTFE tape for direct contact with the active area of samples. c) Contacting
pins for electrical connection of devices. Two pins are contacting one con-
tact of the solar cell for 4-wire measurements. d) Pins that define the lateral
position of a device.

Figure 9. Devices made to test the system. Printed circuit board (PCB) size is 2.5� 2.5 cm. a) shows the front side with the photodiodes facing the
illumination source. Each photodiode represents a solar cell on the actual perovskite solar cell (PSC) devices. b) shows the backside with gold contacts
that match the contacting layout of the system. A blue thermal isolation pad covers the through-hole contacts of the diodes to avoid shunting on the
copper block of a sample box.
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