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ABSTRACT

Perovskite solar cells are an emerging technology that holds the promise of reducing the size and weight
of solar panels on satellites. While many research laboratories have produced perovskite solar cells and char-
acterized their performance in laboratory conditions, few have endeavored to launch them into space. The
Big Red Sat-1 (BRS-1) is one such satellite, designed to incorporate three different perovskite solar cell ar-
chitectures along with custom curve tracing instrumentation for launch into low earth orbit through NASA’s
CubeSat Launch Initiative. The curve tracer is realized using a precision resistor ladder with high quality
current and voltage measurements. Perovskite solar cell samples were fabricated by the National Renewable
Energy Laboratory and characterized in their facilities before shipment. These cells were recharacterized
using flight hardware before integration into the Nanoracks launcher. In addition to the eighteen perovskite
solar cell pixels, a gallium arsenide (GaAs) solar cell was included to trigger measurements when the BRS-1
is pointing at the sun. During nominal operations, the BRS-1 will continuously take J-V curves while the
GaAs solar cell is illuminated and will be in a low power state otherwise. Future missions should include a
sun vector sensor for precise solar flux measurements, active curve tracing for dark current measurements,
and explore alternative perovskite solar cell architectures including tandem cells. All designs for BRS-1 have
been made open source to benefit other student-led missions. BRS-1 is currently in-orbit and transmitting
measurement data.

INTRODUCTION

From the silicon-solar cells used on Vanguard 1
in 1958 to the Gallium Arsenide (GaAs) solar cells
used in Starlink satellites in 2024, inner Solar Sys-
tem satellites are linked to photovoltaic devices for
long-term power generation.1 Just as GaAs solar

cells effectively replaced their silicon counterparts,
researchers are searching for a replacement for GaAs.
One candidate to replace GaAs is the perovskite so-
lar cell, which was first reported on by Kojima et
al. 2009, demonstrating an efficiency of 3.8%.2 For
the past fifteen years, researchers have improved the
performance of perovskite solar cells, achieving effi-
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ciencies of up to 26.1%.3

As NASA prepares humanity’s return to the
Moon as part of the Artemis program, larger so-
lar power arrays need to be manufactured with re-
sources that are either found on the lunar surface or
carried by rocket.4 In either case, the equipment for
manufacture will also need to be transported to the
lunar surface, so simpler manufacturing procedures
and reduced material requirements are desired. Due
to the simple manufacturing requirements of per-
ovskite solar cells, on top of their self-healing, ther-
mal cycling endurance, VUV endurance, and their
defect tolerance, this technology has the potential
to meet the needs of the Artemis mission.

To validate this technology in space conditions,
we have devised an experiment integrated into a 1U
CubeSat. Using custom instrumentation and cur-
rent generation perovskite solar cells, our CubeSat,
named Big Red Sat-1, will characterize these solar
cells while in low earth orbit. By incorporating per-
ovskite solar cells manufactured with different con-
siderations and monitoring their changes in perfor-
mance from manufacturing to operation in orbit, we
can point towards a particular manufacturing pro-
cedure that is best suited for space operation.

Big Red Sat-1 was selected for launch by the
NASA CubeSat Launch Initiate in April 2021, inte-
grated into the NanoRacks CubeSat Deployer 27 in
December 2023, launched to the International Space
Station in March 2024, and is currently in orbit af-
ter being deployed in April 2024. This paper covers
the current state of the art for perovskite solar cells,
how Big Red Sat-1 was designed to assess their per-
formance in a space environment, and what future
missions should look to incorporate to continue to-
wards the goal of low-cost, lightweight, solar power
generation for future spacecraft.

BRIEF PROJECT HISTORY

Big Red Sat-1 was initiated in August 2020 based
on an idea presented to the Dean of the College of
Engineering (CoE) at the University of Nebraska-
Lincoln (UNL) for a team of Nebraska middle and
high school students to develop a CubeSat under
the mentorship of a faculty advisor and undergrad-
uate engineering students. This project had a fast
start with help from the Aerospace Club’s Advisor,
the Aerospace eXperimental Payloads (AXP) leads,
and the CoE’s Engineering Education and Outreach
Coordinator, who put out a statewide call to sci-
ence teachers across the state for middle and high
school students with an interest participating in the
program.

Students who responded were interviewed and
team meetings started in September, despite
COVID. Students were introduced to CubeSat and
engineering concepts, while exploring potential re-
search concepts. Students presented concepts to
mentors and a Preliminary Design Review (PDR)
was held in October. A proposal was submitted to
NASA in December, and the team’s proposal was
selected in April of 2021. As funds were raised,
students developed and advanced concepts, designs,
sources, construction, programming and testing over
the following years, while receiving support and re-
porting progress to NASA and Nanoracks (now Voy-
ager Space).

There were core team members who partici-
pated throughout the project, new members with
key skills, and changes in leadership and partici-
pants as the project progressed, however, the focus
remained on creating a functional satellite to ad-
vance knowledge of perovskite solar cell performance
in space. Big Red Sat-1 passed the vibration test and
received the Certificate of Payload Functionality in
November of 2023 and was integrated into the de-
ployer in December of 2023 for manifest and launch
to the ISS in March of 2024 on CRS-2 SpX-30, and
was deployed from the ISS and operational on April
18, 2024.

PEROVSKITE BACKGROUND

The term perovskite is used to identify a group
of compounds with identical crystal structure to
calcium titanium oxide (CaTiO3).

5 To be consid-
ered a perovskite, it should be a compound with
an ABX3 structure, where two cations of different
sizes, “A” and “B”, and one anion, “X”, where “A”
forms a cubo-octahedral structure with 12 “X” an-
ions and “B” is confined by an octahedral site by
6 “X” anions, though there are numerous varieties
with different properties.6 Most modern perovskite
solar cells are described by formamidinium lead io-
dide (FAPbI3)-rich compositions, which were first
reported by Jeon et al. 2018 with an efficiency of
18%.7 This composition of perovskite solar cell has
been found to exhibit a superior radiation tolerance
in comparison to silicon and GaAs solar cells, sur-
viving against 1 MeV of electrons and 50 KeV of
protons.8

Various improvements can be made to this for-
mulation by incorporating performance enhancing
additives. For instance, thermal stress can be elim-
inated in the perovskite solar cell by incorporating
an alkyl-ammonium additive.9 Even changes to the
packaging approach can aid the longevity of the per-
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ovskite solar cell. Space conditions introduce unique
environmental conditions such as atomic oxygen,
where oxygen molecules are energized by UV radia-
tion, can cause corrosion and the damage of metallic
contacts. These molecules damage perovskite solar
cells within 2 hours of exposure, causing a 43% re-
duction in power conversion efficiency10 or the com-
plete failure of the solar cell.11 This effect could be
mitigated by applying a thin silicon oxide (SiO) en-
capsulation, reducing the loss of efficiency by up to
80%, in comparison to samples without.11

Figure 1: Photomask of perovskite solar cells
used in BRS-1 showing the active areas, con-
tacts, and coverslip

Perovskite solar cells can reasonably be designed
for any layout compatible with their manufacturing
process. Figure 1 shows the layout for the perovskite
solar cells used in the BRS-1 satellite. The substrate
has six pixels fabricated on it with larger metallic
ohmic contacts for connection into an electrical sys-
tem.

To characterize the performance of a solar cell
a variable load is applied to the sample. While the
sample is under illumination of a spectrum resem-
bling AM1.5, a variable load sweeps the sample while
collecting current and voltage measurements.12 The
load will sweep from open circuit condition (max-
imum voltage production) to short circuit condi-
tion (maximum current conduction), which when ar-
ranged on an X-Y plot of voltage vs. current den-
sity, generates a rounded knee plot in the first quad-
rant. To prevent undue load on the sample, voltage
measurements should be conducted with a high in-
put resistance. The current measurements are also
commonly divided by the aperture area to calculate
current density (J).

The current density-voltage (J-V) measurement
system is crucial for determining overall health and

performance of the solar cells. Any degradation
to the solar cells will reflect a signature in the J-
V results in the form of induced internal resistance
against carrier extraction, damage to the band gap
of the absorber material, or a loss of current density.
The power conversion efficiency (PCE) of the solar
cells is also extracted from the J-V results. In space,
this system needs to be robust against the vacuum
and temperature variations.

SCIENCE MISSION OVERVIEW

BRS-1 is a 1U CubeSat designed to character-
ize the performance of three perovskite solar cells
that are exposed to the low earth orbit environment.
As perovskite solar cells increase in stability and re-
liability due to adjustments in construction, their
ability to survive in space environments must be
evaluated. Without this crucial step, two issues can
arise. First, their technology readiness level (TRL)
will not surpass TRL 6 (technology demonstration
in relevant environment), limiting their ability to be
used in emerging missions as a critical component,
rather than as a technology demonstration. Second,
perovskite development may fine-tune towards per-
formance for terrestrial conditions and subsequently
fail in space conditions, which has unique failure
mechanisms. BRS-1 intends to move current gen-
eration perovskite solar cells from TRL 6 to TRL
7 by validating that these same cells are capable of
handling low earth orbit conditions.

In addition to the proper BRS-1 mission, a physi-
cal twin of the perovskite payload was manufactured
with perovskite solar cell samples produced from the
same batch as the ones integrated into BRS-1. This
physical twin will undergo simulated low earth orbit
testing at UNL, where it will be exposed to similar
levels of atomic oxygen and vacuum ultraviolet while
maintained in a vacuum. Given the case where the
samples in low earth orbit demonstrate a reduction
in performance, the physical twin samples can be
inspected for potential failure mechanisms.

The solar cells that are being monitored are three
perovskite solar cells and a GaAs module. For the
GaAs module, a small ‘subpanel’ of a standard 1U
GaAs solar panel is constructed, so that only one
third remains. This provides a useful reference to
ensure that the system is operating as expected as
well as a convenient way to trigger measurements.
The GaAs module is connected to a comparator cir-
cuit that pulls a signal line low when its open circuit
voltage rises above a given level. This occurs when
the GaAs’ polar angle, θ, is ±25°, so when this sig-
nal is active, the microcontroller is enabled to start
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characterizing the system. The system will continue
to sample until the GaAs is no longer facing towards
the sun.

Perovskite solar cells are constantly modified re-
garding their structure and chemical formula to im-
prove not only the PV performance but also to en-
hance the stability and application related proper-
ties. Perovskite solar cells benefit from a lack of O2

and H2O in space applications, which rapidly de-
grade their performance when encapsulation is com-
promised. Studying the performance and degrada-
tion of perovskite solar cells at space have been per-
formed in three main approaches:

(a) Solar cells mounted on balloons and sent to
very high altitudes (a drawback of this approach
is the limitation in altitude). The cells can be
measured at high altitudes for their PV perfor-
mance.13,14 This is active testing of the performance
of the cells.

(b) Mounted on the wings of the International
Space Station (ISS), the cells were brought back to
Earth after a few months to investigate the effect
of space conditions on the PV performance of the
solar cells. This is passive characterization. In this
approach it is hard to figure out at which stage the
solar cells start to degrade; it can be due to the
launch conditions, pre-launch storage. This is pas-
sive testing of the performance of the cells.15

(c) Mounted on the CubeSats and measured their
performance in-situ conditions. This is active test-
ing, which is not limited by height, and the testing
conditions are the same as practical conditions. It is
far more accurate, and hence crucial, for the further
development of space-grade solar cells than passive
testing.16,17

The perovskite samples were manufactured by
the National Renewable Energy Laboratory (NREL)
and SwiftSolar. Each sample was encapsulated using
a 100-micron SiO coverslip, which was adhered with
a drop of EP30-2 epoxy. Before being shipped to
the University of Nebraska-Lincoln (UNL), NREL
characterized the performance of the samples us-
ing their Keithley equipment. The samples would
be recharacterized by the UNL team using custom
equipment, designed similarly to the equipment on
BRS-1. The samples would be recharacterized after
the Sine Sweep and Random Vibration Testing to
assess if any damage or issues were caused by the
simulated launch conditions. Providing the samples
were still actively generating power, BRS-1 would be
launched and deployed into orbit, where the perfor-
mance of the solar cells would be compared to the
on-ground performance over a period of 90 days.

INSTRUMENT OVERVIEW

Measuring the performance of perovskite solar
cells in space requires specialized instrumentation to
assess their efficiency, stability, and degradation un-
der extraterrestrial conditions. The instrumentation
must be able to operate reliably in the harsh environ-
ment of space, where factors such as vacuum, radia-
tion, extreme temperatures, and microgravity come
into play. Although in passive testing the measure-
ments are all performed at earth, and instrumenta-
tion does not need to be launched to space, but in
order to acquire more accurate information on the
effect of space conditions on the PV performance,
the in-situ testing is a must which is far more infor-
mative.

Onboard BRS-1 is a machined aluminum per-
ovskite retaining payload that has the capability to
maintain a pressurized gas volume. This payload
can retain three perovskite solar cell samples as well
as an FSS100 Nano Fine Sun Sensor from Tensor
Tech, serving as the sun vector sensor. Addition-
ally, this payload is designed to mount a GaAs solar
cell module that provides a known reference for our
measurements.

Figure 2: System block diagram

Each sample, including the GaAs module, is con-
nected into a curve tracer that is composed of I-
V measurement circuitry and a 4-bit resistor ladder
curve tracer. Additionally, each sample, other than
the GaAs module, is connected to a common-anode
pixel multiplexer, allowing each of the six pixels fab-
ricated onto the perovskite solar cell sample to be in-
dividually connected into the curve tracing circuitry
or into a discharge circuit when not being actively
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measured.

Figure 3: Assembled instrumentation in 1U
form factor

As the chassis for the system, the NearSpace
Launch 1U FastBus CubeSat Platform is used, along
with its electrical power system (EPS) and EyeStar
S4 satellite transmitter module, connected via the
terminals labeled in orange in Figure 3. Integrated
into the EPS is a central control system with eight
semiconductor power switches for sequencing power
to multiple connected devices. Through an inte-
grated UART connection, the power switches can
be controlled, and data can be sent to the radio
for transmission. This platform also includes a set
of batteries and GaAs solar panels on each face of
the CubeSat connected into maximum power point
trackers for charging.

In addition to these mentioned systems, a sec-
ondary set of sensors, dubbed the secondary pay-
load, is integrated on a circuit board mounted above
the flight computer. This circuit board contains
a magnetometer, accelerometer, and gyroscope to
monitor movement of the CubeSat while in orbit.
Additionally, a terrestrial relay is mounted on this
board that has a charging and discharging circuit

connected to the normally open and normally closed
terminals.

To operate this system, a radiation hardened mi-
crocontroller, the MSP430FR5969-SP, is connected
to all mentioned subsystems with a simple firmware
control loop for performing the mission, shown in
Figure 3 labeled in yellow. Connected to this mi-
crocontroller is a LT6654AHS6-3.3 precision voltage
reference that generates 3.299V with ±10ppm/°C
temperature stability. These systems are visual-
ized in the simplified block diagram shown in Fig-
ure 2. To allow programming and debugging of BRS-
1 while assembled, a ten-pin Tag-Connect board was
mounted on one face.

Perovskite Payload

Figure 4: Perovskite payload exploded view
showing a) GaAs module, b) sun vector sen-
sor, c) perovskite retention plate, d) per-
ovskite light masks, e) perovskites, f) pogo
pin contactor, g) gasket, h) bottom plate

The machined aluminum payload, shown in Fig-
ure 4, consists of eight main components, in addition
to the screws for assembly. Included on the outer
face payload is the GaAs module, Figure 4a, and
sun vector sensor, Figure 4b. The perovskite reten-
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tion plate, Figure 4c, mounts the perovskite samples
using MasterBond EP30-2 epoxy, a low outgassing,
optically clear epoxy. Between the perovskites, Fig-
ure 4e, and the retention plate is a light mask, Fig-
ure 4d, which restricts the amount of light interact-
ing with the perovskite active layer to a 0.058cm2

area.
Using EP30-2 epoxy, small circuit boards, Fig-

ure 5a, are mounted to the rear center of the per-
ovskite samples. These circuit boards have an
MCP9808 precision temperature sensor for monitor-
ing the temperature of the sample glass. These sen-
sors are configured and queried using an I2C connec-
tion. The perovskite ohmic contacts are electrically
connected into the system using the contactor board,
Figure 4f. Mounted to this contactor board is a set
of pogo pins, Figure 5c, that are organized in the
same layout as the ohmic contacts.

A pressurized seal is maintained using a thin,
deformable gasket, Figure 4g. The entire payload is
sealed using the bottom plate, Figure 4h, which has
holes in it to allow a cable harness to escape from the
payload, which is soldered into the contactor board.
To monitor the pressurization while in orbit, Fig-
ure 5b, a small circuit board is included that has a
BME280 humidity, pressure, and temperature sen-
sor.

Figure 5: Partial assembly of a test pay-
load showing the a) MCP9808 sensing cir-
cuit boards, the b) BME280, and c) the pogo
pins for electrically connecting the perovskite
samples

A separate cable harness is attached at the rear
of each perovskite sample, which collects the ground
signals for each pixel, the common anode, the I2C

connections for the sensors, and power for the on-
board sensors. These cable harnesses connect into
the instrumentation using the connectors shown in
red in Figure 3. Each conductor of the cable harness
feeds through a hole in the bottom plate of the pay-
load, which has a complimentary hole in the pogo
pin contactor. The array of holes is inset to the
outside face of the bottom plate, so that they can
get potted using EP30-2 epoxy. By assembling the
perovskite payload in a glovebox filled with an inert
gas, the internal volume of the payload will be inert.
This should encourage longevity of the samples after
BRS-1 is integrated into NRCSD27 and waiting for
launch in Florida.

Sun Vector Sensor

One aspect of perovskite validation is ensuring
the percent efficiency of the solar cells are main-
tained from manufacture to integration, to launch,
and to deployment. The calculation of efficiency re-
quires knowledge of the amount of light interacting
with the active area of the solar cell, which can only
be reliably accomplished using a sun vector sensor.
Sun vector sensors perform high resolution measure-
ments of the location of the sun in spherical coor-
dinates, as defined by ISO 80000-2:20195, relative
to the z-axis of the sensors’ sensing face, shown in
Figure 6.18 By knowing the polar angle of the sun
flux, θ, and the approximate orbiting altitude of the
CubeSat, the amount of light interacting with the
perovskite solar cell can be calculated.

Figure 6: Definition of spherical coordinates
from ISO 80000-2:2019

The selected sun vector sensor, the FSS100 Nano
Fine Sun Sensor, is integrated to the system through
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an I2C connection, allowing configuration and query
of internal registers. This sensor is capable of 16
Hz measurements of the spherical coordinates rep-
resenting the position of the brightest object on a
calibrated four quadrant photodiode. Using the one-
shot mode of the sensor, we can sample the sensor
when we need the reading based on our GaAs trigger
signal.

Curve Tracer

Interfaced to each solar cell sample is a curve
tracer that consists of an INA190-series current-
shunt monitor measuring across a 510mΩ shunt re-
sistor with a gain of 200. To measure the voltage de-
veloped by the sample, an OPA2387 operational am-
plifier was used as a unity gain buffer to prevent un-
due load on the sample. These were both connected
upstream from a 4-bit resistor ladder, which was re-
alized using a CD4516 up/down BCD counter, where
the output bits control ADG841 CMOS single-pole,
single-throw (SPST) switches, which either con-
nected or bypassed a load resistor from the sample.
Due to their very low on-resistance (0.28 mΩ typi-
cal) and the higher load resistance it was controlling
relative to itself, by throwing the SPST switch the
load resistance would be bypassed, minus a minimal
offset current. By chaining these together in series
using the BCD bits, a ladder of resistors can be used
to create a configurable load resistance. This system
is shown in Figure 3 labeled in white.

Utilizing the counter, the load resistance can be
swept either forward or backward, allowing the hys-
teresis of the perovskite J-V curve to be observed.
All four curve tracers are clocked synchronously, so
all four samples can be traced together. To verify
the curve tracer was operational, a 4012 NAND gate
was connected to the LSB of the four counters, one
for each sample including GaAs, and the output fed
to a microcontroller pin. This circuitry, along with
the MCP9808 and BME280 sensors, consumed 4mA
at 3V3.

The short circuit condition is achieved by the ac-
tivation of all SPST switches, where the sum of the
on-resistance for four switches is 1.12Ω typical. The
open circuit condition is achieved by placing a 1MΩ
resistor on the MSB of the counter. While this re-
duces the curve resolution to 23 + 1, it ensures that
open circuit reliably generates VOC .

When selecting resistors for the first three LSBs,
it is important to consider how the ladder steps bal-
ance. For BRS-1 the resistor ladder consists of, from
LSB to MSB, 120Ω, 270Ω, 430Ω, and 1MΩ. This re-
sults in a nearly linear increase in resistance for the

first eight steps and then a large step to open cir-
cuit for the next eight steps. Each resistor was cho-
sen to have automotive quality ratings, low temper-
ature coefficients (±10ppm/°C), and low variability
(±0.05%), ensuring that operation will be consistent
when subject to temperature swings and different
manufacturing batches. Each sample is connected
to its own resistor ladder and the positive lead of the
resistor ladder is connected to the common anode of
the sample with the negative lead connected to sys-
tem ground. Due to the limited number of ADC
channels on the microcontroller, a 74CBTLV3253
analog multiplexer was used to 1-of-4 multiplex the
voltage and current signals to two ADC channels.
To control which sample is electrically visible to the
measurement circuitry, a multiplexer was designed
to control the ground leads of the pixels.

Common-Anode Pixel Multiplexer

Each perovskite sample has its ground connec-
tions multiplexed to the microcontroller’s system
ground, providing the reference connection to ac-
quire measurements. To accomplish this, each pixel
ground is connected to the drain terminal of an
ADG839 single-pole, double-throw (SPDT) semi-
conductor switch. The first throw is connected to
the ground of the system and the second throw is
connected to a discharge circuit. The ADG839 is
designed with a low on-resistance, providing a 0.35Ω
typical resistance and minimal distortion in the sig-
nal. Overall, including the resistance of the SPDT,
SPST, and shunt resistor, the short circuit connec-
tion of a pixel has a 1.98Ω load, not accounting
for the resistance of the copper traces. To oper-
ate these switches, a CD4518 4-bit BCD counter
was connected to three CD74HC237 3:8 decoders,
which were connected to the six switches for the pixel
grounds. By clocking the counter, the pixel grounds
could be cycled through synchronously for all three
samples. To verify the multiplexer was operational,
a 4012 NAND gate was connected to bit-6 of each
decoder and the output fed to a microcontroller pin.
This system is highlighted in Figure 3 in blue.

When the pixel ground connection is not con-
nected to the system ground, the default state, it is
connected into a “discharge” path, to prevent charge
from accumulating in the substrate. Generally, this
is accomplished by means of a discharge resistor,
Rdischarge from Figure 2, which is ideally selected to
place the pixel in its maximum power point.19 Op-
erating the unused pixel at this point on the curve
has been shown to provide the highest longevity.20

During the development of this instrument, dif-
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ficulties were encountered with disconnecting the
pixel ground from system ground. Because the in-
strumentation is managing multiple connections, it
would be expected for connections that are not se-
lected by the multiplexer to hold no influence on the
selected signal, within a given design margin. When
testing the instrument with off-the-shelf, common-
cathode, silicon solar cells, where the anodes are
multiplexed on the positive terminal of the resistor
ladder, this operation is demonstrated. When test-
ing the instrument with common-anode, perovskite
solar cells, the selected pixel would have an ampli-
fied J-V curve, much larger than the design margin
of 1.7mV at open circuit and 2.1µA at short circuit
per pixel. Commonly, the current density would rise
above 70 milliamps per square millimeter, though
this would depend on the state of the other pixels.
This effect would disappear when the only physical
connections were to the common-anode and a single
pixel, as would be done when characterizing with a
Keithley.

When Rdischarge was set to the maximum power
point, the J-V curve would rise when the load resis-
tance on the curve tracer was lower than Rdischarge.
Recalling 20, the second-best option for Rdischarge

was short circuit. Replacing Rdischarge with a short
provided no current density spikes and alleviated our
issues and concerns. This heavily motivated the in-
terest in using a mechanical relay for disconnection,
which some automated solar cell characterization
tools utilize. This circuitry, along with the micro-
controller and various peripheral circuitry, consumed
3mA at 3V3.

Secondary Payload

Many small sensors can be easily integrated into
a 1U CubeSat form factor and, taking advantage
of this fact, BRS-1 includes an accelerometer, gyro-
scope, and magnetometer. Monitoring the accelera-
tion and rotation of the CubeSat provides a means to
verify when it has detumbled. While not crucial, be-
cause the GaAs trigger and passive orientation due
to the magnet, it can provide additional confidence
in the design. Including a magnetometer provides
additional confidence in the sun vector sensor, as the
pointing direction of the CubeSat can be confirmed.

To provide this functionality, the ICM-20649 de-
velopment board from Adafruit (product ID 4464)
provided the accelerometer and gyroscope functions
and the magnetometer function was provided by the
MLX90393 development board from Adafruit (prod-
uct ID 4022). Because these boards communicate
over I2C, they can be easily integrated into the ex-

isting I2C bus used for the MCP9808 temperature
sensors. These two development boards consumed
2.8mA at 3V3, with LEDs removed.

In addition to these included development
boards, a terrestrial relay development board from
Adafruit was incorporated (product ID 2923). Based
on testing reported by NASA in Teverovsky 1999,
relays used in spacecraft are more likely to fail due
to the low-pressure conditions from an arc-at-break
process.21 But their testing was performed with a
simulated 60V power bus, where the arcing condi-
tion is much more likely to happen. Considering the
issues presented with the pixel multiplexer, we were
interested in investigating the feasibility of replac-
ing the semiconductor switches with physical con-
tactors. Naturally, space-grade (hermetically sealed)
relays are manufactured by various companies to
prevent this issue, but they are bulky and expensive.
For our system, the switching currents are very low,
so it’s likely that the arc-at-break process would be
less likely to occur.

To test this idea, both the latching relay nor-
mally open (NO) and normally closed (NC) contacts
were connected to an RC circuit with a τcharge of
10 milliseconds and τdischarge of 1 second. To en-
ergize these RC circuits, a 3V3 line was connected
to the common terminal. The NO contact would be
latched and sampled for 100 ADC samples. A five
second delay would be completed to allow NC to
discharge, after which the relay would be latched to
NC and the same sampling process would be com-
pleted. The average voltage would be transmitted
over the onboard radio and by tracking the voltage
through the duration of the mission, failure mecha-
nisms can be tracked and assessed. Contact damage
would manifest as a reduced charge voltage and arc-
ing would manifest as no voltage. In the case of the
relay contact fusing to NO or NC, then the opposite
contact would read close to the ground rail. This de-
velopment board consumed 3µA at 3V3, with LEDs
removed.

Passive Attitude Determination and Control

After being deployed from the International
Space Station, the CubeSat has an initial momen-
tum imparted on it that can act upon any three of
the axes randomly. This momentum needs to be re-
moved from the system, which can be accomplished
using magnetic torque.

Similar to the Quetzal-1 CubeSat as reported by
Alvarez et al. 2023, BRS-1 incorporates an appro-
priately sized magnet to passively orient the antenna
faces of the CubeSat with the Earth’s magnetic field
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line.22 The magnet will exert a torque to align its
poles with the Earth’s poles that will transfer the
deployment momentum to the primary axis of the
magnet. This new rotational axis will cause the so-
lar panels and sample face to be directed towards the
sun. For BRS-1, the K&J Magnetics Catalog Num-
ber D84 was mounted to the inside of the antenna
panel.

Using the GaAs trigger line, BRS-1 knows when
it is aligned with the sun to trigger measurements.
The combination of these two elements allows a pas-
sive attitude determination system to be achieved,
which meets our mission needs.

Data Packet Format

Using NearSpace Launch’s EyeStar S4 radio mo-
dem allows only 17 bytes to be used for measurement
data in a single packet. Given that the S4 radio mo-
dem uses the Iridium constellation for data transmis-
sion, along with our passive attitude determination
system, it is likely that we will drop packets. For
this reason, we designed the data from each mission
component to fit into a single packet. The J-V curve
data would fit into 16 bytes, with 8-bit ADC read-
ings for the voltage and current at the first eight
points. The sun vector sensor data and temperature
data would fit into 16 bytes. The gyroscope, magne-
tometer, and relay data would fit into 16 bytes and
the accelerometer and BME280 data would fit into
16 bytes. Each of these packets would be appended
with a status byte that indicates which packet type
it is (2 bits), which sample is selected (2 bits), which
pixel is selected (3 bits), and which direction the J-V
sweep was performed (1 bit). To improve the likeli-
hood that we will receive any given packet of data,
each packet is transmitted twice.

Firmware Control Loop

The firmware was prepared using the Energia in-
tegrated development environment (IDE), adapted
by Texas Instruments from the Arduino IDE. At
startup, the processor will reset the curve tracers by
clocking them until the NAND gate indicates they
are all set to 0x1. The multiplexer reset line is tog-
gled at startup, so the same pixel is characterized
for each sample. The trace direction is also set to
reverse, which is from open circuit to short circuit.
The ADC is configured to read at 8-bit resolution
and use the external voltage reference. Then the
processor configures the UART interface to the Fast-
Bus EPS and waits until the BUSY line is no longer
asserted. Then, a packet is sent to turn on the aux-
iliary power lines connected to the instrumentation.

Finally, the instrumentation is configured over the
I2C channel.

The processor then enters the main loop, where
the curve tracers are reset again and set to forward
tracing, and the system starts waiting for the GaAs
trigger line to be asserted. By placing the curve trac-
ers in forward mode and resetting them, the GaAs
would be in open circuit, providing the conditions
necessary for the comparator trigger.

During this waiting period, the processor will
send a packet to the FastBus EPS to keep all power
switches engaged. The FastBus EPS will shut down
the connected power lines if it does not receive a
packet in a five-minute window, which ensures that
any hangups in the instrumentation will not end
the mission. Once the trigger line is asserted, the
curve tracing direction is set to reverse and reset
again. The sun vector sensor is configured for one-
shot mode and a sample is collected. Then, the
curve tracer is clocked, and on each clock the volt-
age and current from each sample is collected by
cycling through the analog multiplexer on the curve
tracer output lines. Once all sixteen steps have been
completed, the trace direction is inverted and if the
trace direction is back to reverse, the pixel multi-
plexer is clocked, moving onto the next pixel. If the
pixel multiplexer NAND gate is asserted, indicating
all pixels have been sampled, then the multiplexer
is reset. The ladder is reset again. Then the tem-
peratures on the samples are acquired, the BME280
readings are collected, the accelerometer, gyroscope,
and magnetometer readings are collected, and the
relay test cycle is completed.

After this sampling period is complete, the data
is packaged into their packets, and they are transmit-
ted twice through the connected EyeStar S4 radio
modem. The process loops from here, continually in-
crementing through pixels, sampling, transmitting,
and then waiting to see the sun again.

For all mentioned operations, especially the I2C
operations, it is ensured that none are blocking func-
tions. If they were blocking, then any hangup in
an I2C transaction could halt our operations, which
was a situation reported by Aguilar-Nadalini et al.
202323 and Zea et al. 2023.24 In their satellite, the
connected heaters stopped communicating and the
system eventually ran out of power and could not
reboot. While the FastBus EPS should power cycle
our instrumentation, we wanted to ensure that any
permanent hangup, such as an issue from launch,
would not stop our mission from operating.
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PRE-LAUNCH PERFORMANCE

Prior to the Sine Sweep and Random Vibration
test, BRS-1 was permanently assembled. EP30-2
epoxy was applied to all moving joints, such as ca-
ble connectors and screws. This ensured that noth-
ing would come lose and cause a failure condition for
the test, causing the mission to slip. This test per-
forms a sine sweep from 5 – 2000 Hz with a 0.5g peak
and two octaves per minute on each axis. Then, a
random vibration test consisting of 20 – 2000Hz with
5.757g peak forces for 1 minute in each axis is per-
formed. After this, another sine sweep is performed.
The data from these tests can be analyzed to show
any spikes in the spectral density of the acceleration,
indicating loose or separated components. This pro-
vides a strong indication of success during launch.

After performing the vibration test, the BRS-1
perovskite solar cells were performance tested to as-
sess if any damage had occurred. Using the onboard
instrumentation, J-V curves were extracted through
the debugging connector. With a custom bracket
mounted to an Ossila Solar Simulator (Ossila prod-
uct code G2009B1), an AM1.5 spectrum is generated
and directed onto the perovskite sample face with a
100mW/cm2 illumination.

Assembly Results

Figure 7: Head-on picture of BRS-1 solar cell
face

After assembling BRS-1 and epoxying the joints,
the subsystems were tested for nominal operation.
The only failure that was observed was on the sun
vector sensor. During epoxying, the slim connector

for this sensor had epoxy seep into its socket and
surround the contact, rendering the sensor unusable.
Due to time restrictions, we were not able to rectify
the problem. Because of this, it is not expected that
the sun vector sensor will operate in-orbit, limiting
the ability to estimate irradiance.

Additionally, the perovskite payload prepared for
flight was tested in a vacuum chamber to assess its
ability to maintain its internal pressurized volume.
This test indicated that it could not hold pressure
and quickly evacuated its internal volume. Due to
the addition of encapsulation to the perovskite solar
cells, it was determined that the pressurized volume
was a redundancy and moved forward without it.
The final satellite that was prepared for launch is
shown in Figure 7.

Final Perovskite Performance

Each perovskite pixel was characterized while il-
luminated by an AM1.5 100mW/cm2 light source
at fabrication, after shipment, and before launch.
These results are tabulated in Table 1, Table 2, and
Table 3. While working with the assembled BRS-1, a
strong hysteresis was noticed on the samples, where
the performance when swept forward (Voc to Jsc)
versus reverse (Jsc to Voc) strongly varied. Due to
this, both directions are reported for the Post Vibe
Test performance. Additionally, there are multiple
pixels that were reported to be dead at fabrication
that were alive after shipping or alive after integra-
tion into BRS-1. This is due to the coverslip epoxy,
which would cover some contacts and require care-
ful placement of electrodes to characterize. Two of
the samples, X018 and X016, were manufactured by
the National Renewable Energy Laboratory with a
Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3 composi-
tion and (FAPbI3)0.95(MAPbBr3)0.05 composition,
respectively. The third sample, X002, was manufac-
tured by Swift Solar with a proprietary composition.

FUTURE OPPORTUNITIES

While the developments of BRS-1 provide a great
baseline for future missions, there are many oppor-
tunities to improve on it. By adding an active curve
tracer, the perovskite solar cells would be able to
have their dark current properties investigated, in-
cluding the calculation of series resistance can be
performed.12 Additionally, if a magnetorquer is in-
cluded, the samples can be actively oriented towards
the sun, providing measurements at elevated tem-
peratures. Considering the limitations of using the
Iridium constellation, it may be beneficial to use
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Table 1: Tabulated performance characteristics for the X018 perovskite solar cell sample,
manufactured by NREL, showing changes in performance from fabrication, to shipment, to
integration for launch

X018 Performance
Post Vibe Test

Pixel Metric Fabrication Shipment Forward Reverse
0 FF 67.5 62.9 65.8 81.9

Voc 1089.0 994.0 980.5 851.5
Jsc 22.2 28.1 26.2 26.2

PCE 16.3 17.6 16.9 18.3
1 FF 0.0 64.9 72.1 79.9

Voc 0.0 980.1 954.7 851.5
Jsc 0.0 28.0 26.2 24.0

PCE 0.0 17.8 18.0 16.3
2 FF 74.4 65.0 68.2 79.9

Voc 1096.0 973.7 980.5 851.5
Jsc 22.5 27.6 24.0 24.0

PCE 18.5 17.4 16.0 16.3
3 FF 74.3 64.9 65.4 83.2

Voc 1095.0 978.5 967.6 838.6
Jsc 22.5 27.4 28.4 26.2

PCE 18.4 17.4 18.0 18.3
4 FF 68.4 63.3 71.8 74.5

Voc 1085.0 974.6 954.7 851.5
Jsc 22.5 27.3 26.2 26.2

PCE 16.7 16.8 18.0 16.6
5 FF 73.3 53.7 59.2 73.9

Voc 1089.0 991.4 980.5 799.9
Jsc 22.2 27.7 26.2 26.2

PCE 16.3 14.8 15.2 15.5
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Table 2: Tabulated performance characteristics for the X016 perovskite solar cell sample,
manufactured by NREL, showing changes in performance from fabrication, to shipment, to
integration for launch

X016 Performance
Post Vibe Test

Pixel Metric Fabrication Shipment Forward Reverse
0 FF 69.4 74.6 76.7 83.8

Voc 863.0 1020.0 993.5 903.1
Jsc 24.3 29.2 28.4 26.2

PCE 14.6 22.2 21.6 19.8
1 FF 68.5 74.8 0.0 0.0

Voc 785.0 1025.0 129.0 0.0
Jsc 24.6 28.8 0.0 0.0

PCE 13.2 22.1 0.0 0.0
2 FF 78.1 33.3 77.9 80.4

Voc 1022.0 14.4 877.3 799.9
Jsc 24.5 5.4 28.4 28.4

PCE 19.6 0.0 19.4 18.2
3 FF 79.5 0.0 0.0 0.0

Voc 1031.0 0.0 245.1 0.0
Jsc 24.4 0.0 0.0 0.0

PCE 20.0 0.0 0.0 0.0
4 FF 0.0 75.2 66.8 87.2

Voc 0.0 1005.9 864.4 787.0
Jsc 0.0 24.2 30.5 26.2

PCE 0.0 21.8 17.6 18.0
5 FF 77.2 74.0 71.6 87.3

Voc 1002.0 1021.0 903.1 812.8
Jsc 24.5 29.2 30.5 28.4

PCE 19.0 22.1 19.8 20.1
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Table 3: Tabulated performance characteristics for the X002 perovskite solar cell sample,
manufactured by Swift Solar, showing changes in performance from fabrication, to shipment,
to integration for launch

X002 Performance
Post Vibe Test

Pixel Metric Fabrication Shipment Forward Reverse
0 FF 0.0 0.0 63.5 76.5

Voc 0.0 0.0 916.0 799.9
Jsc 0.0 0.0 24.0 24.0

PCE 0.0 0.0 14.0 14.7
1 FF 0.0 37.2 68.6 69.6

Voc 0.0 991.4 799.9 722.5
Jsc 0.0 21.0 24.0 26.2

PCE 0.0 9.2 13.2 13.2
2 FF 79.6 70.6 0.0 0.0

Voc 1119.0 1074.9 0.0 0.0
Jsc 21.1 25.9 0.0 0.0

PCE 18.8 19.7 0.0 0.0
3 FF 0.0 54.8 64.9 76.0

Voc 0.0 1047.0 812.8 722.5
Jsc 0.0 25.9 24.0 24.0

PCE 0.0 15.0 12.7 13.2
4 FF 73.2 100.0 0.0 0.0

Voc 1105.0 0.0 0.0 0.0
Jsc 21.2 4.5 0.0 0.0

PCE 17.1 0.0 0.0 0.0
5 FF 0.0 73.9 78.1 87.9

Voc 0.0 1086.0 825.7 748.3
Jsc 0.0 21.9 26.2 26.2

PCE 0.0 20.8 16.9 17.2
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VHF HAM radio bands for improved data resolu-
tion and increased reliability. There are limitations
to what can be extracted from J-V measurements
and other sensors may be useful to further charac-
terize performance of perovskite solar cells.

Radiation dosimeters can track the cumulative
exposure to various types of space radiation (e.g.,
gamma rays, protons), which can give direct insight
into failure mechanisms in space. A system to mea-
sure the external quantum efficiency (EQE) or spec-
tral response of the solar cells helps in understanding
their wavelength-dependent efficiency. This setup
includes: a broad spectrum light source, monochro-
mator to provide light of specific wavelengths, and a
lock-in amplifier to enhance the signal-to-noise ratio
for accurate measurements. Additionally, sensors to
monitor environmental conditions such as tempera-
ture, pressure, and humidity (though low in space)
are important for correlating the solar cell perfor-
mance with ambient conditions. Finally, measure-
ments including the photoluminescence, electrolumi-
nescence, reflectance and transmittance of the solar
cells, which provides insight into the optical proper-
ties and any changes in such properties induced due
to the environmental effects in space. New gener-
ated defect states in the absorber material and any
change in the band gap can be monitored using these
techniques.

Given the low sun exposure area of a 1U Cube-
Sat, it may be beneficial to scale up. Using a 2U or
3U CubeSat would provide a greater surface area to
include more and varied perovskite solar cells. There
are other potential satellite platforms as well, such as
DiskSats, that provide a large, flat surface that can
be outfitted with perovskites. Considering a DiskSat
provides this flat surface, this would be beneficial
for the current generation of perovskite solar cells,
which are made on a quartz substrate.

There are numerous other approaches that have
been considered for perovskite solar cells. Some
researchers are developing flexible perovskite solar
cells that are printed on large sheets. Other are de-
veloping tandem cells where the perovskite solar cell
is one layer of a stack that incorporates other solar
cells, such as GaAs, which allows multiple portions
of the light spectrum to be simultaneously captured.

SUMMARY

Big Red Sat-1, shown in Figure 7, is a 1U Cube-
Sat that determines the performance of perovskite
solar cells while in low earth orbit, for the purpose of
assessing their technology readiness level. Using cus-
tom instrumentation, the perovskite solar cell pixels

can be characterized through their J-V curve and
analyzed on the ground, demonstrating their ability
to operate in space. With a physical twin of the pay-
load, the performance will be validated and failure
mechanisms able to be examined. Based on these re-
sults, which will be fully collected by 17 July 2024,
we will set a guidepost for future satellites designed
to examine perovskite solar cells.

All custom designs for BRS-1 have been made
open-source and publicly available on GitHub, with
appropriate licensing. The licenses are CERN-OHL-
S-2.0 for hardware, MIT for software, and CC BY-
SA 4.0 for documentation. This will allow future
teams to examine and improve our designs and speed
up development. This also provides these teams an
opportunity to expand the included instrumentation
to cover areas that we have not covered. Moving for-
ward, it would be useful to add active curve tracing
into the system, allowing characterization without
active sun exposure. Active attitude determination
and control systems would be useful for testing how
the samples perform when their temperature is in-
creased by pointing them directly at the sun for an
extended period. Additionally, new architecture of
perovskite solar cells can be explored, including tan-
dem cells where they combine GaAs and perovskite
layers to increase their efficiency. This could also in-
clude flexible perovskite solar cells, which may pro-
vide more convenient methods of affixing them to a
monitoring circuit. Because BRS-1 is such a low-
power satellite, many different systems could be in-
corporated without ruining the power budget.

Getting to this point in development, where it
has been launched and deployed, took over three
years of consistent work. Our project was created as
a collaboration between middle school, high school,
and UNL students, where the primary goal was to
get the middle and high school students involved in
aerospace related projects within their own state.
Many of these students have graduated and moved
onto high school or undergraduate degrees. Some of
the undergraduate students at UNL have gone on to
graduate degrees and into industry. If they stay in
the aerospace industry, then they may be back to re-
port their work on next-generation perovskite solar
cell satellites.
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