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Rodolfo Keesey, ‡*a Armi Tiihonen, ‡*bc Alexander E. Siemenn, c

Thomas W. Colburn, d Shijing Sun,c Noor Titan Putri Hartono, c James Serdy,c

Margaret Zeile, a Keqing He,a Cole A. Gurtner,d Austin C. Flick,d Clio Batali,c

Alex Encinas,c Richa R. Naik,c Zhe Liu,c Felipe Oviedo,c I. Marius Peters,c Janak Thapa,c

Siyu Isaac Parker Tian,e Reinhold H. Dauskardt,d Alexander J. Norquist *a

and Tonio Buonassisi *c

This study is motivated by the desire to produce a low-cost, high-precision, high-throughput

environmental chamber to test materials and devices under elevated humidity, temperature, and light.

This paper documents the creation of an open-source tool with a bill of materials as low as US$2,000,

and the subsequent evolution of three second-generation tools installed at three different universities

spanning thin films, bulk crystals, and thin-film solar-cell devices. We introduce an optical proxy

measurement to detect real-time phase changes in materials. We present correlations between this

optical proxy and standard X-ray diffraction measurements, describe some edge cases where the proxy

measurement fails, and report key learnings from the technology-translation process. By sharing lessons

learned, we hope that future open-hardware development and translation efforts can proceed with

reduced friction. Throughout the paper, we provide examples of scientific impact, wherein participating

laboratories used their environmental chambers to study and improve the stabilities of halide-perovskite

materials. All generations of hardware bills of materials, assembly instructions, and operating codes are

available in open-source repositories.
1. Introduction

Quantifying and predicting long-term stability in realistic
operating environments is of interest to a broad range of
materials, from energy devices to marine and offshore
environments.1–5 However, accelerated environmental testing
today is oen time-intensive and expensive, limiting the speed
of materials innovation. Commercial stability chambers can
cost tens of thousands of US dollars, with fully integrated solar
device stability testing systems can cost up to US$60 000, and
may require additional modication to generate consistent-
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quality degradation data for a specic application.6 Given the
rise of automated experimentation systems and articial intel-
ligence in materials discovery,7–9 developing stability testing
equipment that can both mitigate the cost of longitudinal
testing and provide high quality, machine-interpretable degra-
dation data has grown in importance, addressing a bottleneck
in high-throughput materials discovery.

To meet this need, we introduce a low-cost, open-source
environmental chamber. Our chambers range from US$2
000–$7 500 depending on conguration, and offer environ-
mental control as well as in situ monitoring. Although the
design principles of the chamber are broadly applicable, we
designed the chamber specically to test halide perovskites,
a class of functional materials with nascent applications in
photovoltaic absorbers, light-emitting devices, and X-ray
detectors, among others.10,11 Commercialization of the afore-
mentioned devices is oen limited by poor environmental
stability under operating conditions.12–16 This has led to diverse
efforts to modify perovskite alloy composition and device
architecture,17 with the aim of improving environmental
stability and widening accessibility by reducing price. The
extent and mechanism by which newly synthesized alloys and
devices degrade under environmental conditions is a subject for
study.18–20
© 2023 The Author(s). Published by the Royal Society of Chemistry
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We designed this open-source hardware platform to be
easily recongurable to a range of materials and form factors.
To test this exibility in the principles of construction and
operation for the environmental chamber, we report the orig-
inal hardware design suitable for testing bare thin lms, and
also three subsequent equipment modications, including
adaptations to study either perovskite devices or bulk crystals.
Two of these modications occurred in different laboratories.
We report key learnings from this technology translation
process with the goal of dening a set of best practices for open
hardware reporting. We observe that open hardware is
common for foundational chemical tasks (i.e., liquid
handling21–25) but has been slower to realize for more special-
ized tasks like stability testing. Ideally, sharing these learnings
may expedite the processes of creating and adapting future
specialized open hardware.

Another key element to high-throughput testing is the
development and validation of proxy measurement techniques.
We posit that the many physically- and chemically-meaningful
signals have optical signatures that are oen overlooked.
Here, we use a visible-light camera as a proxy for perovskite
phase transitions, validate this proxy using X-ray diffraction
(XRD), and describe the limits under which this proxy
measurement is valid. Using an optical proxy for stability
accelerates the rate of data acquisition by more than an order of
magnitude and enables low-cost in situ measurements during
environmental degradation.

In summary, we report an open-source aging chamber
design, designed for high-throughput, semi-automated stability
measurements of perovskite samples. This article is structured
as follows: rst, we establish the design principles of the envi-
ronmental chamber and present evidence for perovskite color
change being a suitable proxy for perovskite degradation, and
determine the limits of proxy validity. Second, we describe the
chamber versions. Third, we discuss our process of open-
hardware dissemination between three different laboratories,
and identify principles that may facilitate similar efforts in the
future. By rstly sharing all the designs and secondly discussing
the development process itself, we hope to encourage wider
adoption of specialized open-hardware efforts in materials
research, and facilitate further evolution of this environmental
chamber design in new applications and laboratories.

2. Conception
2a. Generating machine-compatible stability data

An open-hardware design for an environmental chamber was
originally conceived at MIT to leverage community inputs and
renements in subsequent generations. The build guide was
shared with collaborators, and the hardware design evolved into
a second generation in parallel efforts at three different sites
(Fig. 1): Haverford (Norquist laboratory), Stanford (Dauskardt
laboratory), and the original MIT group (Buonassisi laboratory).

Our hardware-design goal was to generate machine compat-
ible degradation data to aid halide-perovskite stability research.
We wanted the degradation chamber to fulll four intertwined
requirements to reachmachine compatibility: (1) the ideal device
© 2023 The Author(s). Published by the Royal Society of Chemistry
should be capable of producing degradation data with suffi-
ciently high throughput for the machine learning algorithms.
Linked to this requirement, (2) the device should be low cost to
enable expansion when necessary. Experimental variance can
lead to erroneous conclusions, especially in high-throughput
experimental workows guided by machine learning (garbage
in, garbage out). Thus, the data should have (3) low variations
and (4) preferably no physical contacts to the samples.

These criteria require judicious selection of the response
variable for the in situ degradation system. Direct observations
of phase transformations via XRD normally require removing
samples from the aging chamber, perturbing the aging process.
In situ electrical measurements provide useful information, but
require electric contacts that can be prone to (intermittent)
faults. Thus, we opted for a non-invasive optical signature as
a proxy for sample degradation.

Because spectroscopy is a widely accepted method in
kinetics experimentation, we propose that optical changes in
the visible light spectra can be a viable substitute when samples
must be observed noninvasively in situ, especially for materials
like lead halide perovskites which have degradation pathways in
the visible spectrum. Color change is oen used in chemical
experimentation as an indication of reactivity. In food science,
automated color change analysis has been instrumental in
quality assessment and sorting.26–28 General chemistry peda-
gogical experimentation with kinetics in acid and base reac-
tions leans heavily upon color change indicators,29 and more
machine-driven versions using smartphone cameras have since
automated the analysis of optical changes to determine rate law
parameters.30

Color extends beyond a qualitative measure and can also be
compared between laboratories when it is properly calibrated to
account for the effects of illumination conditions and camera
devices.31 Methods such as 3-dimensional thin plate spline or
root-polynomial regression are applied to convert the colors
seen by the camera to the colors they would look like under
a standardized reference illuminant using a reference color
chart as a basis for the transformation.32,33 Calibrated color has
been previously introduced as a quantitative metric to evaluate
dye solar cell degradation34,35 and especially in color analysis
applications that involve multiple devices or sites. Furthermore,
calibrated color is useful when small-area colorimeters are not
sufficient due to the spatial variability of the samples, such as in
the food industry26,28,36 or textiles integrated with photovol-
taics.62 Recently, in situ colorimetric analyses have been re-
ported for a wide variety of non-invasive studies, for reaction
kinetics in catalyst degradation of palladium(II) systems,37 and
as an alternative method of evaluation for real time catalytic
hydrogen evolution.38,39

We hypothesize that materials properties of interest such as
electronic structure, composition, and defects have optical
signatures, which can be rapidly measured and correlated with
high-delity structural or electronic characterization methods.
This is not a bidirectional relationship; while the presence of
color change indicates some mechanism of material decom-
position, the lack of color change does not imply stability. An
optical proxy is thus a strong but noncomprehensive indication
Digital Discovery, 2023, 2, 422–440 | 423
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Fig. 1 Environmental chamber design and evolution.
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of material instability. This approach can be applied to perov-
skite degradation because halide perovskites like methyl-
ammonium lead iodide (MAPbI3) undergo phase transitions
with distinct colors during degradation. By examining color
change, we argue that it is possible to non-invasively monitor
degradation kinetics in longitudinal perovskite testing.
2b. Color as a proxy for perovskite degradation

In this section, we present the optical proxy for perovskite
stability based on the change of color. We establish correlations
424 | Digital Discovery, 2023, 2, 422–440
between perovskite color change and (1) solar cell device
degradation for thin-lm samples, and (2) changes in X-ray
diffraction (XRD) patterns for bulk crystals. A combination of
earlier results from the authors and new analyses is shown.

To establish trust in an optical measurement as a proxy for
phase change, the limits within which optical proxies are valid
are analyzed and possible false relationships identied. As the
authors did not have access to an in situ XRD tool, we estab-
lished the following correlations: (1) for ensembles of samples,
we compared centroids of pre-degradation XRD data with the
centroids of the time-resolved RGB-camera-based
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Clustering comparison of initial structure and degradation of perovskite films (performed on CsxMAyFA1−x−yPbI3 film samples degraded under
heat, humidity, and illumination stress by Sun, Tiihonen et al. in ref. 43). (a) Clusters 0–2 identified from the X-ray diffraction spectra with (b) the spectra
of the centroid samples C0–C2 with the most typical spectra shown. (c) Clusters 0–2 identified from the color degradation data with (d) the centroid
samples with the most typical color degradation curves and the mean color degradation curves with standard deviations for each cluster shown. In (a)
and (c), each dot is a perovskite sample. In (b), blue stars label d-CsPbI3, yellow hexagons PbI2, and black diamonds a-mixed-cation perovskite phase.

Fig. 2 (a) Evidence for the correlation betweenperovskite film color and device performance. Efficiencies and color changesweremeasured byHashmi
et al. in ref. 40. The colored patches represent the sample color before and after the aging test. The efficiency values shown here are linear interpolations
to the time points of color measurements. (b) Color change in perovskite films can be used as a quantitative proxy for degradation, established by Sun
et al.43 Data in (a) reprinted and figures in (b) reprinted and adapted upon request to Journal of Materials Chemistry A and Matter, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry Digital Discovery, 2023, 2, 422–440 | 425
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measurements, using clustering methods to identify centroids
(Fig. 3). (2) For individual samples, we measured XRD before
and aer degradation, and compared to color changes (Fig. 4).
We also reference a prior study that examines changes in
perovskite RGB color change with solar-cell device efficiency,
shown in ESI Fig. S1.† The limits of this color-based proxy are
explored in the last paragraph of this sub-section.

Evidence for MAPbI3 perovskite lm color serving as an
indicator of perovskite solar cell degradation was directly
established in Hashmi et al.40 Evidence for correlation between
the color and efficiency change is shown in Fig. 2a, with color
change of the solar cells in Hashmi et al. shown as a function of
their efficiency. Efficiency values in Fig. 2a are linearly inter-
polated due to the different time points of measuring efficien-
cies and colors, see ESI Section S1.† Color works as a proxy here,
because one of the perovskite decomposition products, PbI2,
has a much larger bandgap (2.27 eV (ref. 41)) than the original
lm, MAPbI3 (1.52 eV (ref. 42)). This results in the yellowing of
lead iodide perovskites under environmental stress. The utility
of the color proxy as a means to identify more stable perovskite
compositions was demonstrated in a study by Sun, Tiihonen
et al.43 as shown in Fig. 2b: proxy measurements on bare lms
within the MA-FA-Cs lead iodide quasi ternary phase diagram—

implemented using the rst generation degradation chamber
shown in Fig. 1—indicated a more stable composition centered
Fig. 4 (a) and (b) Pre/post powder XRD patterns and color change time

426 | Digital Discovery, 2023, 2, 422–440
at Cs0.17MA0.03FA0.80PbI3; it was 3× more stable than the refer-
ence state-of-the-art Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 and
yielded 30% less degradation in a damp heat test when tested
directly at the device level.

A correlation between color and degradation is established
within the limits that the decomposition products remain
optically distinguishable from the original phase within the
wavelengths dened by the equipment. Optical cameras with
red, green, and blue channels (approx. 550–700 nm, 450–
650 nm, and 400–550 nm, respectively, for commercial cameras
but highly dependent on the camera model44) have reduced
sensitivity for colors outside their spectral sensitivity area, i.e.,
approximately below 1.78 eV. The spectral sensitivity range of
commercial cameras can be extended to up to approximately
900 nm (1.4 eV)45 by the removal of an integrated infrared lter
from the camera. The spectral sensitivity of each setup should
be measured because the camera lens and other components
absorbing irradiation affect the result. For example, the mixed
MA-FA-Cs lead iodide perovskites investigated in Sun, Tiihonen
et al.43 have a potential degradation route via dark minority-
phase formation (e.g., perovskite-structured CsPbI3 suggested
with computationally estimated bandgap of 1.57 eV (ref. 46)) in
addition to decomposition of perovskite into yellow by-
products. Thus, the infrared lter was removed from the
-series for MAPbI3, and (c) and (d) [CHMA][PbI4] bulk samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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camera in the rst generation MIT chamber (Fig. 1) to better
avoid these dark-coloured “false positives”.

Color change could potentially be a lagging indicator of
device efficiency because, by the time the lm color has
noticeably changed, the concentrations of other defects
(including point defects) may already be high enough to affect
device performance. The precise amount of the lag depends on
the point-defect chemistry, composition, and degradation
pathways of the lm. For the example shown in Fig. 2a and ESI
Fig. S1,† the lag is less than 142 hours over a total test time of
800 hours. The comparison of the average colors of the samples
before and aer the aging test (Fig. 2a) indicates that also subtle
color changes can be quantied by the color-calibrated photo-
graphing procedure. Generally, as long as the lag remains
constant or has less variability than the change of degradation
onset between the target and reference samples, the optical
proxy remains useful.

This work aims at degradation data that can be used to run
accelerated searches for more stable materials. For this
purpose, a relevant proxy variable for degradation connects to
perovskite structure across reasonable composition variations.
Thus, we compared the XRD and color data from perovskite
lms that had been used to produce the stability landscape in
Fig. 2b in the earlier work.43 A clustering approach was selected
to jointly analyze the varying MA-FA-Cs lead iodide composi-
tions. We clustered all the XRD spectra of the non-aged perov-
skite lms that had been collected from this compositional
region during the work.43 No composition information of the
samples was used in this phase. We repeated the same clus-
tering process on the optical data43 from the same composition
region. A hierarchical clustering approach was used for
assigning a cluster to each normalized XRD spectrum or color
time series in the two datasets (see Experimental for the
detailed implementation).

Three clusters were identied for both datasets by
a combined analysis of the hierarchical clustering dendro-
grams, silhouette score, and Davies–Bouldin index values (ESI
Fig. S2 and Sections S5–S6†). Overlaying the XRD clusters atop
the composition map (Fig. 3a) illustrates rstly a check that the
algorithm is capable of recognizing meaningful compositional
clusters of structurally resembling samples (indicated by the
XRD spectra). The clusters would be spread randomly over the
composition space if the clustering algorithm were not able to
recognize relevant differences among the spectra. The same
check holds true for the color clusters (Fig. 3c). Secondly, the
comparison of Fig. 3a and c reveals that the clusters from the
XRD and color data are very similar apart from some differences
along the cluster borders (that should be regarded as approxi-
mate, as the sample properties transition soly instead of a full
phase transition) and in high-MA region. The similarity of the
clusters indicates that the perovskite lm samples that have
a similar structure when they are fresh samples (observed via
XRD) experience similar color changes during degradation
(observed via RGB color), and vice versa, an observation that
strengthens the color proxy.

To understand the behavior of the clusters and to determine
how the two maps differ, we analyzed the cluster centroid
© 2023 The Author(s). Published by the Royal Society of Chemistry
samples (here, the most typical XRD spectrum of a non-aged
sample, Fig. 3b, or the color time series of a sample, Fig. 3d).
All the cluster centroid samples were dark and similar in
appearance to fresh samples (ESI Fig. S3†), nevertheless, they
degraded differently (Fig. 3d and ESI Fig. S3†). The degradation
of the perovskites via perovskite decomposition into PbI2 is
seen as yellowing. In RGB color representation, this means the
blue RGB channel decreases relative to the green and red
channels. The centroid of RGB cluster 2 experiences constant
yellowing during the aging test (intermediate degradation). RGB
cluster 1 retains color relatively well, with yellowing only in the
end (the least degradation). In RGB cluster 0, there are rapid
color changes in the rst minutes of the aging test and then the
mean color stabilizes to yellow color (the most degradation).
The mean RGB data of these clusters (Fig. 3d) follow the same
trends, as well as the RGB curves of the XRD cluster centroids
(ESI Fig. S3†).

The distinctive degradation trends among the three clusters
are explained by the initial structural differences between the
clusters. In Fig. 3b, XRD cluster 0 centroid shows distinctive
features from XRD cluster 1 and 2 centroids attributed to the
high d-CsPbI3 content in cluster 0. d-CsPbI3 is an orthorhombic
perovskite phase that is yellow and non-photoactive, and in
high content it may even result in the lm appearing yellow.
This yellow phase is also an accelerator for a-perovskite degra-
dation, possibly by acting as nucleation centers for decompo-
sition.43 This observation explains the differences in the high-
MA region between the XRD and RGB clustering – both high-
MA and high-FA samples turn yellow rapidly but the former
turns yellow due to perovskite decomposition and the latter is
aided by the presence of yellow d-phase. In XRD cluster 1
sample, more Cs are incorporated into the a-mixed-cation-
perovskite, and excess PbI2 remains in the lm. During aging,
the incorporation of Cs into a-perovskite lattice is expected to
improve perovskites' thermal stability, leading to a delay in the
color transition between the black a-mixed-cation-perovskite
and its decomposition product of yellow PbI2. We note that
the stabilization effect from Cs incorporation is counter-
balanced by the accelerated degradation due to the presence of
excess PbI2. Finally, XRD cluster 2 sample shows combined
features of the two other clusters. Higher Cs and lower FA in
perovskite crystal structure in cluster 2 samples compared to
cluster 1 is evident by the contraction of the cubic perovskite
lattices, shown in the right-shied (001) perovskite peak at
around 14°. The increased MA content in XRD cluster 2
compared to cluster 1 leads to weakened moisture stability
during aging tests, where the lms are expected to turn from
black to light yellow till transparent under high humidity.
Cluster 2 also has increased d-CsPbI3 content compared to
cluster 1. These differences among the XRD cluster centroids
(also visible in the XRD spectra of the RGB cluster centroids, ESI
Fig. S3†) are expected to lead to stability differences among the
clusters: cluster 1 > cluster 2 > cluster 0. This is indeed in line
with the observations from the color data. The degradation
chambers presented in this work have the capacity to produce
large amounts of data across large composition ranges with
little manual intervention. The clustering approach can be
Digital Discovery, 2023, 2, 422–440 | 427
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utilized for retrospectively analyzing the color degradation data
from the degradation chambers presented in this work and
guiding the in-depth analysis or further characterization to
cluster centroids.

Next, the color proxy is extended to bulk samples in addition
to perovskite lm samples. In this case, device efficiency is not
a direct useable metric, therefore changes in crystal structure
are used to elucidate the extent of degradation. Powder XRD
analysis was performed before and aer longitudinal aging
tests. Samples were aged for 150 hours at 0.15 Sun, 85 °C and
85%RH. As with thin lm testing, image capture was performed
at the visible wavelengths, with analysis of RGB channels.

Bulk crystals have a smaller surface-area-to-volume ratio
than thin lms. This means that degradation observed via
optical change occurs at the surface of the sample but may not
be indicative of subsurface structural change when the crystals
are opaque. To address this limitation, crystals were ground and
spread thinly across lter paper sample holders to ensure
uniform degradation across the volume of the samples and
increase the kinetics of degradation.

The complete reduction in peak intensity in the [CHMA]
[PbI4] crystals (Fig. 4c) shows that Bragg's law no longer holds;
the samples are no longer crystalline aer the degradation test.
In the MAPbI3 samples, the shis in peak intensity illustrate the
change to another crystalline structure (Fig. 4a). These changes
lead to distinct color change patterns of the samples during the
degradation test (Fig. 4b and d).

In summary, calibrated color change is established as a reli-
able proxy for degradation in perovskite bulk samples, thin
lms and solar cell devices, and has aided researchers to
improve perovskite device stability. This proxy is valid within
the following limits: (1) the decomposition phases are optically
Fig. 5 The MIT Aging Chamber Generation One with the main compon
humidity controller, and a darkening curtain that is placed on top of the ch
has a conical shade to produce even illumination to the 4 × 4 inch2 sam
a fan, and additional fans even out the humidity and temperature across
the chamber that is sealed with an insulation band and clips.

428 | Digital Discovery, 2023, 2, 422–440
distinguishable from the original sample at the wavelengths
selected for the hardware (light source and imaging system), (2)
the lag between color change and device efficiency decrease is
sufficiently small, and (3) bulk samples have a sufficiently large
surface area to volume ratio such that surface degradation is
representative of overall degradation.
3. Implementations
3a. First generation chamber at MIT (thin lms)

The MIT Environmental Chamber Gen. 1 (Fig. 5) is designed for
high-throughput degradation testing of perovskite lms with
areas of approximately 1.27 × 2.54 cm2. Color change is used as
a proxy for degradation which is induced by environmental
stress from the heated sample holder (up to 100 °C), increased
air humidity (up to approximately relative 85% air humidity
depending on the level of heating), and illumination (up to 0.16
Sun visible light). Calibration data for the chamber is available
in the open access documentation repository supplementing
this article (see Data and code availability statement). The
chamber is easily expandable for higher-throughput testing. It
can t 28 thin lm samples under each camera-lamp pair and at
maximum two pairs of lamps t into the chamber. The
components are chosen primarily so that they are widely and
readily available with reasonable cost, and can be adapted apart
from the main parts (the lamp, camera, lens, and reference
color chart shown in Fig. 5). Therefore, this version of the
chamber serves as a straightforward path for implementing
automated aging testing capacity for any laboratory willing to
expand towards stability research. The cost range of this version
of the chamber is US$2000–$5000 depending on the amount of
reused materials utilized in the process.
ents identified. Excluded from the image are a control laptop, Arduino
amber when the chamber is running. The LED lamp is ring-shaped and
ple holder area. The humidity is controlled by evaporating water with
the chamber. Two lamp-camera-sample-holder combinations fit into

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dd00089j


Fig. 6 Construction of the MIT Generation One Chamber. (a) Support frame with lamps, cameras, and evaporative humidity control system
attached. (b) Graphite sample holder loaded with high- and low-Cs content perovskite film samples. (c) The programmable camera is positioned
to look at the samples through a hole in the conical shade of the lamp. (d) Python analysis script crops the image to the sample holder area, slices
it to pieces containing the interior of each sample, averages the color and color calibrates it. (e) Average red, green, and blue (RGB) pixel color of
an exemplary perovskite sample over the aging test duration.
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The structure of the main parts within the chamber is illus-
trated in Fig. 6a (detailed description in the documentation
repository, see Data and code availability statement). The
humidity of the chamber is controlled via an Arduino-driven
stand-alone soware (shared in the code repository, see Data
and code availability statement). The sample holder temperature
is controlled with a resistive heater – thermocouple pair. The
chosen LED lamp is stable enough to be used with a xed
operation voltage during aging tests with durations from days to
few weeks. In addition to the controls, the chamber includes
a separate high accuracy air temperature and humidity logger as
well as a feature for detecting possible lamp failures or lamp
aging retrospectively from the image data (described in the
documentation repository). The building block design presented
above facilitates implementing only the necessary parts of the
chamber when the design is adapted for future applications.

The sample holder (Fig. 6b) is made of graphite to conduct
heat efficiently and is painted with matte, neutral gray paint to
avoid interfering with sample photography. Pins are used for
mounting the samples accurately on the sample holder, and the
surfaces are tilted to reduce specular reectance of the perov-
skite lm samples. The sample degradation during the aging
test is monitored via a ThorLabs DCC1645C CMOS camera that
is attached to the lamp dome (Fig. 6c). The camera was ordered
from themanufacturer with the infrared lter removed, in order
to expand the spectrum of the camera. The camera is controlled
with a LabVIEW program (shared in the code repository) in
which the main camera settings can be adjusted according to
the illumination conditions and the frequency of taking
pictures is set. Additional electric contacts can be added to the
sample holder for expanded in situ characterization but are
opted out in this chamber version. This is because a minimum
design producing data for machine learning -aided high
throughput aging testing was desired, i.e., the priorities were
© 2023 The Author(s). Published by the Royal Society of Chemistry
simplicity, expandability and data with machine-readable
quality with minimal interventions.

Image data is analyzed aer the aging test with a Python
script (shared in the code repository). Due to the consistent
shape of the samples, the script is designed to crop the images
to the sample holder only, slice them to single sample sub-
images, average the color over the sample, and color calibrate
them (a result from the script analysis is shown in Fig. 6d). The
color calibration is a crucial step in producing repeatable and
reproducible color data. It is performed by the aid of XRite
ColorChecker Passport (Fig. 5). The ColorChecker is photo-
graphed in the chamber in the place of the sample holder as the
rst image of each aging test, and used as a reference. The
difference between how the color of each color patch is known
to appear under a D60 reference illuminant and how they are
observed by the camera in the aging chamber is used as a basis
for calibrating the colors of the samples. The color calibration is
implemented via a 3-dimensional thin plate spline trans-
formation from the color space of the chamber to the reference
color space, rst transforming the colors from RGB color space
to LAB color space, then applying the spline transformation,
and transforming back to LAB color space. The approach is
described in detail in the ESI† of our previous work43 and the
code implementation is integrated into our analysis script
(shared in the code repository). The Python script applies the
color calibration automatically to all but the rst picture in the
aging test data folder and produces graphs on the average color-
calibrated sample color as a function of the aging test duration
(Fig. 6e).
3b. Second generation chamber at Haverford (bulk crystals)

The design principle of the Haverford Group's Aging Chamber
(Fig. 7) is to optimize image capture with bulk-crystal perovskite
Digital Discovery, 2023, 2, 422–440 | 429
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Fig. 7 The Haverford Environmental Chamber, for measuring bulk crystalline samples, with key componentry labeled.
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samples. Bulk-crystal samples have variable geometry, posi-
tioning on the substrate, and a smaller absolute, observable
surface area compared to thin lms. The samples in this
chamber are placed in nine separate wells, allowing for the
simultaneous testing of up to nine different samples. The
surface area of the bulk crystal samples ranges from 0.5–1.5
cm2. To adapt the chamber to the specic workow and sample
type, the image acquisition soware was modied along with
the sample heating/holding assembly, and chamber enclosure,
Fig. 8 An overview of the Haverford Environmental Chamber, and th
compartment (from bottom), and electrical components. (c) The imagin
control system.

430 | Digital Discovery, 2023, 2, 422–440
while keeping most of the hardware choices in the rst gener-
ation chamber. Minor changes were made in terms of hardware
placement, microcontroller choice, electronics storage, and
data acquisition scripts to suit lab operators' preference.

Hardware changes. The Haverford aging chamber uses the
same lighting, image acquisition, humidity control, and
heating hardware as the rst generation chamber. However,
image acquisition of smaller samples (necessitating a shorter
focal length and higher magnication) is more sensitive to
e modified systems. (a) The chamber enclosure. (b) The electronics
g/lighting system, and the sample heating system. (d) The humidity-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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refraction from changes in ambient temperature within the
chamber. As the chamber comes up to temperature, the image
from the camera distorts due to the changing temperature
gradient in the air. Hardware modications were made to
reduce air temperature uctuations within the chamber. The
chamber needed to be preheated to stable operating temper-
ature before samples were loaded and to return to thermal
equilibrium quickly aer loading. To accomplish this, the
Haverford chamber has a different enclosure Fig. 8a with
a vertical sliding door to reduce temperature loss when
loading Fig. 8a1, and a heated stage with high thermal mass
Fig. 8c4 to minimize the temperature dip when the sample
holder Fig. 8c3 is added.

The Haverford Chamber's enclosure Fig. 8a is built from
aluminum extrusions and ABS paneling Fig. 8a2. The oor of
the chamber is a G10–FR4 berglass-epoxy laminate panel
(“Garolite”) Fig. 8a3 to withstand the heated stage without
warping. The chamber is sealed with sealant tape compressed
between the panels and the aluminum extrusions. The opacity
of chamber walls eliminates the need to account for external
lighting uctuations. The underside of the enclosure contains
a separate compartment Fig. 8a4 and b used to mount and
organize the electrical components: Raspberry Pi Pico and
breadboard Fig. 8b3, power supply Fig. 8b4, AutomationDirect
Fig. 9 The image processing pipeline of the Haverford Gen. 2 chamber
from the raw image. In this case, the samples in well 9 (bottom right corne
on the white filter paper underneath the samples. (b) The known color of
be used as a green screen to remove all the filter paper pixels. This leaves
the original image. (d) The RGB values of the isolated samples can then

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature controller Fig. 8b1, toggle switches, Fig. 8b2, and
solid state relay Fig. 8b5.

Modications were made to the placement of circulation fans
Fig. 8d1, so that air ow to the sample stage does not shi the
samples during image acquisition. The water reservoir is 3D
printed Fig. 8d3 to mount to the chamber frame and press t
with the humidity control fan Fig. 8d2. The SI702 temperature/
humidity sensor Fig. 8d4 is mounted on an aluminum extru-
sion close to the heated stage. The chamber uses the same
Advanced Illumination DL097 lamp Fig. 8c1 as the MIT Gen. 1
design. The ThorLabs CS165CU camera is lowered Fig. 8c2 closer
to the sample holder, and the focal length of the lens (ThorLabs
MVL6WA) is adjusted to increase magnication. The total hard-
ware cost for the Haverford chamber is estimated at US$2500.

Soware changes. Haverford chamber uses calibrated color
change in perovskite crystals as ameasure of their instability. Bulk
crystalline samples require a new image analysis pipeline to
extract degradation data because (1) they are smaller than the thin
lms analyzed in the rst generation chamber, (2) they do not
entirely ll up the sample holder, and (3) their exact locations are
variable. To address this challenge, the Haverford chamber has an
automated image acquisition pipeline implementedwith OpenCV
in Python. This pipeline uses computer vision to automatically
isolate single crystal samples from the captured images and
. (a) First, a region of interest containing the desired sample is isolated
r) are selected. This is done using the Hough transform circle detection
the filter paper (acquired from a “blank” well without any samples) can
a mask that leaves only the samples. (c) This mask is then applied over
be analyzed.

Digital Discovery, 2023, 2, 422–440 | 431
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extracts their color change in RGB values over time (Fig. 9). This
process is very useful for small samples, as the chamber can
isolate them from the scene and mask the extraneous pixels.

This image processing is adaptable to other samples of
variable geometry. The only features the image isolation relies
on are circular lter paper, and sufficient contrast between the
sample and the paper. Any bulk sample that is placed on lter
paper with enough contrast can be automatically isolated from
the rest of the image, and its color changes extracted. This also
demonstrates that soware can be treated as another sub-
module of the chamber and varied independently from the rest
of the design for an adopter's specic use case.

To t the scripting preferences of the Haverford operators,
the original Arduino Uno was replaced with a Raspberry Pico
running MicroPython. The Pico controls the humidity fan, and
the two chamber circulation fans. All fans are 140 mm, powered
by a 12 volt line and mounted to the aluminum frame with 3D-
printed mounts. Data acquisition scripts were written in Python
on the data-logging computer to compile data from the Solo
4824 temperature controller, the Si7021 temperature/humidity
sensor, and the ThorLabs CS165CU camera and save them to
a specied experiment le.
3c. Second generation chamber at Stanford (full devices and
modules)

The Stanford Environmental Chamber is designed specically
for imaging heat-based degradation of full solar devices as well
Fig. 10 (a) The Stanford Enclosed Environmental Chamber composed o
optical camera (ThorLabs CS126CU and MVL12M1). (b) The aligned 6 ×

architectures on the imaging stage. The Stanford system analyzes the
illumination and imaging area of capture, allowing one to track and norma
in RGB values of the Color Checker between batches. Photobleaching o
use and can be tracked using this approach because the checker remains
two modes: continuous illumination and illumination only for photograp
photodecay with flash mode and accelerated device photo-aging in the

432 | Digital Discovery, 2023, 2, 422–440
as perovskite lms produced via the rapid spray plasma pro-
cessing (RSPP) method.47 Additionally, the chamber can
compare devices produced with other common fabrication
techniques like spin coating with RSPP perovskite lms. The
chamber maintains RGB color as a means to characterize
thermal degradation pathways in the perovskite thin-lm solar
devices similar to the rst generation chamber; however, to
exclude other degradation pathways, the chamber is constructed
to be assembled in a glove box under nitrogen atmosphere and
fully enclosed to prevent light impingement from external
sources (windows, glove box lights, room lighting, etc.). The heat
is applied directly to the lms placed against a hotplate at the
accelerated degradation temperature (generally 85 °C).

The Stanford perovskite lms and devices encompass
a variety of small cells, mini-modules, andmodule architectures
necessitating a large imaging stage capable of tting multiple
devices simultaneously. A at hotplate rather than the inclined
substrate used in MIT's work was selected as the imaging
platform to accommodate the varying perovskite lms and
device architectures with ease. Rather than placing the camera
within the light source as is the case with the MIT Gen. 1
chamber, the camera is outside the chamber to protect the
electronics via passive cooling along with providing a large eld
of view. The lighting sources are placed within the box at angles
to minimize glare and reection into the lens shown in Fig. 10a.
A maximum of 36 2 × 2 cm2 cells and a variety of module
architectures can comfortably t on the hot plate surface as is
demonstrated in Fig. 9c and 10b, respectively. Due to the need
f an illuminated and heated stage, XRite Color Checker, and mounted
6 grid for imaging small solar cells. (c) An example of RSPP module
passport Color Checker with each image, as the system has a large
lize color values against the checker along with following absolute drift
f the Color Checker is a particular concern over thousands of hours of
in the field of view in each image. Additionally, this system can be run in
h capture (flash mode). The two modes allow for a mitigation of device
fully illuminated mode.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for a high uniformity hotplate coupled with the large eld of
view quality optics, the total price of the Stanford Environ-
mental Chamber is estimated at US$7000. Cost reductions can
easily be achieved with lower-resolution optics (from 12.3 MP to
1 MP) that still allow for quality cell imaging.

3d. Second generation chamber at MIT (thin lms)

Similar to the rst generation chamber, the MIT Generation 2
Chamber (Fig. 11) is designed for high-throughput character-
ization of perovskite lms and other oxygen-sensitive materials.
However, the MIT Second Generation Chamber is designed
specically to have precision control of the dew point, which
facilitates performing long aging tests with very high humidity
levels. The chamber is integrated with a commercial solar
simulator instead of an LED lamp in order to extend illumina-
tion intensity to up to 1 Sun, and to add spectral control. These
features extend the chamber's capabilities for degrading
durable perovskite materials and, due to 1 Sun visible illumi-
nation source, are also more compliant under consensus
stability testing conditions for perovskite solar cells.15 This
second generation chamber is designed to cost less than
US$1500. The implementation of a commercial solar simulator
for increased range and delity comes with an increase in
chamber cost (approximately US$7500 with the solar simulator
at the time of assembly). However, this price still remains in the
low range in comparison to those of commercially available
degradation chambers.

The chamber is illuminated with a G2V Sunbrick class AAA
solar simulator with 625 cm2 illumination area and a spectrum
that is adjustable between 400–700 nm. The simulator is
Fig. 11 The MIT Environmental Chamber Gen. 2 setup. The setup for the
peristaltic water pump, water temperature controller, nitrogen gas flow re
the environmental chamber to minimize uncontrolled temperature and

© 2023 The Author(s). Published by the Royal Society of Chemistry
controlled with soware provided by the manufacturer. A
moisture-controlled environment is attained within MIT
Generation 2 Chamber through a double enclosure system
where the outer enclosure is lled with water to fully submerge
the inner chamber. Naturally, air within this enclosed chamber
approaches its maximum saturation dew point, however, by
piping dry nitrogen into the environment, the relative humidity
of the air is lowered to control the dew point. Additionally, by
having the chamber fully submerged in water, the temperature
can be precisely controlled due to the high heat capacity of
water.

The external chamber is open on the top and has a sliding lid
to minimize water evaporation while the internal chamber is
open on the bottom to the moisture-controlled air environment.
The internal chamber is submerged into the water-lled
external chamber and the upward buoyancy force is overcome
by securing the internal chamber underneath a set of plastic
rails, shown in Fig. 12a. Water is continuously circulated within
the system using a peristaltic pump via a water tube, illustrated
in Fig. 12b, to both regulate the internal temperature and empty
excess water from within the internal chamber air cavity. The
temperature of the internal sample environment is controlled
by the water temperature, which is regulated by an immersion
heater and programmable controller. A dry nitrogen line runs in
tandem with the water circulation line to control the relative
humidity of the internal chamber by releasing dry nitrogen into
the base of the internal chamber where the air cavity is located
within the submerged enclosure. A base plate that holds the
sample above the water line, shown at the bottom of Fig. 12c,
has a sealable door that opens when a fan, shown in Fig. 12e, is
chamber consists of an LED solar simulator, immersion water heater,
gulator, and a laptop to log data. A styrofoam casing shields the sides of
lighting fluctuations.

Digital Discovery, 2023, 2, 422–440 | 433
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Fig. 12 The MIT Environmental Chamber Gen. 2 construction. (a) (a1) A ThorLabs camera is mounted to (a2) a rail bracket for imaging the
samples in a fixed position. The camera and bracket are affixed to (a3) plastic rails that push against the top of the submerged internal chamber to
counteract the upward buoyancy force created by the air cavity. (b) The plumbing system consists of (b1) a water circulation line and (b2)
a nitrogen gas line. Dry nitrogen gas is added to the internal environment to lower the relative humidity through (b3) the gas outlet, following the
red arrow. The water level is regulated by siphoning water out of the chamber through (b4) the water inlet, following the blue line. (c) The internal
chamber that is fully submerged in water consists of (c1) a five-sided enclosure with an opening at the base and plastic grippers to allow for water
to freely flow under the enclosure, (c2) an angled sample holder, (c3) a thermoelectric device to heat the sample holder, (c4) an acrylic mount,
and (c5) a base plate with a sealable opening that allows for air circulation within the enclosure when a fan is activated. (d) A PCB temperature and
humidity sensor mounted within the internal chamber with insulated wires feeding through the base of the internal chamber and out the top of
the external chamber. (e) A circulation fan used to flow air from the moisture-controlled environment below the internal chamber into the
sample environment enclosure.
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activated to allow airow into the chamber. The relative
humidity of the sample environment is precisely controlled by
tuning the ow rate of dry nitrogen into the air cavity and by
circulating moist air from the water surface into the sample
environment.

Samples are mounted on the sample plate, shown in Fig. 12c,
at an angle normal to the camera line of sight. A ThorLabs
DCC1645C CMOS camera (with an infrared lter removed from
it) is mounted statically to a rail above the internal chamber to
image the samples. A Color Checker card is placed inside the
internal chamber to calibrate the camera color settings. A
quartz disk is placed on the top of the chamber in the aerial
transmission pathway from the samples to the camera to
minimize optical aberrations due to the chamber material and
water. The sample base plate has a thermoelectric module
installed underneath to provide the option of directly heating
the samples via conduction, as in the rst generation chamber.
A sensor, shown in Fig. 12d, is mounted within the internal
chamber to control the temperature and relative humidity of the
internal environment. Additionally, a separate humidity–
temperature tracker is used for tracking the chamber condi-
tions, as in Gen. 1 chamber. The culminating design of the MIT
Environmental Chamber Gen. 2 gives researchers better control
434 | Digital Discovery, 2023, 2, 422–440
over high-throughput materials degradation experiments in
extreme humidity conditions through the precise programming
of dew point, temperature, relative humidity, and illumination
spectrum within the sample environment.
4. Reflections and key learnings of
this open-hardware effort

The four chambers described in this work are a part of an
evolutionary-design process with two distinct generations of
chambers. The process provides useful insight for scientist-
developers who wish to share their hardware designs effi-
ciently yet impactfully.

This hardware disseminated and evolved organically, even
accidentally. Generation 2 hardware adopters were motivated by
the scientic results obtained using the Generation 1 tool, and
the offer to translate the technology within the context of
ongoing government-funded research projects. When devel-
oping the chamber, establishing the validity of the color change
proxy was essential in encouraging hardware adoption on the
other sites. In Free Open Source Hardware (FOSH) literature,
this step can be likened to proof of concept and validation,
where the utility of a design is rmly established, and its
© 2023 The Author(s). Published by the Royal Society of Chemistry
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functionality proven.48 In our case, the MIT team devoted the
upfront cost to establish the color change proxy through prior
research, which formed the foundation of the aging chamber's
experimental utility.40,43 While this proxy was developed in thin-
lm devices, the conrmed utility encouraged other sites to
implement the same experimental design in other sample
types. The Stanford and Haverford sites evolved the hardware
toward solar-cell devices and bulk crystal samples, respectively.
This expanded catalog of known use cases makes it easier for
further groups to adopt the hardware in the future, and estab-
lishes a rigorous, peer-reviewed foundation for further
researchers to reference, motivating the Generation 1 and 2
tool-builders to document their work.

In transferring open hardware between sites, we found that
“champions” of the technology-transfer process are integral at
both the “push” and “pull” sites. These key gures facilitate the
knowledge transfer, and actively communicate to modify the
technology for the pull site's successful adoption. Even with
thorough documentation, motivated contact persons at each
site greatly facilitate implementing new use cases. At the “push”
site, the champion acts to disseminate information on the build
process, direct adopters to the relevant source material, and
answer any remaining questions. At the “pull” site, the cham-
pion leads the effort in sourcing, building, and modifying the
hardware for the specic application. While there is signicant
upfront cost involved at the pull site with transferring and
adopting technology, user development has been recognized by
other proponents of free open source hardware as a key
advantage over traditional hardware by ensuring proper func-
tionality for specic use cases.49 Generally, we found that fun-
ded collaborations are more successful at technology transfer
than unfunded collaborations.

During technology transfer, a regular line of communication
between all the active sites was essential to avoid duplication of
effort, and to expedite adoption. The contact at the “push” site
can nurture parallel collaboration between “pull” sites. As an
example, the aging chamber's enclosure at Haverford was
replicated from observations of the Stanford group's design.
The improved enclosure increased the rate of preheating and
decreased heat loss from sample loading. These types of
improvements would have been more commonplace had there
been an organized community of adopters who would expand
the library of use cases for open hardware and act as another
source of information.50 Such a community is common-place in
developer and maker culture and would reduce the burden of
the push sites to support multiple adopting labs.51,52 In moving
to share hardware with larger groups, we emphasize that an
active community can crowd-source the time cost of supporting
open hardware.

Resistance to knowledge drain from moving researchers is
integral to ensuring longevity. A common aw of purpose built
laboratory equipment is that the knowledge to operate, main-
tain, and assemble the devices resides with the researchers that
develop them. In academic settings, this issue is compounded
by the movement of researchers to other institutions. We found
that in a large project like this, knowledge is decentralized
across multiple individuals. While decentralization is a major
© 2023 The Author(s). Published by the Royal Society of Chemistry
asset of open hardware,53 we found that it can provide a share of
difficulty. The process of tracking down knowledgeable parties
further complicates adoption by other sites. The knowledge
drain and decentralization can be combated by a robust
repository for all supporting les and documentation—even the
beta phase documents. Storage in shared drives can be
a liability; shared drive transferring issues and managing
permission adds unnecessary complications with transferring
between researchers and with dissemination. Even if a project
begins organically with les stored internally, it is worth
investing time in a robust, easily accessible le storage system
like GitHub.54 Community repositories not only allow the easy
sharing of hardware assets and operational knowledge, but also
motivate the push and pull site champions by providing
a formal route for referring to their work, and leverage the
combined knowledge of multiple adopters. Multi-modal infor-
mation transfer, including videos and photos, helped improve
efficiency and accuracy of communication. Of course, having
a lab manager or research staff involved further supports
knowledge permanence.

Thorough documentation is the most important aspect for
knowledge transfer and forms the backbone of adoption. The
minimum viable package in our experience includes
a comprehensive bill of materials, a library of standardized
le types for 3D models, a thoroughly commented codebase,
manual, and a permanent repository. It will be the rst point
of contact that pull sites will use, and will mitigate the effort
needed at push sites to support other groups. For potential
adopters, a thoroughly documented repository inspires
condence that the open source hardware is well supported,
maintained, and achievable to build. To that end, to foster
dissemination, hardware design should assume the lowest
common denominator in mechanical experience and
machine shop support at adopters' sites. This experience is in
keeping with other established design philosophies of open
hardware.48 Using aluminum extrusions and other readily
available pre-fabricated parts minimized the necessity for
custom hardware and machining in this work. The use of
consumer level electronics, like those available from Adafruit
and Sparkfun both lowers cost, and reduces reliance on
proprietary soware.55,56

Facilitating hardware evolution allows cumulative
improvements and branched applications that the initial
developers could not anticipate. While it is likely benecial to
maintain a base version of the hardware like in a typical open-
source code repository, in this work, we observed an added
benet from the branches that may evolve far from the base-
line design and cannot be readily merged with it. From this
viewpoint, creating simple community standards for doc-
umenting and sharing the work is more essential than
investing on standards for adding features to the baseline
design. In some cases, the latter approach can actually be
prohibitive for the evolution process. The evolution can be
further facilitated by thorough documentation, and open
communication between sites on the strengths and weak-
nesses of the existing design.
Digital Discovery, 2023, 2, 422–440 | 435
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5. Conclusions

We detailed the development and evolution of a stability
chamber that uses color change as a proxy for degradation, to
create a semi-automated system to test perovskite performance
under heat, illumination, and humidity. The specic aim was to
generate machine-interpretable data in a high-throughput and
low-cost manner. To achieve the target, we established cali-
brated color change as a proxy for structural perovskite degra-
dation in thin lms. It correlates with changes in device
performance arising from perovskite degradation. We also
established it as a valid proxy for structural change in bulk
perovskite samples, conrmed by powder XRD. The rst
generation stability chamber was conceived at MIT, and devel-
oped into an open source platform that underwent further
evolution at Haverford, Stanford, and MIT. At Haverford, the
chamber was modied to work with small quantities of bulk
crystals. At Stanford, the chamber was adapted to test full solar
devices in a glove box. At MIT, the chamber was adapted with
expanded dew point and spectral control.

In our reection on the open hardware-development process
and laboratory adoption, we found that an open source hard-
ware platform dramatically reduces upfront time to develop
bespoke equipment. The process of inter-laboratory transfer,
and open source dissemination is improved through dedicated
individuals at both push and pull sites, thorough documenta-
tion, and open lines of communication. Not only does this
increase the rate at which new labs can get open hardware
running, but it facilitates the process of hardware evolution,
increasing the capabilities of the platform.

6. Experimental
6a. X-ray diffraction measurements and aging tests for thin
lm perovskite samples

The perovskite lm data used in this work for clustering anal-
ysis is originally published in ref. 43 with full descriptions of the
sample preparation and measurement processes. A condensed
description is provided here in parts that are relevant for the
clustering analysis. The perovskite thin lms analyzed in this
work were spin-coated on cleaned and UV-ozone-treated glass
substrates. Over-stoichiometric PbI2 was used for synthesizing
all the lms in a molar ratio of 1.09 (PbI2) to 1 (CsI, MAI, and
FAI). Lead(II) iodide solution was prepared in 9 : 1 N,N-dime-
thylformamide to dimethyl sulfoxide solvent. The precursor
solutions were mixed to their nominal Cs-FA-MA compositions,
chlorobenzene antisolvent was used in the spin-coating, and
the spin-coated lms were annealed at 403 K for 20 min before
cooling them down to room temperature, cutting them in
halves, and transporting the other half to XRD measurements
and the other half to the degradation test. Grazing incidence X-
ray diffraction with incidence angle of 1° was performed with
Rigaku Smartlab with Cu-Kalpha sources. Reference XRD
spectra obtained from literature for delta-CsPbI3,57 delta-
FAPbI3,58 and alpha-perovskite43 were used as the basis of the
XRD analyses. It should be noted that the thin lm samples
have lattice strain leading to peak shis in the spectra
436 | Digital Discovery, 2023, 2, 422–440
compared to the reference powder samples. It should be also
noted that some of the compositions were prepared multiple
times and thus have duplicate XRD measurements. The degra-
dation tests for the lms were performed under 85 ± 2 °C
sample holder temperature, 85 ± 5% air humidity, and 0.15 ±

0.01 Sun visible light only illumination for 7000 minutes using
the rst generation degradation chamber presented in this
work. During this time, the samples were photographed auto-
matically with 5minutes intervals. The handling histories of the
samples directed to XRD or degradation differ starting from the
time point they were halved (for example, different times of
storage before measurement). In total 168 lms with varying
compositions were prepared (some with duplicate
compositions).

Camera data treatment for hierarchical clustering: one
perovskite lm was dropped from the analysis (agged as poor
quality already during sample preparation) and 5 reference
samples with Br content (detected in by the clustering algo-
rithm as their own cluster) were dropped from the analysis as
the purpose was to focus on iodide-only samples. There were no
missing or faulty time points in the camera data. The raw
camera data was color calibrated via three-dimensional thin-
plate spline method and sample colors extracted automati-
cally with the default soware of Generation 1 chamber as
described in chamber implementations. The red, green, and
blue channel time series of the color-calibrated RGB data were
appended one aer another for the clustering analysis.

XRD data treatment for hierarchical clustering: one XRD
spectrum was dropped from the analysis since the sample
composition could not be conrmed from the manually written
le name. All the XRD data was resampled to the same angle
resolution and normalized before clustering. XRD data with
normalization and no resampling is shown in the gures in this
work.

Hierarchical clustering: the color-calibrated lm color as
a function of aging test duration data were clustered using
a hierarchical clustering algorithm.59 Hierarchical clustering
was chosen among the clustering algorithms due to the
graphical analysis of the suggestive number of clusters, which is
ideal for the future repeated use of the degradation data clus-
tering repository in repeated retrospective analysis of the
degradation test data, should the users prefer to choose the
cluster centroid samples for spot-checks or in-depth charac-
terization. Hierarchical cluster distances were determined
using UPGMA algorithm and cosine distance measure that we
deemed suitable for spectral and time series data was used. In
the resulting dendrogram, three distinct clusters were detected
for both XRD and RGB datasets. Silhouette index with the
cosine metric (calculated in the XRD or RGB plane) and Davies–
Bouldin index with the Euclidean metric (calculated in the
composition plane) were used for selecting the correct number
of clusters for the respective datasets. The hierarchical clus-
tering was repeated multiple times with different numbers of
clusters and the number with the highest average silhouette
score and the lowest Davies–Bouldin index (both indicating the
best cluster separation), and the highest silhouette values for
individual samples, was chosen. A k-means clustering
© 2023 The Author(s). Published by the Royal Society of Chemistry
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procedure was additionally utilized as a reference method to
conrm that the cluster division is robust towards the clus-
tering method of choice. As the k-means algorithm uses the
Euclidean distance metric by denition, the k-means input data
was transformed with the cosine kernel principal component
analysis approach. Cluster centroids here were selected based
on the smallest Euclidean distance to the cluster average XRD
spectrum or degradation curve for the XRD and RGB data,
respectively. Cluster centroids were exposed to a detailed anal-
ysis as the typical representatives of each cluster.
6b. X-ray diffraction measurements and aging tests for bulk
crystal perovskite samples

The perovskite bulk sample data used in this work was created
in a workow modied to make ground samples for degrada-
tion analysis. The perovskite crystals were synthesized using
bench scale antisolvent vapor diffusion. The two bulk crystal
samples were prepared from stock solutions of methyl-
ammonium and lead(II) iodide dissolved in gamma-
butyrolactone, and cyclohexylmethylammonium and lead(II)
iodide dissolved in gamma-butyrolactone. The crystals were
grown over the course of 48 hours, then ltered and dried.
Powder X-ray diffraction measurements were performed on
a Rigaku MiniFlex X-ray diffractometer using CuKa radiation
(1.5418 Å). Rigaku Smartlab was used to conrm the correct
sample identity, reference XRD spectra were obtained from
literature for [CHMA][PbI4],60 and for MAPbI3.61 The remaining
sample was preserved in a vacuum desiccator until aging
chamber longitudinal testing. Longitudinal testing was started
less than 48 hours aer sample synthesis. Samples were
manually ground by mortar and pestle to a ne powder. Powder
X-ray diffraction measurements were taken one more time, to
both ensure that degradation had not occurred, and to provide
a pre-degradation powder pattern.

To prepare the bulk samples for degradation testing, the
powder was spread nely across 10 mm lter paper to enable
uniform degradation across the sample and increase kinetics.
Each different compound was plated in duplicate to ensure
enough yield for post-degradation powder X-ray diffraction, and
to further conrm uniformity across different sample locations.
No signicant spatial differences were found in post-
characterization. Once loaded in the chamber, samples were
held at 0.15 ± 0.01 Sun, under 85 ± 2 °C sample tray temper-
ature, and 85 ± 5% air humidity for ∼150 hours. To minimize
potential temperature differences, samples are constrained to
a heated sample holder with high thermal conductivity. No
signicant temperature, or humidity variations across the
sample holder were detectable via melt-temp standards and
external humidity probes. To minimize variations of light
intensity, samples were placed only within a small radius at the
center of the lamp's illumination. Samples in the chamber were
imaged every minute. Raw camera color data was color cali-
brated using the previously described method of the MIT Gen. 1
Chamber. Aer the degradation testing concluded, the samples
were removed from the chamber and post-powder X-ray
diffraction measurements were taken.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Data and code availability

Fig. 3 and 4 as well as ESI Fig. S2–S4† in this article contain new,
unpublished analyses. The data in Fig. 4 and ESI Fig. S4† are
available on Figshare. The data in Fig. 3 and ESI Fig. S2, S3†
have been made publicly available by the authors in an earlier
work43 and are now exposed to clustering analysis. The aging
test images and metadata are available on Figshare due to their
large le sizes:

� https://gshare.com/articles/dataset/MA_CHMA_pXRD_
Peaks_Pre_Post/20407794

� https://gshare.com/articles/dataset/MA_CHMA_System_
Pre_Post_pXRD_xls/20407758

� https://gshare.com/articles/dataset/Haverford_Aging_Ch
amber_Output_For_MA_CHMA_Perovskite_System_Updated_/
21944228

� https://doi.org/10.6084/m9.gshare.20506857
� https://doi.org/10.6084/m9.gshare.20523327
� https://doi.org/10.6084/m9.gshare.20521173
The aging test image data rendered into a widely useable

form (i.e., csv les with raw and color-calibrated color as
a function of time for each sample and metadata les with
sample compositions) and XRD data, as well as the analysis
codes directly reproducing Fig. 3 and ESI Fig. S2† are shared in
an open repository:

� https://github.com/PV-Lab/cluster-perovskite-data
All the documentation, CAD drawings, control and analysis

codes, and calibration data of the four degradation chambers
presented in this work are shared in the following open
repositories.

MIT Gen. 1 build and analysis of the image data (version
used for this work is 1.0):

� https://github.com/PV-Lab/hte_degradation_chamber
� https://github.com/PV-Lab/RGBanalysis
Haverford Gen. 2 build and analysis of the image data

(version used for this work is Haverford_1.0):
� https://github.com/rodolfokeesey/Haverford_Environme

ntal_Chamber
Stanford Gen. 2 build and analysis of the image data (version

used for this work is Stanford_1.0):
� https://github.com/ThomasWColburn/Stanford-Environm

ental-Chamber
MIT Gen. 2 build (control and analysis with MIT Gen. 1

codes):
� https://github.com/PV-Lab/hte_degradation_chamber_gen2
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chamber use and data analysis; R. K., A. T., T. C., J. S., M. Z., K.
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reviewing and editing the manuscript.
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