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Improving the economics of solar cells is a key component to enable rapid adoption of clean
electricity. Reducing the cost of photovoltaics can be attained by improving power conversion
efficiency, increasing module lifetime, and reducing processing and CAPEX costs. However,
mature technologies such as silicon are presently approaching fundamental efficiency limits, and
cost reductions have plateaued. Hybrid Perovskites (HPs) are an emerging material class that show
promise since they are inexpensive to fabricate via solution processing, and they have broadly
tunable material properties. The HP bandgap can be precisely tuned to pair with silicon in a tandem
solar cell, increasing the theoretical power conversion efficiency limit with minimal additional
processing costs. The work presented in this dissertation is broadly focused on improving the

performance and reliability of perovskite materials for photovoltaic applications.



First, I demonstrate a photoluminescence-photoconductivity (PL-PC) technique that directly
measures HP quasi-Fermi level splitting (AEr) and carrier diffusion length (Lp), which are
predictors of device open-circuit voltage and short-circuit current respectively. I use this PC-PL
technique to highlight several cases where AEr and Lp are anti-correlated and show the importance
of quantifying Lp in determining overall absorber optoelectronic quality.

Next, I focus on development of high-bandgap HPs for tandem applications. Although halide
mixing can increase the bandgap to make an ideal bandgap pairing with silicon in tandem
applications, the mixed-halide HPs suffer from lower relative voltages and phase instabilities under
illumination. Using high-throughput combinatorial exploration, I identified a new compositional
motif using larger guanidinium and smaller cesium to form a stable HP structure with enhanced
lattice strain. This class of mixed-halide HPs with enhanced strain show modified band structure,
higher film AEF, and device open-circuit voltage. I expanded the combinatorial exploration of HP
compositions and collect a dataset of 13,000 photoluminescence (PL) spectra indexed by
composition. Additionally, I show a proof of concept of using a machine learning approach to
predict material bandgap and optoelectronic quality fraction. I also study the origin and impact of
phase segregation in mixed-halide HPs and discover phase segregation occurs due to excess charge
carriers, which can be generated either by photoexcitation or by current injection.

Finally, I study degradation of HP films and devices in various combinations of light,
atmosphere, humidity, and thermal stresses and use a machine learning model to link early time
behavior to the time it takes the material or device to degrade. This effort reveals simple optical
measurements such as transmittance and dark field microscopy have considerable utility in

identifying early signs of HP degradation.



Collectively, the work included in this dissertation demonstrates considerable progress toward
understanding optoelectronic performance and reliability of a wide class of HP materials, with

focus on high-bandgap HPs useful for tandem applications.
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Chapter 1. INTRODUCTION

Rapid reduction in CO, emissions to meet Paris climate targets and curtail the effects of climate
change requires development of cheap renewable energy generation capable of meeting global
demand. Remarkably, the system costs of ¢c-Si, the incumbent photovoltaic (PV) technology, have
decreased dramatically in recent years to 2.70 $/W (residential) and 1.06 $/W (utility-scale)',
achieving “grid parity” (i.e. where the cost of electricity from PV is less than or equal to the cost
of electricity from the grid) in many states. However, solar energy still only accounts for 1.3% of
U.S. utility electricity generation®. Part of the reason for the slow adoption of solar is the
prohibitively high cost of building new photovoltaic (PV) production facilities to increase the
production rate of PV modules. This up-front capitol expense, or CAPEX, is typically about $1 for
every peak-watt of PV modules the factory produces per year for c-Si’. Typical PV factories
manufacture at least 200 MWp/yr, and thus the upfront investment is typically in excess of $200M.
Since the profit margin for PV manufacturing is low, this upfront investment carries substantial
financial risk’>. Another factor prohibiting further cost reductions in current PV is the high
proportion of soft costs (all costs except module and hardware) in the final price, which accounted
for 1.90 $/W for residential c-Si in 2017 (63% of the price)'. These soft costs include installation
and permitting and are unlikely to see dramatic cost reductions in coming years. Increasing module
efficiency is one viable approach to reduce these soft costs on a per watt basis and reduce the
overall levelized cost of electricity (LCOE). One method to increase module efficiency is to
combine absorbers with different bandgap to more efficiently manage the solar spectrum (called a
“tandem” solar cell when two absorbers and two junctions are used). Indeed, Sofia et al. recently

compared the economics of state-of-the-art II-VI and CIGS cells in single junction, two-terminal
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and four-terminal tandem configurations®. They found the four-terminal configuration has the
lowest LCOE for residential installations in all climate zones considered (dry, temperate, and
humid) despite having the highest module cost per Watt. This work demonstrates the added
complexity of multijunction solar cells has economic benefit.

Beyond power conversion efficiency, another factor intimately tied to the economics of PV is
reliability. First, any new PV technology must first demonstrate it is reliable in order to secure
investment in production and growth (it must have “bankability”). Further, the LCOE of a
particular technology can be reduced by decreasing degradation rates and extending lifetime
electricity production. For example, the DOE Solar Energy Technology Office 2030 goal of 3
cents / kWhr LCOE can be met by an 25% efficient device with 0.2% year-over-year, 50 year
lifetime, and $0.25 module price, yet a 25% device with 1% year-over-year degradation and 20
year lifetime cannot meet the 3 cents / kWhr LCOE even if the module is free. Thus, the practicality
and economics of any PV technology is intimately tied to its reliability.

In summary, a PV technology capable of meeting the global energy demand at a competitive
cost to fossil fuel alternatives should (i) be processed on equipment that doesn’t require exorbitant
CAPEX, (ii) have high efficiency (to offset installation and other soft costs), (iii) be composed
materials with earth-abundance capable of meeting global demand, and (iv) have a reliably long
module lifetime.

The hybrid perovskites (HPs) are a recently discovered material class with potential to meet
the above requirements. Power conversion efficiencies (PCEs) of HP solar cells have increased
faster than any other PV material in history, and HP devices do not require use of any rare or
expensive elements.”” Cells can be fabricated from low temperature (< 150 °C) solution

processing, indicating that CAPEX up to an order of magnitude lower than c-Si is possible’. Open-
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circuit voltages (Voc) from completed devices of the 1.6 eV HPs have reached 92% of their
detailed-balance maximum (VOC,SQ)Q‘ The limited effect of non-radiative recombination in HPs
despite fabrication via solution processing have shown that energetically favored intrinsic defects

do not create effective Shockley-Read-Hall recombination centers'*'?

. Either their populations are
low, they have small capture cross-sections due to the large dielectric constant of HPs, or their
energy levels lie close to the band edges or within the bands themselves. This “defect tolerance”
in HPs has been attributed to the orbital character of the band extrema (CB minimum consisting
of bonding orbitals with the VB maximum consisting of antibonding orbitals — opposite of typical
semiconductors), the low charge carrier effective masses, and the high static dielectric constant'>”
16

An intriguing and exceptionally useful quality of the HP material class is its compositional
variation leading to tunability of material properties. HPs have stoichiometry ABX3, where A may
be an organic or inorganic monovalent cation such as methylammonium (MA"), formamidinium
(FA"), or cesium (Cs"), the B site is a divalent metal cation (usually Pb™ or Sn™), and X is a
monovalent anion, typically I or Br. Since each lattice site can be continuously alloyed between
different ions, the HP material class has an endless composition space contributing to the material
versatility. For example, as the X site is alloyed from pure I" to pure Br in MAPbX3, the material
bandgap (Ey) changes continuously from 1.6eV to 2.3eV'. Further, for (FA,Cs)BL;, as B is
changed from pure Pb** the pure Sn™, the bandgap goes through a minimum at about B =
Sng 75Pbg 25 with E; = ~1.2 eV'®2!. This bandgap tunability enables the realization of two-terminal
tandem solar cells which have potential to better utilize the solar spectrum without adding

significant additional module costs. HPs can be implemented into a tandem with a mature PV

technology with ~1.1eV bandgap (such as c-Si** or CIGS™) as a runway to commercialization, or
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HPs with different bandgaps can be utilized together in tandem configuration for a completely

solution-processed technology with practically attainable PCE of 32%".
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Figure 1.1. Select literature data showing device VOC vs. Eg for many different HP
devices from Yangzs, Yang26, Bi27, Anaraki4, BaenaS, Salibag, Yulz, Forgacsls, McMeekinl6,
Jacobsson®!, Eperon'®, Rajagopal'® *®, Duong®, Yang, Zhou®', Chen’?, and Abdi-Jalebi>. The x
value represents photovoltage as a percent of theoretical (“Shockley-Queisser”) maximum. The
dashed lines are to guide the reader, highlighting the VOC does not increase as expected for Eg >
1.70 eV.

Although two-terminal tandem configurations have the greatest possible economic benefit*”,
the current matching constraint requires precise bandgap pairings to optimally utilize the solar
spectrum, with 1.75eV and 1.82eV having ideal top-cell bandgaps for 1.10eV (c-Si) and 1.22eV
(Pb-Sn HP) bottom cells respectivelylg. However, the highest Voc/Voc sq reported for a HP in the
1.70-1.85¢V bandgap range is ~85%'***, compared to 92% for the lower bandgap HPs’. In other
words, as the HP bandgap increases from 1.6 to 1.8 eV, the maximum reported Voc remains
constant at ~1.24V, suggesting there is no benefit in using a 1.75¢eV top cell over a thinner 1.6eV
top cell. Figure 1.1 shows many reported Voc’s as a function of bandgap and confirms the voltage

29, 35

deficit is greater for HPs above ~1.7eV™" *°. High-bandgap perovskites also suffer from shorter
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carrier diffusion lengths than the lower E, alternatives, which is due to shorter carrier lifetimes

.. . . . 1o, 36.3
(faster non-radiative recombination) as well as lower carrier mobilities®® *’.

Another concern with the high bandgap HPs is their phase instabilities upon illumination or

30, 3L 3840 Hoke et al. demonstrated the I and Br ions redistribute under

current injection
illumination and form a secondary phase. The photo-excited carriers transfer into the lower
bandgap I-rich phase before recombining radiatively as shown by a photoluminescence (PL) peak
red-shift upon continuous illumination. This phase segregation is reversible as evidenced by the
PL peak position reverting to its original position after the perovskite is left in the dark. Phase
segregation has been shown to have adverse effects on device performance®’, which has been
associated with carrier confinement in the low bandgap phase, reducing current collection and
attainable AE¢*" *!. Several groups have reported high bandgap (FA,Cs)Pb(I,Br); HPs are phase
stable and have shown stable PL emission and device power output under 1 Sun illumination for

16, 29, 36, 37

modest time periods , yet the phase stability of this composition is debated and seems to

depend on fabrication route™ *

. In addition to phase segregation exhibited by the mixed-halides,
HPs have exhibited other forms of instability issues. HPs degrade upon exposure to water or in the
simultaneous presence of oxygen and photoexcited or current injected carriers’> ***. HP devices
have further instabilities due to reactions with metal electrodes and some carrier transport layers™>
33459 Understanding the operational stability of perovskites is essential for the technology to
mature, yet forecasting performance is particularly difficult since degradation modes are quite
different from more mature PV technologies so industry standard tests are not sufficient to prove
reliability of HP modules. To achieve the DOE SunShot goal of $0.03 $/kWh levelized cost of

electricity by 2030, year-over-year degradation rates in operational deployment must be reduced

to less than 1%">".
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This dissertation contributes to development of perovskite photovoltaics through three
different thrusts: i) development of tools for rapid perovskite optoelectronic quality
evaluation, ii) discovering factors limiting the optoelectronic quality of high bandgap
perovskites and leveraging this insight to develop high quality high bandgap perovskite
materials, and iii) identifying early signs of degradation of hybrid perovskites in order to

forecast perovskite solar cell lifetime. The chapters of this dissertation are organized as follows:

Chapter 2 outlines theory and practical considerations for performing photoluminescence and
photoconductivity measurements on neat perovskite films. This chapter does not present any data,
but rather reads like a tutorial and is included as a reference for future researchers (particularly

future Hillhouse lab students and post-docs).

Chapter 3 presents work examining the correlation between photoluminescence and carrier
transport in perovskite thin films, which was published in Journal of Physical Chemistry Letters’ .
In this work, we demonstrate a simultaneous method to determine perovskite quasi-Fermi level
splitting and carrier diffusion length and compare these properties to device Voc and Jsc. This
work provides a framework for much of the subsequent work involving study of perovskite quasi-

Fermi level splitting and carrier diffusion length.

Chapter 4 studies the stability of high bandgap, mixed-halide perovskites and demonstrates
halide phase segregation occurs under current injection. This work was published in ACS Energy
Letters’’. This work progresses the understanding of the phase segregation phenomenon and

directly demonstrates the impact of phase segregation in two terminal tandem solar cell operation.

Chapter 5 addresses the voltage deficit in high bandgap perovskites and demonstrates non-
radiative recombination can be suppressed by inducing lattice strain on the A-site with

guanidinium alloying. This work was also published in ACS Energy Letters’>. We demonstrate
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record high bandgap device Voc’s in this paper, and section 5.5 includes some unpublished work

that shares a method to improve Voc’s even further.

Chapter 6 shares high throughput perovskite compositional exploration and subsequent
machine learning modelling of perovskite bandgap and optoelectronic quality. This work provides
a proof of concept that machine learning can be used to predict perovskite properties, and it reveals

some unique machine learning challenges that arise from our combinatorial library dataset.

Chapter 7 focuses on understanding the degradation trajectory in perovskite films and devices
and leverages this insight to predict material lifetime using machine learning. We show that simple
optical measurements of transmittance and dark field microscopy at early times in the degradation
trajectory can accurately forecast a material or device lifetime. This work was published in ACS

Energy Letters™.

Collectively, the body of this work contributes to operational realization of efficient and stable
perovskite devices, with a particular emphasis on high bandgap perovskites for tandem
applications and understanding perovskite reliability. The work is summarized in Chapter 8 which

also gives a future outlook.



Chapter 2. OPTOELECTRONIC CHARACTERIZATION OF NEAT
HYBRID PEROVSKITE FILMS

Solar cell research naturally must include regular device fabrication to test hypotheses in a real
power production scenario. However, device fabrication can be complex and time-consuming, and
device results do not lend toward complete understanding of the underlying material level
properties. In much of the following work, we employ measurements on perovskite neat absorbers
outside of a device to understand the perovskite material properties and how these properties may
influence device performance. Studies on neat semiconductor material properties have many
benefits: 1) simple measurements are amenable to high-throughput collection allowing for broad
exploration, ii) direct measure of optoelectronic properties clearly shows the capabilities of a
particular material without confounding information from devices, and iii) evaluation of material
optoelectronic properties in coordination with device measurements can be used as a diagnostic
tool to understand what is the limiting factor in devices.

Here, I discuss use of photoluminescence (PL) and photoconductivity (PC) for measurement
of neat perovskite optoelectronic properties. These two measurements are informative for the
device application of these semiconductors because the PL is related to the device Voc, and the PC
is related to the carrier transport contribution to Jsc. This chapter is included to give relevant theory
as well as practical considerations for performing these measurements of neat perovskite thin
films. Some of the information is redundant with work included in certain publications’”* but is
organized here in a single chapter for use by future researchers who are interested in performing

these measurements.



2.1 PHOTOLUMINESCENCE

Excellent PV materials will also function as excellent emitters, since the balance between
unavoidable radiative recombination and undesirable non-radiative recombination will be
favorable. The photoluminescence quantum yield (PLQY) encodes information about the relative
rates of radiative and non-radiative recombination. The steady-state quasi-Fermi level splitting
(AEg), which is the difference between the steady-state non-equilibrium Fermi energy of the
conduction band and of the valence band, sets the intensity of the PL and can be determined by
fitting the spectral emission profile’* >*. A material with 100% PLQY would have precisely the
radiative limit quasi-Fermi level splitting (AEp,.q), which is typically slightly reduced from the
Shockley-Queisser quasi-Fermi level splitting (AErsg) due to the presence of a non-abrupt
absorption onset because of sub-bandgap absorption. Measuring AEr on a neat film gives the
maximum attainable Voc for a device with that film as its active layer (Vocmax = AEr/q). Further,
comparing the measured AEr to AErsq gives an easily calculated and fair metric to reveal if
increases in AEr are keeping up with increases in bandgap. By studying the quality of the HP layer
outside of a completed device stack, we directly assess the limitations of the material itself without
complicating factors such as defective interfaces or band alignment. In the following work, various
methods of calculating AEr from AIPL spectra are employed, the “full-peak fit”, the “high energy

tail”, and the “PLQY” methods. These three methods are discussed below.
2.1.1 PLQY Method

The simplest method uses an expression proposed by Ross:

AEF = AEF,max + kT ln PLQYEXC (2.1)
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where PLQYg,; is the external photoluminescence quantum yield. This method, which we will call
the “PLQY” method, is simple and can be used to estimate quasi-Fermi level splitting if little is
known about the material. One limitation is ambiguity about what is the most appropriate value
for AEE pqy- If little is known about the material, we can do a Shockley-Queisser calculation
assuming the bandgap equals the PL peak position and replace AEg 4, With AEf 0. However,
this can overestimate the quasi-Fermi level splitting if there is a significant portion of sub-bandgap
absorption and emission. More appropriately, if AEg,,q is determined, it can be used as the AEg max
ineq. 2.1.

Some limitations of the PLQY method are 1) the temperature is typically arbitrarily chosen
(usually we use T = 320K), ii) if AEf 5 is used for AEg 4, then this method will overestimate
the AEr since losses from sub-bandgap absorptivity are not taken into account, and iii) calculation
of AE[ 5o requires accurate knowledge of bandgap, which is not always available, and use of PL

peak position as the bandgap can give additional error.
2.1.2  High Energy Tail Fit Method

Alternatively, the “high energy tail fit” method fits the high energy tail of the PL peak to the

generalized plank law. Rearranging the plank law and employing the Wein approximation yields

1 AEg
= ——E+ 2.2)

kT~ ' kT

Ip (E)h3c?
In|—————
2nE?

which can be fit with a line when the photoluminescence is plot on a log-scale. This method
improves upon the simple PLQY method since it does not rely upon an assumed value for T or for
AEL pqx- Although this is a relatively simple method, the fit temperature (and thus AEf) is

dependent on precisely which energy window is used for the linear fit suggesting there is not
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necessarily a unique T-AEr combination that gives the best fit. Thus, in practice I find myself using

the PLQY method and/or the full peak fit method but rarely the high energy tail method.
2.1.3  Full Peak Fit Method

The third method used to calculate AEr is the “full peak fit” method which follows the

procedure of Katahara and Hillhouse™. We use a modified Lasher-Stern-Wiirfel equation®” >®

given by
2nE?  a(E,AEp,T)
Ip (E) = h3c? (E — AEF) _1 (2.3)
exp (7

where the absorption coefficient is modeled by

a(E) = m[jﬁ (exp (— |%|9> /(E - Eg) - u) du (2.4)

where I' is the gamma function, y is an energy broadening parameter for sub-bandgap absorption,
6 is an exponent to describe the form of the sub-bandgap tail, and Egis the direct transition
energy’". The full form of eq. 2.3 used in this study is given as equation 22 in Katahara and
Hillhouse™, which accounts for non-zero band occupation in the absorption model. The modified
absorption coefficient, which incorporates occupation effects (assuming symmetric splitting of
quasi-Fermi levels from mid gap) is given by
a(E, AEy) = aoy (E) (1 - ﬁ) (2.5)
e 2T +1

where @,k (E) is the absorption coefficient model at zero band occupation (given by eq. 2.4). Note
that the full peak fit requires a single photoluminescence peak.

The full peak fit gives us a model for sub-bandgap absorption that describes measured data.

Thus, we can use this absorption model to determine the radiative limit quasi-Fermi level splitting,
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AEF 124, Which is typically lower than the Shockley-Queisser limit due to the presence of sub-
bandgap absorption and emission. AEp 4 is calculated numerically with an internal balance
equation (Generation = Recombination) where the only recombination considered is radiative.

This balance can be expressed as

G(E; 0,y,AE;) = f Ip,(E)dE (2.6)
0

where Ip; (E)dE is given by equations 2.3-2.5 and the generation flux G is given by

G(E,0,v,AE;) = fo ; ba1ser(E) (1 — exp (—da(E, E,,6, y,AEF))) dE 2.7)
where d is film thickness and b1 567 (E) is the AM1.5GT spectral photon flux. We use the sub-
bandgap absorption model described in eq. 2.4-2.5 in the expression for absorptivity, accounting
for occupation effects.

The full peak fit method is the most accurate and justifiable method for determining the AEr
since it determines the temperature through fit to experimental data and accounts for losses due to
sub bandgap absorption. Additionally, the full peak fit gives quantitative information about the
nature of sub-bandgap states and provides a method to determine AEp.,q. However, the full peak
fit is also the most complex method so some care needs to be employed in fitting spectra (typically
it is poor practice to fit a large number of spectra without manually observing the quality of the
fit). Additionally, the PL data needs to have good signal to noise for a meaningful full peak fit.

Some practical considerations for the full peak fit are listed below.
2.1.4  Practical Consideration for Full Peak Fit

A few practical considerations should be followed for most accurate and reproducible full peak
fit results. First, the ayd parameter should be set rather than fit, fitting the ayd can lead to unstable

fit results (fitted parameter values that depend strongly on the initial guesses). The ad can be fit
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from literature or by using measuring UVvis absorption and profilometry on your film to determine
an appropriate value. Second, the fitting range should be chosen carefully. Typically, the fitting
range should be the entire range of the spectra where there is signal above some noise threshold
(typically I use 10 cts/sec). That means I cut off the edges of the spectra that fall below 10 cts/sec.
However, a subset of this range should be used to exclude low-energy tail data if it is clear there
are deviations from the LSWK model at low energies. See Figure 5.8 for an example of a
perovskite film that has a sub-bandgap absorption behavior that follows 8 = 1.5 near the bandedge
and 8 = 1.0 far below the bandgap. If this behavior is observed, excluding this region will give
better estimates of the fit parameters (although the fit will then slightly underestimate AEF).
Finally, I recommend fitting the log-transform of the PL spectra rather than the PL spectra in
normal units. Without a log-transform, the high energy and low energy tail regions will have
minimal impact on the total fit which can lead to large errors fitting these regions. Python code for

performing the full peak fitting is in my “PVtools” Github repository.
2.1.5 Absolute Intensity Wide-field PL

The confocal PL instrument is calibrated to absolute emitted photon flux units using a
blackbody calibration (see Ian Braly’s dissertation™ for the most detailed account). However, the
wide-field instrument does not provide spectral information, so such a calibration is not possible.
Our strategy is to use an indirect calibration by comparison to the confocal PL emitted flux. First,
take several samples (with various PLQY)) and measure with both wide-field PL and confocal PL
(ensure the region of interest is the same and there are many spectra collected across the region of
interest to ensure good statistics). Then prepare a “calibration curve” (should be a straight line)
comparing the counts/sec from the wide-field camera to the PLQY from the confocal instrument.

Some important considerations: i) ensure the spectral emission is similar for the test samples and
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the calibration samples, since the responsivity of wide-field optical path depends strongly on
emission energy, and ii) ensure that the background counts are subtracted from wide-field data.
The camera defines as 100 counts for 1x1 binning and 1600 counts for 4x4 binning, the curve will

have significant error in 4x4 binning case if this is not considered.

2.2  PHOTOCONDUCTIVITY

PL allows for quantification of AEg, which is the maximum Voc that can be attained with a
device made with the same material. However, as I discuss in detail in Chapter 3, high AEg is
necessary but not sufficient for a good PV material — a perfect PV material will also have excellent
transport. The Jsc of a solar cell will depend on 1) the total absorbed photon flux, ii) presence or
lack of energy barriers to carrier extraction in electron or hole selective contacts, and iii) ability
for charge carriers to move through the absorber through a combination of drift and diffusion.
Clearly, even with an absorber with excellent properties, some device engineering is essential to
deal with factors 1) and ii) and enable high Jsc. However, an absorber with poor carrier transport
through the film will have limiting Jsc due to iii), which is particularly important in HP devices
where built in fields are largely screened out due to ion migration®. Thus, we developed a simple
photoconductivity measurement as a method to assess diffusion in perovskite films.

The PC measurement provides a relative measure of carrier transport in semiconductor thin
films. Through the theory below, we show photoconductivity can be transformed to quantify a
“mean carrier diffusion length” in perovskites, which can be used to rapidly assess transport in

perovskite films.
2.2.1 Theory

To assess the carrier transport properties we measure the lateral DC photoconductivity:
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Opn = 0, — 0g (2.8)
in a four-point probe geometry. Here, o; is the conductivity under illumination and gy is the
conductivity in the dark. At steady state under constant illumination with a known photon flux
from a calibrated LED source, the average volumetric photogeneration rate G (cm™ s™') in an
optically thick film is approximated by dividing the incident photon flux by the film thickness. For
cases where the carrier diffusion length is close to or greater than the film’s thickness (such as the
case here), the effective non-equilibrium excess carrier concentration is approximated by p,rr =
Gy, for holes and n. s = G7, for electrons, where 7, is the free hole and 7, is the free electron
lifetime. Here, the free carrier lifetime is the average time a photoexcited charge carrier is free to
move spatially before it recombines®. The relation between photoconductivity and mobility-
lifetime product of the charge carriers is given by®":
Opn = qQ(UpDeff + UeNerr) = GG (UpTh + UeTe)- (2.9)
Here, q is the elementary charge, pj is the hole mobility, and p, the electron mobility. Noting
that the diffusion coefficients and diffusion lengths for holes and electrons are D, = kTpu;/q,
D, =kTu./q, L, = \/m, and L, = \/E, respectively, where k is the Boltzmann constant

and T is the absolute temperature. We multiply both sides of eq. 2.9 by kT/2q’G and then take the

square root:

\/UphkT _ \/%(Lhz + Lez)' (210)

2q2%G
We note that the right-hand side is simply the root mean square of the electron and hole diffusion
lengths. Importantly though, the left-hand side is easily calculated from a known photogeneration

rate and measured photoconductivity. We define this mean diffusion length as Lp =

w/O'phkT/Zqu.
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This photoconductivity measurement may be carried out concurrently with time-dependent
measurement of absolute-intensity PL using a calibrated wide-field PL microscope with low
magnification lens to provide illumination over the entire device and collect the PL. Hence, one
gets information about photoexcited carrier transport and the steady-state radiative efficiency (and
thus the quasi-Fermi level splitting, AEp), simultaneously. We note, however, the information
contained in Lp does not reveal the individual diffusion lengths of electrons and holes. In the most
general case individual diffusion lengths of electrons and holes may differ significantly since each
may have different free lifetimes due to defects with different capture cross-sections for the two
carrier types. Here, Lp measurements provide a simple method to detect relative changes in
diffusive transport properties in an HP film. Several examples showing comparison between film

Lp and device Jsc are presented in Chapter 3.
2.2.2  PC Measurements using Lock-in Technique

In early work, we used a 4-point probe geometry to assess photoconductivity and measure
Lp’’. Eventually, we moved to a 2-point geometry since we found good agreement between the 4-
point and 2-point geometry indicating that there was ohmic contact between Au contacts and HP
film, and the 2-point geometry is able to detect weaker photoconductivity signals®>. More recently,
we have needed to detect very small photoconductivity signals with high background signal for
measuring a small region of interest along a composition gradient, which motivated development
of a modified photoconductivity method that includes lock-in amplification of the
photoconductivity signal. This method allows for accurate quantification down to very low signals.

A schematic of the updated method is shown in Figure 2.1.
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Figure 2.1. Schematic of photoconductivity measurement including lock-in amplification
and simultaneous wide-field photoluminescence and transmissivity

The basic principle behind the lock-in measurement is that the excitation light source is
modulated at a high frequency which creates an AC photoconductivity signal. This AC signal is
detected by a lock-in amplifier which rejects all DC background. This is extraordinarily useful —
we have successfully used this method to detect smaller photoconductivity signals as well as
photoconductivity signals with long channel geometries (for gradients) with a high background
noise. The pulsed excitation source is attained using a waveform generator connected to Lumencor
LED (no mechanical chopper is needed). All the instrument control for Keithley 2400 source
measurement unit, SRS810 lock-in amplifier, Agilent waveform generator, and Lumencor LED is

performed with Python’s pymeasure; all codes can be found in my “hpdb” Github repository.
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2.2.3  Practical Considerations for PC Measurements

Best practices for accurate and reproducible PC measurements should adhere to these practical
considerations. First, note the temperature effects will influence the photoconductivity; care should
be taken to control temperature, minimize radiative heating, or at the very least, ensure all samples
have the same measurement protocol and heating profile. When moving to a new material system,
start with a 4-point measurement voltage—current sweep and compare results to a 2-point
measurement before adopting the 2-point measurement. Note the channel width and film thickness
will impact the absolute values of the photoconductivity. For channel width, a channel width larger
than the quenching length should be used. As the channel width decreases to within a length where
PL is noticeably quenched by the proximity of the contacts then the measured Lp will be lower
than the true Lp. Understanding the thickness dependence is more difficult — the assumptions in
the above Lp definition require that the film thickness is less than or equal to Lp. If this is not true,
relative trends will hold, yet the measured Lp will again be an underestimation of the true Lp (since
carrier density diminishes through the depth of the film). Interpretation of Lp vs. film thickness is
not necessarily straightforward since altering thickness is usually accomplished by modulating
solution concentration, which can have other effects on crystallization and defect density (not to
mention thinner films will have less absorption and higher steady-state carrier density). Note for
lock-in measurements, care must be taken to choose the shunt resistor resistance — higher resistance
will give better signal to noise, yet resistance must remain less than 10% of the total resistance in
the circuit (including the sample). The sensitivity and time constant values for lock-in should also

be chosen appropriately.
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Chapter 3. CORRELATION BETWEEN PHOTOLUMINESCENCE
AND CARRIER TRANSPORT IN PEROVSKITES

This chapter describes a photoconductivity technique to extract carrier diffusion length and
shows the importance of quantifying transport in HPs in three important example cases
(degradation, phase segregation, and passivation). This chapter was published in Journal of
Physical Chemistry Letters’’ and awarded ACS Editors’ Choice. Reproduced with permission’”;

Copyright 2017 American Chemical Society.
3.1 ABSTRACT

High bandgap mixed-halide hybrid perovskites have higher open-circuit voltage deficits and
lower carrier diffusion lengths than their lower-bandgap counterparts. We have developed a
Ligand-Assisted Crystallization (LAC) technique that introduces additives in-situ during the
solvent wash and developed a new method to dynamically measure the absolute-intensity steady-
state photoluminescence and the mean carrier diffusion length simultaneously. The measurements
reveal four distinct regimes of material changes and show that photoluminescence brightening
often coincides with losses in carrier transport, such as in degradation or phase segregation.
Further, the measurements enabled optimization of LAC on 1.75 eV bandgap
FA33Cs0.17Pb(Io.66Bro34), resulting in an enhancement of photoluminescence quantum yield
(PLQY) of over an order-of-magnitude, an increase of 80 meV in the quasi-Fermi Level splitting
(to 1.29 eV), an increase in diffusion length by a factor of 3.5 (to over 1 um), and enhanced open-

circuit voltage and short-circuit current from photovoltaics fabricated from the LAC treated films.
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Figure 3.1. Correlation Between Photoluminescence and Carrier Transport in
Perovskites

3.2 INTRODUCTION

Hybrid Perovskites (HPs) with composition ABX3 have emerged as a candidate to increase
solar energy market penetration due to their low cost, earth abundance, and unprecedented power
conversion efficiency (PCE) improvement to over 22% in just 6 years’. HPs can be solution
processed at low temperature and exhibit defect tolerance, which allows remarkable optoelectronic
properties; open-circuit voltage (Voc) has reached 92% of the theoretical limit’, and
photoluminescence quantum yield has surpassed 30%. Another attractive feature of HPs is the
easily tunable bandgap with composition, making them ideal candidates for tandem solar cells and
LEDs'’. The high-bandgap perovskites best suited for the top cell of a two-terminal tandem with
CIGS, c¢-Si, or a 1.2 eV Pb-Sn HP'® typically contain about 40% Br and have a bandgap of 1.75-
1.80 eV. However, high-bandgap mixed-halide perovskites do not have as high of defect tolerance

16,17, 41, 64

as their 1.6 eV-bandgap predecessors; they have a greater voltage deficit , exhibit carrier

diffusion lengths too low for optically thick, current-matched devices'® '®

, and can undergo phase
S : : . : L. 3538,41,42,65-67
segregation into I-rich and Br-rich domains under illumination . Indeed, the best two-

terminal Si-HP tandems to date have employed a 1.6 eV top cell’* ® ®, which is not optimally

current-matched and has lower theoretical maximum efficiency than a tandem with a 1.75-1.8eV
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HP top cell’””?. Recently, phase segregation has been reduced by manipulating composition'® >

36.90. 376 and morphology’” ’®. One strategy uses a double-cation FA/Cs composition (FA =
formamidinium) with about 15% Cs, which stabilizes the mixed-halide perovskite while avoiding
the photo-inactive delta-phase that appears in pure FAPb(I,Br);'°. Nonetheless, the best Voc
attained with a 1.75 eV perovskite is 1.24 V, precisely the same as the highest Voc of a lower-
bandgap perovskite’, implying there is no voltage benefit when increasing the bandgap from 1.63
to 1.75 eV.

Here, we report the development and use of a new and simple treatment in which Lewis bases
are incorporated into a solvent and applied to the nascent hybrid perovskite film during spin-
coating (after spinning the hybrid perovskite ink) to induce rapid crystallization and
simultaneously passivate grain-boundaries. This ligand-assisted crystallization (LAC) reduces the
voltage deficit and improves carrier diffusion length in the high bandgap FACsPb(I,Br);
perovskite. The LAC method has several advantages over existing passivation strategies, which

typically either add the passivation agent in a post-deposition step® ™

or in the perovskite ink
itself** ®'. By using the solvent wash solution as a carrier for passivating ligands, we uniquely
incorporate passivation agent at the precise instant crystallization occurs, allowing for ligand
coordination at grain boundaries through the depth of the film. Further, adding ligands into the
solvent wash solution (rather than the perovskite ink itself) is a versatile technique, as it allows for
utilization of materials that would significantly alter perovskite ink chemistry, perhaps even
crashing out perovskite precursors. To understand the overall impact of LAC, we develop a

measurement technique to quantify both photoluminescence quantum yield (PLQY) and

photoexcited mean carrier diffusion length. The experiments reveal several scenarios where the
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PLQY and mean carrier diffusion length are anticorrelated, which should be considered when
characterizing film quality with PL.

Understanding non-radiative recombination in mixed-halide HPs is essential for reducing the
voltage deficit (i.e. increasing the open circuit voltage) and improving performance of HP-based
tandems. Radiative band-band recombination of photoexcited carriers is unavoidable when carriers
are co-located in the material, and efforts are generally made to maximize it during PV material
development since increased radiative recombination (and thus PLQY) signify increased non-
equilibrium carrier concentrations and a decrease in other avoidable non-recombination
mechanism. Non-radiative recombination can be reduced by decreasing the concentration of deep-
level defects or reducing their efficacy in a Shockley-Read-Hall mechanism (by either reducing
their carrier capture cross-section, shifting the defect’s energy level closer to the band edges, or
creating internal electric fields that push electrons or holes away from the region of the defect,
such as the field at a material junction). While shallow-level defects do not play a significant direct
role in recombination since, once trapped, the electron (hole) is thermally emitted back into the
conduction band (valence band) much faster than it recombines with a hole (electron), they may
play an indirect role via their effect on mobility. Absolute intensity photoluminescence (AIPL)

may be used to determine the quasi-Fermi level splitting (AEg)*">*

and thus quantify the relative
rates of radiative and non-radiative recombination at steady-state under 1 Sun equivalent
illumination (the conditions identical to those in which solar cells operate). Under steady-state
illumination, AE is the free energy per electron-hole pair delivered to a load**. The AE calculated

from PL is the maximum attainable Voc (Voc

) for a device with that absorber (see Supporting
Information for calculation details). Further, the ratio y = Vge™*/Vpcsg, Where Vocsg is the

detailed balance limit V¢, represents one component of material optoelectronic quality which can
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be compared for materials of different bandgap. Thus, one advantage of AIPL is the ability to
probe the inherent absorber material quality y without the additional processing steps needed for

completed devices, which introduce variability and defects. In HPs, photoluminescence has been

63,79 83, 84

used to study the effects of composition*', defect passivation® ", and atmospheric exposure
on optoelectronic quality.

However, studying photoluminescence alone to characterize overall optoelectronic quality has
some potential pitfalls as alone it does not provide information on carrier transport, which may
affect the recombination process by localizing carriers. Imagine the limiting case of a film of
nanocrystals with passive surfaces but that are spaced apart such that there is no overlap between
the carrier wavefunctions in adjacent nanocrystals® *. The film may emit with high PLQY but

have no ability to transport charge carriers to the contacts. While photobrightening has been

observed in perovskites under several situations including low-light exposure (trap filling)®’,

63,79 4

treatment with Lewis bases (defect passivation) or during aging in air® **, it is unclear if the
PL enhancement is due to a reduction or passivation of non-radiative recombination centers in the
bulk or due to spatial confinement of carriers. Quantifying carrier transport by measuring the
effective diffusion length simultaneously with photoluminescence would reveal the coupling (or
lack thereof) between transport and recombination and provide a clearer understanding of the
optoelectronic properties of hybrid perovskites along with a means to assess material stability and

defect passivation efforts. Several methods have been employed to measure the diffusion lengths

in nearly-intrinsic semiconductors like HPs including the steady-state photocarrier grating

88-91 36, 88,91-93

technique™ ', terahertz spectroscopy . Here, we choose a photoconductivity based method

since it can be easily coupled with absolute-intensity PL measurements.
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To assess the carrier transport properties in this work we measure the lateral DC
photoconductivity:
Oph = 0] = 0g (3.1)

in a four-point probe geometry as shown in Figure 3.2.

Wide-field
Camera

/
/ LED Source
/

Focusing/
Collecting
Lens

Figure 3.2. Experimental setup to simultaneously measure PLQY and mean carrier
diffusion length using calibrated LED excitation, quantitative wide-field photoluminescence, and
4-point photoconductivity. Blue circle indicates illuminated area (excitation with blue LED).
Dashed lines indicate scribe lines to avoid parasitic current pathways. Current is sourced along Au
contact pads 1 and 2, and voltage is measured with inner probes (between 3 and 4 or 5 and 6).

Here, g; is the conductivity under illumination and o is the conductivity in the dark. At steady
state under constant illumination with a known photon flux from a calibrated LED source, the
average volumetric photogeneration rate G (cm™ s™) in an optically thick film is approximated by
dividing the incident photon flux by the film thickness. For cases where the carrier diffusion length
is close to or greater than the film’s thickness (such as the case here), the effective non-equilibrium

excess carrier concentration is approximated by p.sr = GT, for holes and n.fr = G1, for
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electrons, where 7, is the free hole and 7, is the free electron lifetime. Here, the free carrier
lifetime is the average time a photoexcited charge carrier is free to move spatially before it
recombines®'. The relation between photoconductivity and mobility-lifetime product of the charge
carriers is given by®":

Opn = q(UnDers T UeNerr) = GG (URTh + UeTe). (3.2)
Here, q is the elementary charge, p; is the hole mobility, and p, is the electron mobility. Noting

that the diffusion coefficients and diffusion lengths for holes and electrons are D, = kTpu;/q,
D, =kTu./q, L, = /Dy, and L, = /D,7,, respectively, where k is the Boltzmann constant

and T the absolute temperature. We multiply both sides of eq. 3.2 by kT/2q*G then take the square

root:

\/””"RT = \/§ Ly + L. (3.3)

2q2%G

We note that the right-hand side simply is the root mean square of the electron and hole diffusion
lengths. Importantly though, the left-hand side is easily calculated from a known photogeneration
rate and measured photoconductivity. We define this mean diffusion length as Lp =

This photoconductivity measurement may be carried out concurrently with time-dependent
measurement of absolute-intensity PL using a calibrated wide-field PL microscope with low
magnification lens to provide illumination over the entire device and collect the PL. Hence, one
gets information about photoexcited carrier transport and the steady-state radiative efficiency
(and thus the quasi-Fermi level splitting, AEF), simultaneously. We note, however, the information

contained in Lp does not reveal the individual diffusion lengths of electrons and
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Figure 3.3. Correlation between photoluminescence quantum yield and mean carrier
diffusion length as a function of time for MAPbI; degradation in air (35% RH) under steady 1
Sun illumination. (a) The PLQY and Lp plotted each with time for 1.61 eV bandgap MAPbI; at
effective 1 Sun illumination with a calibrated blue LED. Ideal stable behavior would appear as
straight horizontal lines. However, several distinct regimes of change and correlation are observed
(I, I, III, and I'V). Note region III where significant photobrightening is observed simultaneously
with loss of diffusion length. (b) Same data as in part (a) but plotted together (PLQY vs. Lp)
parametrically with time. Ideal stable behavior would be a stationary point. (¢) Wide-field PL
images at 120 min and 163 min during the MAPbI; degradation. Au contacts are labeled in 120
min PL image (compare with Figure 3.2). (c, inset) Photo of MAPbI; film after exposure to air and
1 Sun excitation for three hours.

holes. In the most general case individual diffusion lengths of electrons and holes may differ
significantly since each may have different free lifetimes due to defects with different capture

cross-sections for the two carrier types. Here, Lp measurements provide a simple method to detect

PLQY [%]
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relative changes in diffusive transport properties in an HP film. Further, we compare changes in
Lp with changes in Jsc (measured on solar cells fabricated from the films) to reveal the relevance

of detected Lp changes to device performance.

3.3 RESULTS AND DISCUSSION

To understand the connection between carrier transport and PLQY in HPs, we investigated two
scenarios using our technique: degradation of MAPDI; in air and light-induced phase segregation
in the mixed-halide MAPb(I 6¢Bro 34)3 (in dry Ny). Figure 3.3 shows PLQY and Lp measurements
of a MAPbI; film during exposure to air (~35% RH) and 1 Sun illumination. PLQY is calculated
as the emitted PL photon flux from a 2.1 mm?® area divided by the incident excitation photon flux,
where PL photon flux is measured in a calibrated wide-field PL instrument (as described in
methods). This film undergoes irreversible degradation to methyl amine and HI vapor, which is
accelerated by the presence of light and humidity, ultimately leaving behind a Pb/Pbl, mixture**
*_ During this degradation, we see distinct regimes of changing PLQY and Ly trends with time as
highlighted in Figure 3.3a-b. Two example wide-field PL images showing spatial distribution of
PLQY are presented in Figure 3.3c, with a photo of the film after three hours of light exposure
shown as an inset (yellow Pbl, degradation product is observed where the film was illuminated).

To understand the changes in PLQY and Lp that occur, we consider the radiative
recombination rate’ Uypq = Byqq(np — n?), where B, is the carrier concentration independent
bimolecular radiative recombination coefficient, » and p are total electron and hole densities, and
n; is the intrinsic carrier density. Under constant excitation and temperature, an increase in radiative
recombination rate indicates higher np at the same material location (and thus higher local quasi-

Fermi level splitting and higher PLQY), which can be observed in at least two cases: (1) a decrease
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in the Shockley-Read-Hall recombination rate with higher effective carrier lifetimes or (2) carrier
localization into small domains resulting in higher np. For case 1, PLQY and Lp will increase (as
shown in Figure 3.3 during regime I). Case 2 may result when regions of the film degrade to Pbl,.
Pbl,, which has a bandgap of 2.3 eV, will still absorb photons with energy >2.3eV (including the
2.83 eV blue light used in this study), and the photoexcited excited carriers may transfer (without
an energy barrier) into small persistent perovskite domains with locally lower bandgap, resulting
in much higher local np than in a homogenous perovskite film. The film inhomogeneity and carrier
localization in smaller perovskite domains with passive surfaces/grain boundaries could result in
a decrease in Lp and a simultaneous increase in PLQY, as observed in regime III (Figure 3.3a-b).
Macroscopic inhomogeneity is particularly obvious in wide-field PL images at 120 and 163
minutes (see Figure 3.3c), which shows regions of weak PL, where complete conversion to Pbl,
has likely occurred, mixed with regions of bright PL where small, separated MAPbI; domains exist
within Pbl, regions. We note photobrightening in HPs has been attributed elsewhere to

photopassivation of defects® **

. However, without accompanying measurement of the diffusion
length, such photobrightening could be regime I or regime III. In regime IV, the overall or average
PLQY begins to decrease as the remaining small perovskite domains ultimately degrade to Pbl,.
Regime II (decreasing PLQY with increasing Lp) is intriguing. It could be due to continued
photopassivation (or trap-filing) of shallow defects (increasing the mobility) coinciding with
formation of deep defects from onset of degradation (decreasing the PLQY). Alternatively, the
decrease in PLQY could signify the appearance of passive grain boundaries that have an associated
electric field. The electric field would serve to enhance carrier separation. So long as the grain

boundaries are passive and have not yet percolated to isolate perovskite domains, they may not

negatively affect the diffusion length which may be continuing to increase.
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Having established the utility of combined transport and PL measurements on the standard
MAPDI; films, we investigate the PL-Lp interdependence during phase segregation in mixed-
halide perovskites. This phenomenon inhibits realization of stable perovskites with bandgap 1.7-
1.85¢V, and thus has been widely studied®® **® given its relevance to tandem solar cells with Si
or CIGS. In some compositions with Br content between 20% and 80% of total halide composition,
the mixed-halide phase is not stable under 1 Sun illumination®®. Under illumination, the halide ions
migrate and reorder in two separate phases, an I-rich phase and Br-rich phase®. The I-rich phase
dominates PL spectrum due to its lower bandgap, which results in an observed PL peak red-shift>®.
We investigate PL. and Lp during phase segregation of the mixed-halide MAPb(Iy¢sBro34)3
(denoted subsequently MAPb(I,Br)s;) as shown in Figure 3.4. This experiment was conducted in
N> to isolate phase segregation from known degradation processes, in contrast to the MAPDI;
experiment (Figure 3.3) which was conducted in air to study degradation. Figure 3.4a shows PLQY
(from wide-field PL) and Lp evolution with time over 5 minutes. PL is increasing by an order of
magnitude while Lp is decreasing by a factor of 2, which is similar behavior as MAPDI;
degradation in regime III (Figure 3.3a). Figure 3.4b shows confocal PL peak red-shift with time,
indicating this film is indeed phase segregating. In this case we also have separated domains
forming, not due to irreversible degradation to Pbl,, but rather to formation of local I-rich domains
with lower bandgap resulting in carrier accumulation and higher local np®. Collectively, the PL-
Lp results for MAPbI; degradation and the MAPb(I,Br); phase segregation indicate an analogous
phenomenon, where a PL increase is coupled with a L decrease upon carrier localization in small

domains. We conclude that using
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Figure 3.4. Correlation of PLQY and Lp during phase segregation of MAPb(Iy.¢6Bro.34)3
in dry nitrogen. (a) PLQY (spatially averaged from wide-field PL) and Lp over 5 minutes for the
higher bandgap (1.79 eV) MAPb(I,Br); with 1 Sun blue LED exposure in N,. (b) Normalized
confocal PL; the peak red-shift from 1.8 to ~1.6eV is characteristic of a mixed-halide material
phase segregating into I-rich and Br-rich domains.

PL alone to probe non-radiative recombination is not sufficient when material degradation or
phase-segregation occurs, as photobrightening can falsely suggest defect passivation when in fact
the material quality for photovoltaic applications is deteriorating. Thus, assessment of defect
passivation techniques should include transport measurements in addition to PL.

Having shown the importance of transport measurements in understanding PL results, we use
wide-field PL and photoconductivity combined to investigate ligand-assisted crystallization on

high-bandgap perovskite films. Surface passivation techniques using Lewis bases such as pyridine



31

and trioctylphosphine oxide (TOPO) have a beneficial effect on perovskite PL and carrier lifetimes
for MAPbI; by donating electron density to under-coordinated Pb on surfaces® 7. The effect of
using surface passivation to reduce the voltage deficit and improve Lp for high bandgap HPs such
as FACsPb(I,Br); remains unexplored. We focus this study on the FA(s3Cso 17Pb(Io66Bro34)3
material, which has an ideal bandgap for the top-cell in a tandem with c-Si or CIGS and has been
shown to be phase stable at 1 Sun'®*. Our method builds on the “solvent wash” technique”,
which employs DMSO as a co-solvent to control perovskite crystallization through formation of a
perovskite-DMSO complex, then removes DMSO with a perovskite antisolvent such as toluene.
We find that employing the solvent wash method to fabricate FACsPb(I,Br); yields smooth films
(root mean square roughness <5nm) with reproducible phase stability at 1 Sun for 5 min (see
Figure 3.11).

Here, we show that incorporation of a Lewis base in the solvent during the solvent wash affects
the crystallization process in-situ and results in surface and grain-boundary passivation. For the
ligand-assisted crystallization (LAC) experiments, we incorporate Lewis base molecules in a
toluene solution to dispense during solvent wash rather than depositing a Lewis base layer in a
post-deposition step. We suspect LAC allows Lewis base molecules to accumulate at grain
boundaries through the depth of the film and allows higher yield of Pb-Lewis base coordination
due to the presence of passivating agent during perovskite crystallization and anneal. Figure 3.5
presents measured PL and Lp with illumination time on films with solvent wash passivation using
triethylamine (TEA) and trioctylphosphine oxide (TOPO). PLQY and Lp evolution over 5 minutes
of 1 Sun light exposure is shown with arrows. For both TEA and TOPO incorporation, PLQY and
Lp increase with increased Lewis base concentration in solvent wash. For untreated films, both Lp

and PLQY decrease with time then stabilize, suggesting that light induces bulk
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Figure 3.5. PLQY and calculated Lp with time over 5 minutes of 1 Sun blue LED exposure
in N, for FACsPb(I,Br); films (bandgap = 1.75 eV) with solvent wash passivation using TEA (a)
or TOPO (b). Arrows indicate direction of changing PLQY and Lp from t = 0 min to t = 5 min.

defects in this material that are not directly connected to phase segregation (see Figure 3.11 which
shows no red-shift in the PL peak). LAC with TEA enhances PLQY by over an order of magnitude
and Lp by a factor of 3.5, as well as reduces the temporal light-induced effects on both PL and Lp.
However, the TEA treatment also changed the film morphology and increased the surface
roughness. TOPO shows a similar effect on PL and Lp as TEA without changing film morphology,
except for the highest TOPO concentration (2.5 mg/mL TOPO case). At this concentration, PL
continues to increase with time while Lp decreases rather than stabilizing. The behavior is due to

deteriorated morphology (see Figure 3.9) caused by the high TOPO concentration, which results
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in carrier localization in small domains with continued light exposure, resulting in loss of transport.
This result reemphasizes the importance of transport measurements; without detecting the decrease
in transport it could be falsely concluded that 2.5 mg/mL TOPO dosing (or even higher) was
optimal for passivating defects despite the adverse effects on morphology and transport. The film
with 2.5 vol% TEA LAC exhibits a slight increase in Lp upon illumination, contrasting each other
measurement, suggesting TEA and other small amines are excellent molecules for improving
diffusion length in HPs if the surface roughness increase can be mitigated. All FACsPb(I,Br);
(treated and untreated) films are phase-stable as shown by a single, stable PL peak energy with
illumination (see Figure 3.11). Photoluminescence and photoconductivity measurements where
conducted in N as described in SI.

As discussed previously, Lp as obtained from photoconductivity is a mean carrier diffusion
length (and does not provide information about the individual electron and hole diffusions lengths),
and thus one needs to measure the short-circuit current to verify its impact on carrier collection.
Further, comparing AEF (calculated from PL) with device V¢ indicates the origin of voltage loss
in FACsPb(I,Br); devices. We fabricated devices with TOPO solvent wash only since films with
TEA solvent wash had higher surface roughness than untreated films. Figure 3.6 shows device
statistics, champion J-V curves, maximum power point stability, and device architecture. TOPO
solvent washing gives a modest Voc enhancement, a significant Jsc enhancement along with FF
reduction, resulting in an overall PCE enhancement. The V¢ increase demonstrates that solvent
washing with TOPO passivates defects as predicted by higher calculated AEr from PL data. The
increased current indicates that an Lp increase from 400nm to 850nm results in better carrier

collection in a FACsPb(I,Br); device with ~315nm HP layer. The reduction in FF is likely caused
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by a voltage dependent photocurrent that results from an interface barrier which might be improved

with future optimization.
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Figure 3.6. Device data for FACsPb(I,Br); devices with and without TOPO solvent wash
with 1.25mg/mL in toluene. (a) Device statistics. (b) Champion J-V curves. (c) Stabilized power
output with time under inert atmosphere conditions; FACsPb(I,Br); devices give stable output
while MAPb(I,Br); devices have a decreasing PCE due to phase segregation. (d) Device
architecture.

To further confirm that current collection is limited by carrier diffusion length in untreated
FACsPb(I,Br); devices, we investigated the thickness dependence on device performance (see
Figure 3.12). As expected, the Jsc decreases by ~16% when increasing the HP layer thickness from
~300nm to ~450nm. These data suggest improving current collection in FACsPb(I,Br); devices
should address carrier diffusion (not absorption), which we accomplish with TOPO treatment and

enhancing Lp. The maximum power point data in Figure 3.6¢ indicate the FACsPb(I,Br); with and
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without TOPO solvent wash has stable power output at ~5% above initial value. Interestingly, the
power output with time for FACsPb(I,Br); devices show a different trend than the Lp data
presented in from Figure 3.5; power output increases by ~5% while Lp decreases by 15% for
untreated and 10% for TOPO treated case. The slight increase in power output with time is a device
effect observed elsewhere for devices with a similar architecture with various HP compostions™
% and it is likely due to trap filling at interfaces or in a transport layer by photoexcited carriers.
The small decrease of <15% in Lp in the FACsPb(I,Br); layers with time when Lp, is already longer
than the film thickness has an insignificant effect compared to the time-dependent changes in
interfaces present in the devices. In contrast to FACsPb(I,Br);, MAPb(I,Br); devices prepared with
a similar procedure do not give stable power output (as expected from Lp decrease from ~200nm
to ~100nm in five minutes), emphasizing the importance of addressing phase segregation for stable
devices. Power output with time measurements were conducted in an N»-filled glovebox.

By compiling PL and device data of various films, we reveal the origin of voltage losses in
FACsPb(I,Br)s, which is outlined in Figure 3.7. Voc sq is the detailed balance limit at 1 Sun, which
is 1.46 V for a material with 1.75eV bandgap. It assumes a step function absorption at the bandgap,
while real materials exhibit an absorption onset curve much different than a step function. Thus,
real materials will have a radiative limit voltage (Vocrad) that is reduced from Voc sg due to sub-
bandgap absorption. For FACsPb(I,Br)s;, we calculated a Voc raq 0f 1.43 from electroluminescence
(EL) data following the method of Rau’”*® (analysis provided in SI). The voltage loss from a real
absorption edge is ~30mV in FACsPb(I,Br);, which is larger than for MAPbI;. In each case, non-
radiative recombination plays a significant role, yet in the best case (with TEA treatment),
passivation recovers one third of the voltage deficit measured in the untreated film, resulting in

attained AEr of 1.29 eV compared to untreated AEr of 1.21 eV.
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Figure 3.7. Voc and AEy data for FACsPb(I,Br); devices and films with and without Lewis
base solvent wash. Vo sq is the detailed balance limit assuming a step function absorption edge
for a 1.75 eV bandgap material. V¢ rad 1S the radiative limit calculated from EL data following the
work of Yao et. al (discussed in detail in SI and shown in Figure 3.13). AEF is calculated from
wide-field PLQY data using optical bandgap extracted from UV-vis absorbance measurements
(Figure 3.10). E, denotes bandgap.

Since PL spectra for each film are very similar (see Figure 3.13b), we expect Voc rag differences
between these cases to be <SmeV. Thus, assumed Vocr.da Was equal for each of the three films,
since we were unable to fabricate efficient devices and conduct EL experiments with TEA treated
film due to surface roughness. Our devices have open-circuit voltages that are reduced from AEg
by an additional ~100 mV. The difference between film AEr and device Voc is partly due to
interface defects, which is denoted with the yellow region in Figure 3.7. However, AEr data
indicate that voltages above 1.2 V are possible for FACsPb(I,Br); using surface passivation. Still,
it seems there are persistent defects present in FACsPb(I,Br); that remain unaffected by surface
passivation, in contrast to MAPbI; where TOPO passivation can enhance PLQY to > 30%%,

indicating AEr much closer to the radiative limit than passivated high bandgap perovskites. Future
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efforts to maximize device Voc for tandem-relevant compositions should include both surface
passivation as well as efforts to understand and limit formation of bulk defects persistent in the
mixed-halide system.

In conclusion, our study of MAPbI; degradation and MAPb(I,Br); phase segregation highlights
cases in perovskite films where PL and transport are anti-correlated due to spatial carrier
confinement in small domains. These results emphasize the importance of including transport
measurements in assessing optoelectronic quality of perovskite films. We also confirm other
findings that FACsPb(I,Br); materials are phase stable under 1 sun illumination. Further, we show
that a simple technique combining absolute intensity photoluminescence to determine PLQY (and
quasi-Fermi level splitting) with a photoconductivity measurement to extract the mean carrier
diffusion length can be used to assess overall optoelectronic quality. Although the mean carrier
diffusion length does not give us direct information about the electron and hole carrier diffusion
lengths independently, we show in FACsPb(I,Br); that it is correlated with device current. Through
simultaneous study of PLQY and mean carrier diffusion length, we optimize a novel Lewis base
surface passivation technique to realize quasi-Fermi level splitting improvement from 1.21 to 1.29
eV and mean carrier diffusion length enhancement from 400 to 1400 nm. Devices fabricated with
TOPO solvent wash exhibit improved Voc of 20 mV and a remarkable Jsc improvement of about
15% to 18.4mA/cm?, approaching the detailed balance limit current density (for 1.75¢V bandgap,
Jscsg = 20.5 mA/cmz). The higher mean carrier diffusion length of TOPO treated films will be
even more beneficial in semi-transparent devices due to the requirement of thicker films (no benefit
from Ag reflection). The quasi-Fermi level splitting results indicate a roadmap for improving the
Voc of a phase-stable 1.75¢V mixed-halide perovskite beyond 1.2 V, enabling highly efficient

cost-competitive two-terminal tandem solar cells.
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Methods
Materials Fabrication and Characterization

All films were prepared on pre-cleaned glass substrates which were further cleaned with four
10-minute sonication steps with 5% Alconox in deionized (DI) water, pure DI water, acetone, and
2-propanol, followed with plasma cleaning in Ar plasma for 10 minutes. MAPbI; films were
deposited from a 1.0 M solution in 7/3 vol/vol gamma—butyl lactone (GBL)/dimethylsulfoxide
(DMSO). Solution was heated to 70 °C then stirred for 90 min then filtered after cooling down
with a 0.2 pm PTFE filter. Films were spin coated with a 3-step program: 5 s at 500 rpm, then 60
s at 1000 rpm, then 45 s at 5000 rpm. 700 puL toluene was dispensed on the spinning substrate with
18 s left in the final step. MAPbI; films were annealed for 10 minutes at 100 °C.
FA.33Cs0.17Pb(I0.66Bro 34)3 and MAPDb(Iy 6¢Bro34)3 films where prepared with a 1.0 M solution in
8/2 vol/vol dimethylformamide (DMF)/DMSO solution, heated/stirred/filtered with the same
procedure as MAPDI; inks. These films were spin coated with a 2-step program: 5 s at 1000 rpm
then 20 s at 5000 rpm. 700 pL toluene or toluene + Lewis base solution was dispensed on the
spinning substrate with 15 s remaining in the final step. FA¢3Cso.17Pb(Io66Bro34)3 films were
annealed at 150 °C for 50 min and MAPb(I 6¢Br1¢34)3 films were annealed at 100 °C for 10 min.
All ink mixing, spin coating, and annealing steps were performed in a N»-filled glovebox.

Absolute intensity confocal PL was conducted in similar procedure as described previously*'.
PL spectra were obtained with a modified Horiba LabRAM HR-800 with 532nm laser excitation
and 10x objective. The adjustable confocal hole was set to 800 um and a 150 gr/mm Czerny-
Turner monochromater blazed at 500 nm was used. The photon detection rate was calibrated using
a blackbody source (IR-301, Infrared Systems Development) at 850, 950, and 1050 °C with 10 pm

pinhole (calibration factor was averaged between three temperatures to minimize error). To
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calculate 1 Sun excitation flux, an Oriel optical power meter and beam profiler was used to set
photon flux equal to above-bandgap photon flux of AM1.5 GT solar spectrum for a 1.75 eV
material. All confocal PL experiments were conducted in N; filled KF-flange with borosilicate
glass window.

Wide-field absolute intensity P measurements were conducted with a Hamamatsu C11440
camera with Lumencor SpectraX light source and 5x objective. A blue LED was used for
excitation, which was filtered with a 29-nm wide bandpass filter centered at 438 nm. The excitation
source was passed through a filter cube with dichroic mirror, and emission longpass filter to
achieve minimum OD 8 suppression for excitation wavelengths. Excitation photon flux was
calibrated with a Newport 91150V Si reference diode to set photon flux equal to above bandgap
photon flux for a 1.75eV material under AM1.5 GT spectrum. The Hamamatsu detector was
calibrated by preparing a MAPbI; standard and comparing PL detector counts with PLQY from
confocal AIPL setup (which was calibrated using blackbody spectrum at three temperatures). The
MAPDI; standards were measured in N, and statistics from >100 measurements were collected for
each sample. MAPbI; calibration measurements were conducted in immediate succession with
light exposure reduced to < 1.5 s for both confocal and wide-field measurements.

For photoconductivity measurements, 80nm of Au were evaporated at 2 A/s in the 4-point
geometry shown in Figure 3.2. Current was sourced across pads 1 and 2 while voltage was
measured across pads 3 and 4 or 5 and 6 using a Keithley 2400 SourceMeter. For this study, applied
current was 1-10 nA and electric field magnitude across the channel was < 10 V/mm. We
conducted control experiments to check the impact of this small electric field and did not detect
any changes in PL for a sample with this small current applied vs. a sample without any current

applied, suggesting the photoconductivity measurement itself does not induce changes in the
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perovskite film. Wide-field and photoconductivity measurements were conducted in a closed, N»-
filled stage (Linkam Scientific LTSE420-P) with continuous N, purge at 70% of maximum flow,
with the stage temperature regulated to 20 °C.

Absorbance data were collected with a PerkinElmer Lambda 1050 UV/vis/NIR spectrometer
with a 150 mm InGaAs integrating sphere in air. SEM micrographs were collected using an FEI
XL830 Dualbeam SEM-FIB on Au-sputtered perovskite films.

Device Fabrication and Testing

ITO glass (15 ohm/sq, Colorado Concept Coatings) was cleaned with sonication and Ar plasma
as described previously. Cu:NiOx solution was prepared for the conventional sol-gel method as
described elsewhere” with 5 mol% Cu to Ni. Cu:NiOx layer was fabricated by spin coating at
3000 rpm for 60 s then annealing at 350 °C for 60 min in air. Next, films were transferred into a
N»-filled glovebox for perovskite layer deposition as described previously. PCBM (15 mg/mL in
chlorobenzene) was spin coated at 1000 rpm for 60 s then bis-Cep (2mg/mL in 2-propanol) was
spin coated at 3000 rpm for 30 s. Finally, 150 nm Ag was thermally evaporated at a rate of 2 A/s.

J-V measurements were conducted in air using a Keithley 2400 SourceMeter Newport Oriel
Sol3a Class AAA Solar Simulator calibrated to 1 Sun AM1.5 GT using Newport 91150V Si
reference diode. J-V curves and statistics in Figure 3.6 were collected with a reverse voltage sweep
at a slow sweep rate of 75 mV/s. Device area was 3.14 mm® as defined by Ag contact area (valid
due to high resistance in all HP/ETL/HTL layers). Maximum power point data was collected in a
N»-filled glovebox with 450 W Oriel xenon lamp calibrated to AM1.5 GT.

Electroluminescence data was collected with the same set up as confocal PL (Horiba Labram
with 150 gr/mm grating blazed at 500nm), but using current injection with Keithley 2400 rather

than 532nm photoexcitation. EL experiments were also conducted in N»-filled Linkam stage with
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constant N, purge and temperature regulated to 20 °C. External quantum efficiency was measured
using a chopped monochromatic light beam with calibrated Si photodiode as reference.
ACKNOWLEDGEMENTS. We acknowledge financial support from the U.S. Department of
Energy Sunshot Initiative, Next Generation Photovoltaics 3 program, and Award DE-EE0006710.
This material is based in part on work supported by the State of Washington through the University
of Washington Clean Energy Institute and via funding from the Washington Research Foundation.
SUPPORTING INFORMATION. Photoconductivity measurements of films at various light
intensities, SEM images, UV-vis absorbance data, film thickness, Absolute-intensity confocal
photoluminescence data, dependence of Jsc on thickness, discussion of Voc g calculations, and

quasi-Fermi level splitting calculations.

3.4  SUPPORTING INFORMATION

Comparison of L to published minority carrier diffusion length values
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Figure 3.8. Measured photoconductivity as a function of excitation flux for MAPbI; (Eg=1.6
eV) and (FA¢ 33Cso.17)Pb(Io.66Bro34)3 (Eg=1.75 eV, denoted subsequently FACsPb(IBr);). Vertical
line indicates 1 Sun excitation flux for a material with 1.6 eV bandgap. Dashed lines indicate linear
fit of log-log plot, with calculate slope m.
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Our photoconductivity data on MAPbI; and FA( 33Cso.17Pb(10.66B10.34)3 films are presented in
Figure 3.8 with Lp at 1 Sun calculated from equation 3.1 and fitted slope m (FACs composition
denoted subsequently FACsPb(I,Br)s; this composition has optical bandgap of 1.75eV as shown

in Figure 3.10). Our MAPbI; films have comparable Lp to the films studied in Levine et. al as well

88, 89, 92, 93, 100

as MAPDI; characterized in other studies , and m 1s 0.73 rather than 0.5, indicating

different recombination dynamics that do not follow the Rose model suggested by Levine et. al*’.

This slope does not indicate whether the dominant recombination mechanism is monomolecular
or bimolecular as suggested elsewhere'”. As explained in detail by Levine et. al, the interpretation

of m is not unique™. Although m = 0.5 could indicate bimolecular recombination as described by

100
/

Chen et. al'™, it could also indicate monomolecular trapping in a recombination center a few kT

away from the Fermi level®.

Material Characterization (SEM, UV-vis)

Scanning electron microscope (SEM) images of films discussed in the main text are presented
in Figure 3.9. Trioctylphosphine oxide (TOPO) solvent wash has little effect on morphology until
the highest concentration (2.5 mg/mL) where the treatment deteriorates morphology as seen by

charging in Figure 3.9f.
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Figure 3.9. SEM. (a) FACsPb(I,Br) (b) MAPb(I,Br) (c) FACs w/ 5% TEA (d) FACs w/ 0.625
mg/mL TOPO, (e) FACs w/ 1.25 mg/mL TOPO, and (f) FACs w/ 2.5 mg/mL TOPO

UV-vis absorbance data are presented in Figure 3.10. All compositions have 34% Br/(I + Br)
in the ink. Optical bandgap is extracted by fitting the linear region of A* vs. energy plot.
FAy.33Cs0.17Pb(10.66Bro 34) has a bandgap of 1.75 eV while MAPb(I 6B 34) has a bandgap of 1.79
eV. TOPO and TEA treatment have a minimal effect on bandgap, yet TEA treatment reduces the

sharpness of absorption edge.
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Figure 3.10. UV-vis absorbance data; plotted A” vs. Energy to extract bandgap for these direct
bandgap materials.

Table 3.1 Film Thicknesses (from Profilometry)

Thickness [nm]

FACsPb(I,Br); 315+10
FACsPb(I,Br); + TOPO 317+ 14
FACsPb(I,Br); + TEA 338+ 14

Confocal photoluminescence results of FACsPb(I,Br); films are presented in Figure 3.11.
Figure 3.11a-b show example PL peaks for untreated FACsPb(I,Br); films, normalized (a) and
absolute intensity PL (b). The normalized peaks demonstrate the peak position and peak shape do
not change in 5 minutes of 1 Sun laser illumination. The AIPL data demonstrates the PL peak
magnitude is decreasing with time. We note the PLQY decrease observed with confocal PL (with
1 Sun laser illumination) is much greater than the PLQY decrease observed with wide-field PL
(with 1 Sun LED illumination). We suspect this is due to additional defects created with a small

laser illumination diameter of 12 um, inducing lateral ion migration, and we suggest the PLQY vs.
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time data from LED illumination (with large LED illumination area) is more relevant to device
implementation. Mean PL energy is a metric that clearly shows peak shifts occur due to phase
segregation as shown elsewhere®®. Figure 3.11b-c show mean PL peak energy for FACs films with
TOPO and TEA treatment. In each case, there is no change in mean PL peak energy with 5 minutes
1 Sun illumination, demonstrating these films are phase-stable at 1 Sun. This contrasts with the
MAPbBH(I,Br); films, which show a mean PL energy shift from 1.8 to ~1.6 eV (see Figure 3.4 in
main text). For the TOPO treated films, increased TOPO concentration in the solvent wash red-
shifts the starting PL peak by < 10 meV (as shown in Figure 3.11c), yet the mean PL energy is still

stable with time upon illumination.
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Figure 3.11. Confocal PL data at 1 Sun photon flux with 532 nm cw laser excitation. (a-b) PL
spectra for FACsPb(I,Br); without Lewis base in the solvent wash; normalized PL (a) and AIPL
(b). (c-d) mean PL energy with time for TOPO (c) and TEA (d) treated films. In each case, the
peak position is stable, indicating these materials are phase stable at 1 Sun excitation.
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300 nm 450 nm

Figure 3.12. Perovskite layer thickness dependence of Jsc for FACsPb(I,Br); devices. Devices
with 450 nm thick films were fabricated as described previously, yet from 1.4M precursor ink
instead of 1.0M. Jsc decreases with increased HP layer thickness, supporting our hypothesis that
carrier diffusion length is limiting current collection in untreated FACsPB(I,Br); devices. Note
this device study also used a different anneal condition than in Figure 3.6 (100 °C for 10 min
instead of 150 °C for 50 min), yet the median Jsc for 1.0M ink in this batch (15.0 mA/cm?) is very
similar to the median Jsc for the untreated devices shown in Figure 3.6 (15.2 mA/cm?).
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Radiative Limit Voc calculation

We conducted electroluminescence (EL) experiments to calculate Voc rad, the radiative limit
open-circuit voltage for FA( g3Cso.17Pb(Ip 66Bro 34). We followed the procedure by Yao et. al which

we will describe briefly here”®. At open-circuit conditions with only radiative recombination

Vocraa = 2In (M + 1). (3.4)

Jorad

where [, (VOC,rad) is the photocurrent density at open-circuit in radiative limit, and J, ;44 1s the
radiative limit of the saturation current density. We assume superposition is valid and replace
Jp h(VOC,rad) by Jsc. We must calculate [ .44 , Which is related to the total emitted photon flux at
zero applied bias. Calculation of J,,,4 requires a calibrated EL external quantum efficiency
(EQEEgL). One method to obtain a calibrated EQEg; is to convert EL spectrum into absolute photon
flux, which is challenging due to a device area larger than the objective lens field of view. Instead,
following Yao et. al and other work, we use device EQE (EQEjs) to calibrate EQEg, taking
advantage of detailed balance arguments”™. We equate EQEjy. to EQEg., which is simply

Ig (E)/¢ppp(E) where the spectral blackbody emission can be calculated with ¢gg(E) =

2mE? 1
h3c2? exp (E/kT)-1

with 7' = 300 K. We use blackbody calibration measurements employed in

absolute intensity PL experiments to apply spectral correction to the emitted EL flux, Igr, then use
EQE;j to convert EQEg, in arbitrary units to absolute EQE. Then we calculate the radiative limit

saturation current with

Joraa = f EQEg,(E)$pp(E)IE (3.5)
0
Finally, Voc rad can be calculated using eq. 3.4 with J, .4 from eq. 3.5 and device Jg¢, again

assuming T =300 K.
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Data employing this calculation in FAg33Cso.17Pb(Io66Bro34) devices (without Lewis base
treatment) are shown in Figure 3.12a. EL flux is directly measured with spectral shape correction
but arbitrary units; this curve is directly proportional to a photon flux curve. EQEgy is calculated
from EL shape and using EQE;j to determine magnitude; device EQE;s. is shown for reference.
We note this Vo raq calculation was only conducted for untreated devices since surface roughness
prohibited fabrication of efficient TEA-treated devices. Due to similar PL spectra, we expect films
with ligand-assisted crystallization to have similar Vocra (see Figure 3.12b). TOPO treated

devices may have a slightly lower Voc rad (~5 mV) due to slightly red-shifted PL peak.
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Figure 3.13. (a) Determination OfVOC,rad of FAO_83CS()_17Pb(10_66Bl'0.34)3 fOllOWil’lg analysis of Yao
et. al. EQEgy is calculated from EL data using, then calibrated using the device EQE;s. data. Voc,rad
is calculated from calibrated EQEg data using equation 3.4. This value is a representation of the
radiative voltage limit for a material with real (non-step function) absorption edge. (b)
Photoluminescence peaks for FA(s3Cso17Pb(Ipe6Bro34)s with and without ligand-assisted
crystallization with TEA and TOPO. The similarity of PL peaks indicates Vocrag is similar for
each material. The TOPO-treated film has a slightly red-shifted PL peak, indicating Vocrag may
be ~5-10 mV lower than the untreated and TEA-treated film.
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AEr from PL calculation

Absolute intensity photoluminescence (AIPL) encodes information about radiative
recombination, which can be used to determine the quasi-Fermi level splitting (AEF) of a
semiconductor. Several methods of calculating AEF for hybrid perovskites have been demonstrated

134 We employ a simple method that is conducive to wide-field PL measurements

previously
where we do not obtain spectral emission information. In this method, we calculate AEr directly
from external photoluminescence quantum yield” (PLQYE) with the expression
AEp = qVocraq + KT In(PLQYy,) (3.6)

Some limitations of this method are that precise temperature is unknown, Voc rad 1S unknown, and
sub-bandgap emission is counted in PLQYgx. If Voc rad 1S not measured, it can be replaced with
the detailed-balance limit, Vocsq as an approximation. Our detailed-balance limit calculation
following the method of Shockley and Queisser'®' is described elsewhere’'. For all AEg results
reported in this work, we use eq. 3.5 with Vocaq calculated from EL as discussed above. We
assume a carrier temperature of 350 K (higher than we expect), which will cause equation 3.5 to

slightly underestimate the true AEg. For data presented in Figure 3.7, we used stabilized PLQY

values (PLQY after 5 minutes of 1 sun blue LED illumination) with eq. 3.5.
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Chapter 4. PHASE SEGREGATION IN HIGH-BANDGAP, MIXED
HALIDE PEROVSKITES

This chapter shares progress in understanding the halide phase segregation phenomenon,
which is observed in mixed-halide perovskites that are candidates for tandem applications. Section
4.1 was conducted in collaboration with Ian Braly (with shared first-authorship on the publication),
and was published in ACS Energy Letters’'. This paper fills a critical gap in understanding the
cause of phase segregation and its impact of device performance, and as of March 2020 this paper
has received 55 citations. Section 4.2 presents unpublished work describing a photoluminescence

model that can be applied to understanding phase segregating HPs.

4.1 CURRENT-INDUCED PHASE SEGREGATION IN HYBRID PEROVSKITES AND ITS

IMPACT ON TWO-TERMINAL TANDEM SOLAR CELL DESIGN

Reproduced in part with permission®'; copyright 2017 American Chemical Society.
Large-bandgap, mixed halide hybrid perovskites are of significant interest since their bandgap
can be tuned to be ideal (~1.75 eV) as a top-cell in tandem photovoltaics with silicon, CIGS, or
CZTS as the bottom cell. However, previous reports show that many of the mixed-halide
perovskites phase segregate when exposed to light, suffer from large voltage deficits, and produce
unstable photo-currents due to inhibited carrier collection. In this work, we investigate the origin
of phase segregation in commonly employed mixed halide large-bandgap (1.75-1.8 eV) perovskite
compositions and elucidate its implication for use in tandem solar cells. Here, we show explicitly
for the first time that methylammonium (MA) and MA-cesium (MACs) phase segregate in the
dark upon current injection. This is direct experimental evidence that conduction band electrons

or valance band holes are the culprit behind phase segregation. However, despite this phase
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segregation, MACs devices sustain constant power output at 97% of initial power while the
changing absorption profile has an insignificant impact on the current output of a CIGS bottom-
cell. In contrast to MA-based cells, formamidinium (FA) containing cells show resilience to phase
segregation up to 4 Sun equivalent charge carrier concentrations even when annealed at only 75°C.
Collectively, our results indicate that both MACs and FACs cells can sustain constant carrier

collection under continuous illumination and are promising candidates for efficient and stable two-

terminal tandem devices.

(Ax,Cs1-x)Pb(Iy,Bri-y)3
Electroluminescence

Log (EL Intensity)

1.5 16 17 18 19
Energy

MAPb(I9.6,Bro.4)3

Figure 4.1. Phase segregation upon current injecting in high bandgap, mixed-halid MA- and
MACs-based devices

For discussion and data showing phase segregation in MAPb(I,Br); and (MA,Cs)Pb(I,Br);
under illumination and upon current injection in the dark, please see original article®'.

We have shown that the (FA,Cs)Pb(I,Br); fabricated both with low temperature anneal (FACs-
LT) and high temperature anneal (FACs-HT) are phase stable at 1 Sun relevant carrier densities’,
achieved with either photo-excitation or current injection. To probe the boundaries of the phase
stability of FACs materials, we investigated phase stability under carrier densities higher than
present under 1 Sun illumination. In this experiment, we observed EL and PL emission spectra for

both FACs-LT and FACs-HT with time and doubled the photoexcitation flux or current injection
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if we did not observe an emission peak low-energy shoulder. We continued this procedure until a
low-energy shoulder was finally visible. The results of this experiment are presented in Figure 4.2
a and b for FACs-LT and FACs-HT, respectively. Dashed vertical lines indicate times at which
the photoexcitation flux or current injection was doubled. Both FACs-LT and FACs-HT show
stable <E> with time at 1 Sun, 2 Suns, and 4 Suns carrier density upon photoexcitation as well as
current injection. However, both FACs-LT and FACs-HT display obvious emission spectrum red-
shifts at 8 Suns and 32 Suns, respectively. This demonstrates that the FACs materials will
ultimately show similar phase segregating behavior as MA materials, however, at several-fold

higher excited carrier density.
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Figure 4.2. Mean emission spectrum energy with time. The electroluminescence current density
and photoluminescence illumination intensity is doubled every minute. (a) Low temperature
annealed (FAo33,Cs0.17)Pb(Ip.66Bro34); under 2, 4, and 8 Suns equivalent current density or
illumination intensity. (b) High temperature annealed (FAg 3,Cs0.17)Pb(Io 66Bro34)3 under 2, 4, 8,
16 and 32 Suns equivalent current density or illumination intensity.
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We propose that a combination of larger morphological grains and the presence of size
mismatch on the perovskite A" site in FACs materials stabilize these materials at 1 Sun excitation.
However, as excited carrier induced strain increases with carrier densities at above 1 Sun,
nucleation of I-rich clusters to relieve bulk strain will overcome the energy penalty of phase
boundaries, and the threshold is higher in FACs than in MA. Further, Figure 4.2 shows that the
carrier density required to induce phase segregation in FACs-HT was higher than FACs-LT,
indicating that larger grains indeed provide enhanced phase stability within the FACs material
class. Interestingly, the threshold carrier density required for phase segregation was equivalent for
PL and EL measurements, 8 Suns in the case of FACS-LT and 32 Suns for FACs-HT. These
observations confirm that phase segregation behavior is similar for photoexcitation and current
injection at comparable excess carrier densities. We note that phase segregation is a function of
time as well as carrier density, and one minute may not be sufficient time to observe the slow phase
segregation behavior. Indeed, the decreasing <E> slope for FACs-HT at 16 Suns indicates that
phase segregation would likely be observed at longer times, suggesting our FACs-HT material is
not phase stable at 16 Suns. However, the data unambiguously shows relative trends that the FACs-
HT is more stable at higher excitation than FACs-LT and that <E> has similar behavior for EL
and PL in both materials.

Collectively, our PL and EL measurements on four different perovskite films (FACs-LT,
FACs-HT, MA, and MACs) allow us to investigate impact of carrier density profile on the rate of
phase segregation (see EL and PL results for MACs"'). Recently, Barker et. al examined the impact
of carrier density profile on rate of phase segregation and discovered that higher excitation photon
energies (i.e. blue light) gives faster rate of phase segregation for a comparable absorbed photon

flux in MAPb(I 4,Bro6)s.”® We add to this picture by comparing the rate of phase segregation under
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illumination with the rate of phase segregation upon current injection. Under one-sided
illumination, both electron and holes have similar profiles with highest concentration close to the
illuminated side, while upon current injection the electron and hole concentrations will each be
highest closest their selective contacts. Our results confirm that differences in carrier density depth
profiles affect the rate of phase segregation, yet we observe different behavior for different
compositions. Table 4.1 presents the extreme slope of <E> vs. time data for each of the four films
studied, where this slope serves as a quantitative metric to examine phase segregation rate. We
find that for MA and MACs, the rate of <E> decay is much faster for photoexcitation than for
current injection. Contrarily, the FACs LT and HT films (at the 8 or 32 Suns required to induce
phase segregation), show slightly faster <E> decay for current injection than for photoexcitation.
Understanding the reasons behind the different relative rates of phase segregation is a complex
topic since these experiments were conducted at different excitations (1 Sun, 8 Suns, and 16 Suns),
with different excitation mechanisms (EL and PL), and on different materials with distinct mass
and electronic transport properties. However, we speculate these observed differences between
relative rates of phase segregation in FACs films and the MA/MACs films to be primarily
associated with the differences in carrier diffusion lengths of the materials and differences in total
absorbed/injected carrier density in the films. We acknowledge that the carrier concentrations
(photoexcitation for the PL experiment and injection for the EL experiment) will be about 20-25%
different due to non-unity absorptivity of these films at 532 nm. We suspect the fastest phase
segregation will occur when the local carrier density of both holes and electrons is the highest
(inducing the greatest lattice strain). MA films have shorter carrier diffusion lengths than FACs
films,”” suggesting the highest local carrier densities of both carriers occur at the illuminated side

of the substrate during PL measurements resulting in greater lattice strain than with current
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injection and faster phase segregation. In contrast, FACs films have longer carrier diffusion lengths
which result in lower carrier density gradients within the films, causing faster phase segregation
in EL due to slightly higher total carrier injection (due to non-unity absorptivity in PL
experiments).

Table 4.1 Phase Segregation Rates, d<E>/dt [meV/s]

MA  MACs FAGCs-LT FACs-HT
PL -6.27 -693 -0.28 -0.27
EL -1.22 -0.69 -0.58 -1.25

Since the development of monolithic tandem solar cells is one of the key reasons for interest
in the large-bandgap hybrid perovskites, we turned our investigation to evaluate the impact of
phase segregation on two-terminal monolithic tandem solar cell performance. One potential pitfall
is that phase segregation can result in carrier trapping in I-rich domains, which could reduce the
current output of the perovskite cell***®. This is especially problematic in a two-terminal tandem
which requires current matching. Additionally, a phase segregating top cell could also be
detrimental due to changing absorption behavior, which could result in a changed transmitted
photon flux and thus altered current output of the bottom cell. We evaluated both criteria (current
output of top cell and transmitted photon flux to bottom cell) for MA, MACs, and FACs-HT by
measuring current output with time of the perovskite top cell as well as current output with time
for a CIGS bottom cell with perovskite a film filter.

Results from these experiments are shown in Figure 4.3. Figure 4.3 a-c show the normalized
PL emission spectra of FACs-HT, MA, and MAC:s films before (dashed line) and after (solid line)
five minutes of illumination with Newport AAA Solar Simulator (the exact films used for the

experiment with the CIGS device shown in Figure 4.3¢). As expected from previous PL results
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with 532nm laser excitation (Figure 4.2b), FACs-HT exhibits no PL peak shift while both MA and
MACs show red-shifts. The normalized current output at maximum power point for large-bandgap
perovskite devices are presented in Figure 4.3d. FACs shows stabilized current output at about 3%
above starting value, while MA shows current output decreasing to below 85% the starting value
before five minutes. These results are expected and agree with previous findings®" ****: MA is
phase segregating which results in decreased current collection upon carrier confinement in I-rich
domains contrasting the phase-stable FACs. Remarkably, the MACs device shows stable current
output at ~3% below initial current (as observed in our previous work)’ despite PL and EL results
showing similar phase segregation behavior as MA (see Figure 4.3a-c). For MACs, I-rich domains
clearly form as indicated by PL, but this does not have a significant impact on carrier collection.
The Jsc as a function of time from a 12.1% efficient solution-processed CIGS cell (see
reference for fabrication details, and Figure S11 for JV performance data)* with perovskite film
filter is shown in Figure 4.3e. This data exemplifies the impact of changing transmitted photon
flux to bottom cell on bottom cell current output. In this experiment, the MA and MAC:s film filters
are phase segregating, yet the impact of the changing transmissivity is insignificant. The inset of
Figure 4.3e shows a Jsc decrease of <0.5% corresponding to phase segregation in both MA and
MAC:s films. This finding is consistent with previous reports showing absorptivity spectra before

and after phase segregation,”” *°

suggesting that either a small fraction of the film is phase
segregating, or that the integrated transmissivity is remaining relatively constant (i.e. the above-
bandgap transmissivity is increasing as the below-bandgap transmissivity is decreasing). This

important result shows MACs as a very interesting case where phase segregation is occurring but

only an insignificant impact on current output of either the top cell or bottom cell is detected.
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Figure 4.3. Device current with time during perovskite phase segregation. Normalized
photoluminescence spectra of (a) (FA0_83,CS0_17)Pb(10466,BI'()_34)3, (b) MAPb(Io.6,Br0_4)3, and (C)
(MA9,Cso.1)Pb(Ip6,Bro4)s films before (dashed) and after (solid) exposure to AAA solar
simulator in an air-free quartz assembly. (d) Normalized maximum power operating current at
fixed voltage over five minutes of MAPDb(Iy6,Bro4);, high  temperature
(FA033,Cs0.17)Pb(10.66,Br0.34)3, and (MAg9,Cso.1)Pb(1o6,Bro4); devices in nitrogen. (¢) Normalized
CIGS short circuit current over time while filtered by the exact films of (a-c), where the control is
with the empty air-free quartz assembly as a filter.

The results presented in Figure 4.3 indicate that either FACs (phase stable) or MACs (phase
segregating, but stable currents) are both excellent candidates for the top cell in current-matched
tandem applications. More broadly, this result indicates that phase segregation is not necessarily
detrimental to realization of efficient, stable tandem solar cells. We also want to point out that the

Vocs for cells with MA and MAC:s films are slightly higher than for cells with phase stable FACs-
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HT films. This suggests that phase segregation has only limited impact on the greater voltage
deficit observed in large-bandgap perovskites compared to their ~1.6eV bandgap alternatives. We
therefore suggest that eliminating phase segregation is not the most important objective in the
realization of stable, high efficiency tandems. More important objects are (1) understanding and
manipulating bulk defects that seem to cause a relatively large Voc deficit in large-bandgap
perovskites and (2) understanding why phase segregation has an insignificant impact on carrier
collection for certain large-bandgap perovskites such as MACs films.

Conclusion:

In conclusion, we investigated MA, FACs, and MACs large-bandgap mixed halide perovskite
compositions with electroluminescence, photoluminescence, and photocurrent experiments. For
the first time, we show phase segregation in the absence of photo-excitation, consistent with
excited-state lattice strain sustained by a high carrier density. Additionally, we provide conclusive
evidence that FACs perovskites can be prepared to be phase stable at 1 Sun-equivalent carrier
densities, even with the smaller grain sizes that result from a 75°C anneal. We further show that
larger grains from a high temperature anneal improve the FACs critical room temperature phase
segregation excess carrier concentration by a factor of four. We also examine the impact of phase
segregation on tandem device operation by measuring current output of phase-segregating
perovskite devices as well as a CIGS bottom cell shaded by phase-segregating perovskite filters.
Even though the MA device exhibits significant current density decay upon phase segregation as
reported previously, we surprisingly reveal stable power output during phase segregation in a
MAC:s device. Finally, we observe the filtered CIGS photocurrent to change less than 0.5% when
shaded by severely phase segregating films. Therefore, we conclude that the next generation of

low-cost, high efficiency tandem photovoltaics do not need to eliminate excess carrier-induced
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phase segregation in the hybrid perovskites top cell, and that the more imposing obstacle in
attaining such a photovoltaic technology is the voltage deficit of these large-bandgap perovskite
materials.
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42 A TwO-PHASE PHOTOLUMINESCENCE MODEL FOR STUDY AND DESIGN OF

PHASE SEGREGATING PEROVSKITES

This section presents unpublished data describing a two-phase photoluminescence model for
study of phase segregating mixed-halide perovskite heterostructures. The main takeaway from this
work is that the AEr of a two-phase perovskite heterostructure will be higher than that of a pure
phase HP with similar PLQY and bandgap equal to the lower phase bandgap. This is because a

quasi-equilibrium is established between excited carriers in the multiple phases. Although this
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work was not completed and published, the insights from this work influenced design and
interpretation of experiments in several of our other works®">* %,
Despite the abundance of work studying and reviewing phase segregation in mixed-halide

28, 39, 42, 43, 65, 66, 102-104

perovskites , there are only a few studies that investigate the impact of phase

: . 39, 40, 62
segregation on device performance™ ™

, and a general understanding on how phase segregation
impacts Voc and Jsc with time has not been fully developed. Indeed, several hypotheses have been
recently disproved by published data. One hypothesis is that the AEr (and thus Voc) will decrease
upon phase segregation due to carrier transfer into a domains with lower bandgap, leading to a AEg
decrease of ~100meV in some cases (see Figure 6¢ in Braly and Hillhouse™"). This is not always
the case, as recently we demonstrated 2D/3D mixed-halide HPs (with PEA) that exhibit phase
segregation but also can sustain constant Voc with time®. Another hypothesis is that carrier
transfer to the lower bandgap phase impedes current collection, which can be observed by a

%40 However, we also showed that this is not always true with

decaying photocurrent with time
the interesting case of (MA,Cs)Pb(I,Br);, which can sustain constant current with time despite
phase segregating, as shown in Figure 4.3d*’. Here, we expand our AIPL model to include two-
phase materials, use the updated model to study phase segregation, and ultimately develop a
generalized theory for how phase segregation impacts device performance.

Consider the AEr splitting of a two-phase material, with a minority phase that has slightly
lower bandgap. Previously, we calculated AEr for this system using the PLQY method with the
peak position of the total luminescence, which is typically the lower bandgap phase in a segregated
material (e.g. Figure 6a,c in Braly and Hillhouse*"). This method is inappropriate, as it treats the

emission of a minority phase (typically 1-10% of the material) as if it were a pure material. The

carrier concentration we obtain from the extracted AEr in this case is an underestimation of up to
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two orders of magnitude (suggesting calculated AEF is a significant underestimation). This AEg
underestimation can be seen by the offset in the high energy tails in Figure 4.4 (left). However, the
information about the mole fraction and AEr of each phase is still encoded in the magnitude and
shape of a photoluminescence spectrum although it is not practical to completely expand the model
for two direct transitions with two complete parameter sets (yielding 8-9 fit parameters). We can
expand our AIPL model by adding only a single term, mole fraction of I-rich phase, if we assume
(1) theta and gamma are the same for I-rich and Br-rich phases (theta, gamma for Br-rich phase
have little impact on emission), (ii) temperature is the same (has little impact on I-rich emission),
(ii1) starting Br concentration is known, and bandgap dependence on Br content follows and
experimentally measured empirical trend, (iv) the carrier populations in each phase are in
equilibrium with each other (AEr constant in I-rich and Br-rich phase). With the updated model,
we can fit the full phase segregated peak and determine that there is ~5% I rich phase and AEg of
1.34eV (Figure 4.4 right).

Figure 4.4 demonstrates that the AEF splitting will be higher for the two phase material on the
right than for a pure phase material with bandgap 1.698 with the same sub-bandgap absorptivity
and a similar PLQY. This gives critical insight on the optoelectronic properties of a two phase
material. A mixed-halide perovskite that phase segregates will have some loss in AEr due to
carriers moving down in energy to the lower bandgap phase. However, the observed AEr decrease
will be a function of the relative mole fraction of the two phases, the difference in bandap, the
defect chemistry, and the magnitude of the concentration effect in the smaller E, phases.
Considering these factors, the decrease in AEr as a mixed-halide perovskite phase segregates could

be quite small. Collectively, this finding describes why certain phase-instable materials, such as
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or

(PEA,MA)Pb(I,Br)s,

can give

demonstrating clear evidence of phase segregation.
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Figure 4.4. AIPL fits of phase segregated data using AIPL with single (left) and double (right)
transition energies. The left fit omits data > 1.72eV. The AEr on the left matches what the PLQY
method would predict (which assumes 100% of a ~1.70eV bandgap material). The mismatch in
the high energy tail region indicates that the AEF is not adequately describing the luminescence of
this material. Right shows the fit of the updated model, which demonstrates excellent fit through

the entire range, with a higher AEr of 1.34 eV.
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Chapter 5. ENHANCING DEFECT TOLERANCE AND PHASE
STABILITY OF HIGH-BANDGAP
PEROVSKITES VIA GUANIDINIUM
ALLOYING

The following continues work started in Chapters 3 and 4 to improve the photovoltage and
phase stability of high-bandgap, mixed-halide perovskites. Here, we use high-throughput
combinatorial screening to study the influence of lattice strain on the band structure and defect
chemistry of mixed-halide HPs. This work was published in ACS Energy Letters™’, and received
26 citations (as of March 2020) in the 1.5 years since its publication. Recent work demonstrating
high efficiency perovskite-perovskite tandems'” by the founders of Swift Solar was largely based
on technology developed in this paper. In Fall 2019, I received the UW Chemical Engineering
Department’s “High Impact Publication” award for this paper. Reproduced with permission’;

copyright Americal Chemical Society 2018.

5.1 ABSTRACT

Although hybrid perovskites (HPs) have tunable bandgap making them amenable to tandem
solar cells, the measured Voc does not increase sufficiently with increasing bandgap (Voc/Voc s
decreases with increasing bandgap for E, > 1.70eV). We study the impact of A" size mismatch
induced lattice distortions (in ABXj; structure) on the optoelectronic quality of high-bandgap HPs
and find that the highest quality films have high A-site size-mismatch, where large GA
compensates for small Cs to keep the tolerance factor in the range for the perovskite structure.

Specifically, we find that 1.84eV bandgap (FA¢33GA¢.19Cso.47)Pb(Io.66Bro34)3 and 1.75eV bandgap
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(FA0.58GA0.10Cs0.32)Pb(I9.73Br0 27)5 attain quasi-Fermi level splitting (AEF) of 1.43eV and 1.35¢V,
respectively using quantitative photoluminescence, which is >91% of the detailed-balance limit
for both cases. Films of 1.75eV bandgap (FA,GA,Cs)Pb(I,Br); are then used to fabricate p-i-n
photovoltaic devices that have a Voc of 1.24 V. This V¢ is among the highest Voc reported for
any HPs with similar bandgap (1.7 to 1.8 eV) and a substantial improvement for the p-i-n
architecture, which is desirable for tandems with Si, CIGS, or a low-bandgap HP. Collectively,
our results show that non-radiative recombination rates are reduced in (FA,GA,Cs)Pb(I,Br); films
and prove that FA-GA-Cs alloying is a viable route to attain high Voc in high-bandgap HP solar
cells. This work relieves the limitation of material quality in high-bandgap perovskites and

demonstrates that Vo proportionate to bandgap can be achieved with tailored device engineering.

(FA,Cs)Pb(l,Br);= (GA,Cs)Pb(l,Br),
1 ‘ T .o (FA,GA,Cs)Pb(L,Br);
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Figure 5.1. Enhancing Defect Tolerance and Phase Stability of High-Bandgap Perovskites via
Guanidinium Alloying
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5.2 INTRODUCTION

In the past five years, the hybrid organic-inorganic perovskites (HPs) have emerged as an
exciting material for photovoltaic applications due to unprecedentedly high optoelectronic quality
for a material fabricated with a low-temperature solution process. Bandgap tuning in HPs can be
easily accomplished by changing halide composition making HPs amendable to tandem
applications. For a 1.10 eV bottom cell (such as c-Si or CIGS), the ideal top cell bandgap is
1.75eV"*** (Br/(I+Br)~0.35) while for a 1.22¢V bottom cell (the minimum reported HP bandgap)
the ideal top cell becomes 1.82eV' ** (Br/(I+Br)~0.40). However, as Br/(I+Br) exceeds 0.20,
HPs have been shown to undergo halide redistribution under illumination®® or current injection’"
1% resulting in distinct phases with different halide content. The ratio of the measured open circuit
voltage to the theoretical Shockley-Queisser (SQ) open-circuit voltage (Voc/Vocsq) also
deteriorates above ~20% Br’>*!,| which has led some investigators to suggest that the voltage
deficit in high-bandgap, mixed-halide perovskites is intimately linked to halide phase segregation.
Although several reports show compositions that exhibit improved phase stability at 1 Sun

16, 36, 40, the highest Voc/Voc.so reported12 for such compositions is 85% for the 1.75eV

conditions
bandgap (FA,Cs)Pb(I,Br); in an n-i-p architecture (Voc = 1.24 V), which is much lower than the
highest reported Voc/Voc,sq of 92% for a 1.63eV material (Voc = 1.24)° and still limited by the
absorber material quality. We note that the p-i-n device architecture is preferred for monolithic,
two-terminal tandems with either c-Si, CIGS, or a 1.2 HP due to a combination of bottom cell
architecture, parasitic absorption, and processing constraints, as evidenced by the state-of-the art

efficiencies for all three classes being realized by p-i-n devices'**'°”. The highest Voc’s obtained

for high bandgap HPs with p-i-n architecture is 1.17 V for a 1.75eV absorber (Voc/Vocsq =
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80%)'*®. Realization of high-bandgap HPs with higher optoelectronic quality is imperative for
relieving performance limitation in low-cost multi-junction HP devices.

Here, we employ high throughput combinatorial materials screening with quantitative steady-
state photoluminescence analysis within the (MA,FA,GA,Cs)Pb(Iy ¢6,Bro34)3 composition space,
where MA = methylammonium, FA = formamidinium, and GA = guanidinium, and identify high-
bandgap HPs that sustain high quasi-Fermi level splitting (AEf/AErsq), exceeding that of
previously reported materials. We selected some of the most promising FA-GA-Cs alloys for
further investigation, and discover that GA can be incorporated into the perovskite structure in
specific cases which induces local lattice distortions. Further, we show that FA-GA-Cs alloys can
sustain quasi-Fermi level splitting of >91% of the detailed balance limit maximum for high-
bandgap HPs and demonstrate enhanced phase stability. Finally, we implement our 1.75e¢V
(FA,GA,Cs)Pb(I,Br); film into devices (with p-i-n architecture desired for tandems) and

significantly improve the Voc.

5.3 RESULTS AND DISCUSSION

Using combinatorial spray coating, we fabricated composition gradients within the
(MA,FA,GA,Cs)Pb(I 66,Br0 34)3 composition space, using effective tolerance factor and A-site size
standard deviation as parameters to choose gradients in an effort to isolate the impact of lattice
distortion on optoelectronic quality (detailed in Supporting Information). In this “effective
tolerance factor” approach, we choose appropriate ratios of GA and Cs such that the tolerance

factor (calculated using mean ionic radii) fall within the perovskite formation range. However,
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Figure 5.2. Spray coated A-site composition gradients of HPs and their optoelectronic quality
for a fixed iodide to bromide ratio, or APb(IycBr34)3, where A can be an alloy containing FA,
MA, GA, or Cs. (a) Photo of four example gradients; composition along the 80 mm substrate is a
linear combination of the compositions listed on the ends. Samples are enclosed behind two glass
sheets with a quartz top window using an O-ring, vacuum grease, and clamps screwed into an
optical stage to ensure AIPL measurements are collected with the samples in a N, environment.
(b) Compiled AIPL results for eight gradients, showing optoelectronic quality fraction y vs. mean
PL emission energy, with several compositions of interest highlighted (y = AEr/AEF sq). Note that
AEg 5q 1s identical to qVc sq. (c-d) example results showing (c) mean PL emission energy and (d)
optoelectronic quality as the composition changes along the length of the gradient for two example
gradients. Note that the absolute intensity PL. measurements were collected at 1 Sun photon flux
(541 W/m® with a 532nm cw laser). (e-f) shows (¢) mean PL emission energy and (f) optoelectronic
quality, y, on a ternary plot representing FA-GA-Cs alloys. Interpolation is determined using
thousands of PL emission spectra from over five composition gradients in the
(FA,GA,Cs)Pb(I66Bro34)3 space. White regions are regions where no data was collected.
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the standard deviation of ionic radii for a GA-Cs alloy will be higher than MA (all A" radii are the
same size) or even a FA-Cs alloy. This novel method of probing the HP composition space using
(i) effective tolerance factor and (ii) distribution of A" sizes gives an increased likelihood of
finding new compositions that form a perovskite phase while employing larger A" ions. Each spray
coated composition gradient is prepared using a translating spray nozzle while ramping syringe
pump rates with inks containing different A cation compositions, as described previously*' and
discussed in the Methods section. To assess material optoelectronic quality, we measure absolute
intensity photoluminescence (AIPL) as a function of position along the composition gradient. The
steady-state quasi-Fermi level splitting (AEg), which is the difference between the steady-state
non-equilibrium Fermi energy of the conduction band and of the valence band, sets the intensity
of the PL and can be determined by fitting the spectral emission profile®* >, A material with 100%
PLQY would have precisely the radiative limit quasi-Fermi level splitting (AEg,raq), Which is
typically slightly reduced from the Shockley-Queisser quasi-Fermi level splitting (AEr sq) due to
the presence of a non-abrupt absorption onset because of sub-bandgap absorption. Measuring AEr
on a neat film gives the maximum attainable Voc for a device with that film as its active layer
(Voc.max = AEF/q). Further, comparing the measured AEr to AErsq gives an easily calculated and
fair metric to reveal if increases in AEr are keeping up with increases in bandgap. By studying the
quality of the HP layer outside of a completed device stack we directly assess the limitations of
the material itself without complicating factors such as defective interfaces or band alignment.
Figure 5.2 presents a photograph of four example spray coated composition gradients (a), along
with various methods of representing the gradient AIPL results (b-f). From the visible trends in
color shown in Figure 5.2a, one can directly observe that the composition gradient has an impact

on optical bandgap. A color change occurs in the two gradients involving GA-Cs, indicating the
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optical bandgap increases with GA-Cs incorporation, while the gradients involving only MA and
FA-Cs remain dark within the entire composition range, indicating the optical bandgap increases
more strongly with GA-Cs incorporation. Figure 5.2d shows optoelectronic quality parameter y =
AER/AEF 5 as a function of position along the gradient, where the composition is a function of
position. The quasi-Fermi level splitting calculations are described in detail in SI, with examples
shown in Figure 5.6-5.7. For the (FA(45Csoss) - (FAo95Cso0s) gradient, results are similar to
trends previously reported’®, with the FA-Cs gradient showing an optimum PLQY around 15% Cs
(~65mm in Figure 5.2). Considering the exploration of FA-GA-Cs results, we observe several
interesting trends. Note that for each of these gradients, as we add GA we also increase the
concentration of Cs to keep the effective tolerance factor constant and avoid GA-rich compositions
that are unlikely to form a 3D perovskite phase. Most importantly, we notice that there are several
FA-GA-Cs compositions that emerge as having much higher y than MA or FA-Cs compositions,
even approaching 90%. Figure 5.2e-f show that there is a sizeable composition region around A =
FAy5GA¢25Csp2s where mean PL emission energy is less than 1.9eV while y is greater than 85%
. We also notice that the PL emission blue shifts with incorporation of GA and Cs, with many of
the highest quality FA-GA-Cs compositions blue shifting from 1.75eV to 1.8-1.9eV. However, the
changes in PL emission energy do not seem to precisely match the changes in optical bandgap for
certain compositions; the yellow film on the right side of the two GA-containing gradients suggests
a bandgap around 2.2 eV, while the PL emission energy increases to only ~1.95eV. One possible
explanation is formation of multiple phases at certain locations/compositions (such as at the far
right side of (GA,Cs) gradients), where the PL emission is from a minority phase with lower
bandgap than the majority phase observed visually. Still, the changes in both optoelectronic quality

and PL emission energy indicate that
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Figure 5.3. Structural and optical characterization of spin coated films. (a) XRD of films. (b)
UV-Vis-NIR absorbance of select MA, FA-Cs, and FA-GA-Cs HP films. The dashed lines in (a)
indicate cubic perovskite phase (Pm3m with lattice constant @ = 6.170 A), which matches the
MAPb(Iy.66Bro 34)3 pattern precisely. We noted peaks that do not match the cubic perovskite pattern
with *, some of which align with Pbl, 26 positions. (c) Williamson-Hall analysis of three A-site
compositions, each with the same bromine content, Br/(I+Br)=0.34. Microstrain increases with
increasing size mismatch on A site, while crystalline domain size remains relatively constant. (d)
Schematic showing the possible structural impact of incorporating A cations of different sizes into
the perovskite structure, which results in reduced dynamic disorder and a narrower distribution of
bond angles.

incorporation of additional (GA,Cs) has an impact on both the band structure and defect chemistry
in high-bandgap perovskites. To further understand the effect of (GA,Cs) incorporation on

optoelectronic and structural properties, we fabricated spin coated films from several compositions
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within our spray coated experiment space so we could study carrier transport and phase purity in
addition to AEF.
Early reports suggested that GA is not incorporated into the perovskite structure due to its large

109-111

size and either resides as a passivating agent at surfaces or induces formation of a lower

dimensional “layered” crystal structure''*'"

. In contrast, more recent reports demonstrate that GA
can be incorporated at least up to 25% in (GAMA )Pbl;''®, leading to some improvements in
Voc and stability for a ~1.6eV HP. Further, Kubicki et al. employ NMR to demonstrate direct
evidence of GA incorporation into the FAPbI; or MAPbI; lattice forming phase pure materials''’.
This diversity in reported phase purity suggests that GA incorporation into the perovskite structure
depends on precise alloy composition and fabrication procedure. This is reflected by trends in
changing optoelectronic quality with GA-Cs content observed in our spray coating results, as
shown in Figure 5.2.

We measured UV-Vis-NIR and XRD on spin coated films for selected compositions inspired
by the spray coated experiment (shown in Figure 5.3a-b) to investigate the phase purity and the
discrepancy between optical bandgap and emission energy (Figure 5.2a-b). We also explored some
compositions with slightly reduced Br content to precisely target a bandgap of 1.75eV (ideal for
the top cell for tandems with c-Si or CIGS bottom cells). We found that formation of secondary
phases depends strongly on (i) effective tolerance factor, (ii) standard deviation of A-site ionic
radii and (ii1) halide content. Figure 5.3a and 5.3b shows several compositions that form cubic
perovskite phase and have strong absorption edge. Collectively, we determined that the two
compositions (FA(33GA¢.19Cso.47)Pb(1o66Bros4)3 and (FAgssGAg10Cso32)Pb(lo.73Bro27); emerged

as the most promising candidates that form majority perovskite phase, have a strong absorption

edge, and have improved optoelectronic quality, and the remainder of this work focuses on these
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compositions. In the XRD pattern in Figure 5.3a, we noticed differences in peak broadening for
the various alloys. Peak broadening can arise due to: (i) the instrument-induced broadening, (ii)
size broadening, (iii) strain broadening, or (iv) the presence of impurities with slightly shifted XRD
peak positions. We measured all samples on the same instrument (a Bruker D8 Discover with Cu
K v source filtered with single crystal diffractive optics), and found the FWHM:s to be well above
the instrument broadening observed for LaBg standard, ruling out (i). These samples have minor
phase impurities, where possible secondary phases have distinct peak 26 positions (see Figure
5.14), ruling out (iv). We thus conclude that the differences in peak broadening observed here are
due to size and/or strain, which is discussed subsequently.

A “perfect” crystal is an infinite array of atoms arranged in a repeated pattern with precise
lattice spacing d. Real crystals have a finite size, and may also have a distribution in d, where the
root mean square displacement of d from the average spacing is the “microstrain”. Microstrain can
arise from non-uniform lattice distortions (such as from ion size mismatch on a lattice site),
dislocations, antiphase domain boundaries, or grain surface relaxation''®. The best way to
distinguish between size and strain from an XRD pattern is to perform Reitveld refinement'"”.
However, this may not be practical in cases where there is preferred orientation in films. In these
cases, the Williamson-Hall'* analysis can be used to estimate size and strain effects and compare
relative trends. The merits and limitations of the Williamson-Hall analysis have been critically
reviewed by Delhez et a/ who identified that the analysis is able to provide an qualitative
interpretation of the origins of line broadening effects, but the quantitative results are not generally

reliable'?!

. To assess the merits and limitations of the Williamson-Hall, we performed the
Williamson-Hall analysis on SRM 1979 (a line shape standard provided by NIST) and compared

our results (shown in Figure 5.9) to those obtained by the standard developers'**. We reproduce
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similar size and strain trends as published by Cline ez al.'* for the two differently sized particles
of the SRM 1979 standard. This result gives us confidence that we appropriately utilize the
Williamson-Hall analysis in assessing relative trends for the contributions of crystallite size and
strain to the XRD peak broadening of samples.

Although perovskite semiconductors commonly have substantial microstrain because of the
prevalent use of alloys (which induce non-uniform lattice distortions), the impact of microstrain
on optoelectronic properties of perovskites is not well understood or explored. Wang et al. find
that aluminum ion doping reduces dislocations (and thus reduces total microstrain) which results
in a corresponding PLQY increase and reduced Urbach energy'*. Contrarily, Yang et al. find that
incorporation of tin in mixed-halide perovskites increases microstrain which results in enhanced
device efficiencies and phase stability”’. We hypothesize that the different origins of microstrain
have vastly distinct impacts on optoelectronic properties. Figure 5.3¢ shows a Williamson-Hall
plot to determine microstrain. The microstrain determined by Williamson-Hall analysis of XRD
peaks for (FA¢33GA0.19Cs0.47)Pb(l1g.66Bro34)3 is 1.7 times greater than (FA¢s3Cso.17)Pb(lo.66Bro34)3
and 3.1 times greater than MAPb(I ¢6Bro.34)3, which gives further evidence that the GA and Cs are
incorporated into the A site and also confirms that this composition space can be used to probe
optoelectronic impact of local lattice distortions. The Williamson-Hall analysis results for
(FA0.58GA0.10Cs032)Pb(Ip.73Bro27); (with lower Br content) are presented in Figure 5.10;
comparison of this with the other compositions here is not straightforward as the X- and A-sites
are both expected to affect microstrain. We show the estimated size, strain, and associated errors
(esd from fits) in Table 5.3 and the ionic radii statistics (average size and standard deviation in
size) in Table 5.4. The trend in standard deviation of A-site ionic radii matches with the measured

microstrain, indicating that the A-site ionic radii is a good predictor of the strain in resulting HP
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structures. Optical properties were characterized with UV-Vis-NIR absorbance as shown in Figure
5.3b. Figure 5.3b shows that the FA-GA-Cs compositions retain the sharp band edge observed for
(FA,Cs)Pb(I1,Br);. We also notice that for Br/(I+Br)=0.34, the bandgap (extracted from linear fit
of A® vs. E as shown in Figure 5.11) increases from 1.75eV to 1.84eV upon changing the A-site
from (FA.83Cs0.17) to (FA033GA0.19Cs0.47), and that (FA¢ ssGA¢.10Cs0.32)Pb(lg.73Br927)3 has 1.75eV
bandgap with very similar absorption behavior to (FA s3Cso.17)Pb(1o.66Bro.34)3 despite the lower Br
content. The bandgap trends extracted from UV-Vis-NIR data match the slight changes in lattice
constant observed in the XRD patterns.

We further explore the effect of the composition on optoelectronic properties by measuring
AIPL on spin coated films for promising FA-GA-Cs compositions and comparing with
MAPbB(I,Br); and (FAg3Cso.17)Pb(I,Br); as shown in Figure 5.4 (AIPL statistics shown in Figure
5.6). Both of the FA-GA-Cs compositions of interest yield PLQY of ~4.5% and AEr of >91% of
the Shockley-Queisser limit, which is a considerable improvement over the MA and FA-Cs films.
A detailed explanation of the quasi-Fermi level splitting calculations and results of fitting the AIPL
spectra to a unified photoluminescence model™ are presented in Figure 5.8. We also use the sub-
bandgap absorption model extracted from these AIPL spectra™ to calculate AEg.q for each
composition which is presented in Table 5.2. The (FA(33GA0.19Cs0.47)Pb(Io6cBros4)s has the
greatest sub-bandgap absorption and thus the greatest difference between AEF .d and AEr sq of the
films considered, but the defect chemistry is such that the impact from suppressed non-radiative
recombination far exceeds the additional losses from increased sub-bandgap absorption. Indeed,

the AEF/AEF,SQ achieved fOI‘ bOth (FA0_33GA0_19CSo_47)Pb(Io.66BI'0434)3 and
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Figure 5.4. AIPL and PL-Lp results for spin coated mixed-halide films with select A-site
compositions. (a) Characteristic AIPL spectra for each composition (spectrum with median PLQY
shown). (b) Mean PL emission energy evolution with time, where PL peak red shift suggests phase
segregation. (¢) PL and Lp evolution with 2.5 minutes’ illumination for various films. Absolute

intensity PL measurements were collected at 1 Sun photon flux (541 W/m” with a 532nm cw laser

for a-b and 657 W/m” of ~438nm Blue LED for c).
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(FA0.58GA0.10Cs0.32)Pb(Ip.73Bro27)3 are on par with the Voc/Vocsq record for ~1.6eV bandgap
HPs’, indicating that the optoelectronic quality for high-bandgap HPs can be as high as the ~1.6eV
variants.

Fabrication of phase stable HPs is important in realization of multi-junction devices with stable

power output. Although (FA,Cs)Pb(I,Br); has been shown to be relatively phase stable'® ) some

reports have shown signs of phase instability”® **

, and thus investigators have concluded that the
phase stability of any composition depends strongly on the fabrication scheme and resulting film
morphology, thickness, and defect concentration®> '°* '**. Other work has shown that although
(FA,Cs)Pb(I1,Br); is phase stable at 1 Sun illumination or current injection, it phase segregates
when subject to higher carrier densities’'. The long term operational stability of the mixed-phase
has not yet been determined for any composition. Several mechanisms to describe relative phase
stability have been proposed, such as polaron formation at high carrier densities® or differences
in the dependence of formation free energy between mixed and I-rich domains on carrier

density'”

. We studied phase stability of the mixed-halide phase by measuring confocal AIPL with
time upon 1 Sun illumination. A PL peak red-shift is indicative of formation of an I-rich phase
with locally lower bandgap where carriers accumulate before radiative recombination®®. The
evolution of mean PL emission energy (the first moment of the emission spectrum as a function
of photon energy) with time is presented in Figure 5.4b, which shows a PL emission energy
decrease from 1.79 eV to 1.70 eV in the first 60 s of illumination for the MAPb(I,Br); film. All
other films show stable PL emission energies with time, although the (FA,Cs)Pb(I,Br); PL spectra
have a low energy peak shoulder that could indicate a small amount of phase segregation in this

film (see Figure 5.12) . The absence of the low-energy shoulder in (FA,GA,Cs)Pb(I,Br); spectra

suggests this composition further suppresses phase segregation. To better understand the origin of
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the enhanced phase stability in specific alloys, we conducted discharge current measurements to
detect ion activation barriers (see Figure 5.13). These measurements reveal a constant ion
migration activation barrier for various A-site compositions, suggesting that phase stability is not
dependent on the ion mobility in these films, but rather the increased microstrain
thermodynamically stabilizes the mixed-halide phase, supporting findings by Draguta et al.'"

In earlier work we discussed the importance of quantifying transport simultaneously with
PLQY to determine if improvements in radiative efficiency are accompanied with decreases in
diffusion length37. Thus, we measured mean carrier diffusion length (Lp) on these films as shown
in Figure 5.4c, which plots the PLQY and Lp evolution parametrically with time for several high
bandgap HPs throughout a 2.5 min illumination (measurement technique is described in SI). In
some cases, the FA-GA-Cs alloys have quite low Lp, even lower than the phase-segregating
MAPDbDI;. XRD measurement (see Figure 5.14) reveals that these cases with low Lp correspond
with films with high fraction of secondary phases, indicating that GA is not fully incorporated into
the HP lattice. Other cases with relatively phase pure films show that the FA-GA-Cs alloys achieve
higher PLQY than FA-Cs films while maintaining similar Lp.

Analysis of these AEr differences for the high-bandgap compositions studied gives insight on
the origin of higher non-radiative recombination rates typically observed for the high-bandgap
HPs. We consider four possible hypotheses for the lower defect tolerance of high-bandgap HPs,
which are discussed in SI. To enhance our understanding of defects in high bandgap HPs, we also
studied large-grain films fabricated with SCN™ additive (Figure 5.15 and 5.16). Of our four
hypotheses, we conclude there are two possible origins of the higher non-radiative recombination
rates in conventional high bandgap HPs: (i) phase segregation is not eliminated even in films that

show stable PL emission with time, which facilitates non-radiative recombination at I-rich phase
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boundaries or (ii) the higher non-radiative rates observed in high bandgap perovskites arises from
changing the position of band edges relative to the bulk defect energy levels (considered
quantitatively with Shockley-Reed-Hall non-radiative recombination simulations and shown in
Figure 5.17). Whether (i) or (ii) is the primary cause, it is clear that FA-GA-Cs alloys suppress this

mechanism to enable lower non-radiative recombination rates.
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Figure 5.5. Current-Voltage analysis for completed PV  device from
(FA().58GAO_1()CSo_32)Pb(Io_73BI'0_27)3 films with ITO/PTAA /HP/ICBA/ biS-C60 / Ag architecture
(so called “p-i-n” architecture). (a) J-V for a champion V¢ device. (b) J-V for a champion power
conversion efficiency device.
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The motivation for finding high bandgap absorbers with lower bulk non-radiative
recombination rates is ultimately to realize high-bandgap, high Voc devices. Thus, we performed
some preliminary studies of the device performance of our FA-GA-Cs alloys. The AIPL, XRD,
UV-Vis-NIR, and Lp data suggest that the (FAgssGA0.10Cs0.32)Pb(Ip73B1927)3 composition has
excellent quality with ideal bandgap (1.75eV) for the top cell in a two-terminal tandem with c-Si
or CIGS. Realization of two-terminal tandems with c-Si*?, CIGS®, or HP'® bottom cells each
requires p-i-n top cell architecture to achieve the highest overall efficiency. We implemented our
1.75eV FA-GA-Cs film into a p-i-n device stack with all low temperature processing directly
translatable to multi-junction devices. We attained Voc up to 1.24 V (see Figure 5.5) which is a
considerable improvement over the previous record of 1.17 V for p-i-n devices with similar

108 The difference between the 1.35 eV measured AEg for neat films used for the 1.24 V

bandgap
device Voc indicates that the V. loss in devices are due to significant interfacial recombination
losses or band misalignment rather than the previously observed optoelectronic quality of

12123126 a1 yse the

absorber'”*’. Other work demonstrating 1.23-1.24 V with similar bandgap HPs
n-i-p architecture and employ passivation strategies such as KI treatment'>, formamide-assisted
crystallization126, or solvent anneal with SCN™ '2. Our result of high Voc with a simple solvent
wash fabrication demonstrates that FA-GA-Cs high bandgap HP is inherently better and a likely
route to even higher Voc with proper surface passivation and interface engineering. Further device
studies to translate the complete potential of compositional platform developed here will be part
of our continued evaluation in future work.

In summary, we used high-throughput combinatorial spray coating to identify two

(FA,GA,Cs)Pb(I,Br); compositions with bandgaps 1.84 and 1.75 eV with unprecedented

optoelectronic quality for this bandgap range. We explored many compositions in the FA-GA-Cs
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alloy space and determined that although GA can be incorporated into the perovskite lattice, there
are significant compositional constraints and formation of the cubic perovskite phase is dependent
on mean tolerance factor and halide ratio. To verify the trends observed with spray coating
experiments, we spin coated films of select compositions to confirm excellent morphology and
transport for certain (FA,GA,Cs)Pb(I,Br); materials. Through photoluminescence modeling we
reveal that the increased microstrain in (FA,GA,Cs)Pb(I,Br); is detected by an increase in modeled
sub-bandgap absorption, yet the impact of additional sub-bandgap absorption on AEp is
overshadowed by suppression of non-radiative recombination. By considering multiple
hypotheses, we propose the higher non-radiative recombination rates observed in conventional
high bandgap HPs arise from either defects at persistent phase boundaries or bulk defects that lie
progressively deeper within the bands as the band edges move. With AEr exceeding 91% of the
Shockley-Queisser maximum and record device Voc of 1.24 V, we show that
(FA,GA,Cs)Pb(1,Br); films suppress non-radiative recombination and the material quality of high-
bandgap HPs is not an inherent limitation in realization of high efficiency tandem multi-junction

devices.
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SUPPORTING INFORMATION. Experimental methods (Spray coating/spin coating film

fabrication, device fabrication, confocal absolute intensity photoluminescence, wide-field PL and
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photoconductivity measurements, discharge current measurements, JV-characterization, UV-Vis-
NIR, XRD, and SEM), quasi-Fermi level splitting calculations, radiative limit calculations,
Williamson-Hall measurements of NIST standard, spray coating supporting results, XRD/UV-Vis-
NIR of additional compositions, determination of bandgap from UV-Vis-NIR, discharge current

measurements for ion migration studies, and Shockley-Reed-Hall simulations details and results.

5.4  SUPPORTING INFORMATION

5.4.1. Experimental Methods
5.4.1.1. Spray Coating Set-up and Film Fabrication

Soda-lime glass substrates (100mm long by 15mm wide) were cleaned with a four-step
procedure by sonicating for 10 minutes each in (1) Alconox and DI water, then (2) pure DI water,
then (3) acetone, and finally (4) 2-propanol. Shortly before spray coating, the substrates were
cleaned for 10 minutes in an Argon plasma. All compositional gradients were deposited in a N
atmosphere using an ultrasonic Sono-Tek spray coater contained inside a glovebox with a hot plate
maintained at 125°C. Inks were prepared from MAI, FAI, GAI, Csl, Pbl,, and/or PbBr; as a
stoichiometric 0.13M in a 63/37 v/v dimethylformamide (DMF) / 1,4-dioxane (DO) solution
mixture. Perovskite ink was deposited via an ultrasonic spray nozzle, which translated above the
substrate, delivering ink at a constant rate of 150 uL/min. A gradient of composition was achieved
by mixing streams delivered by two pumps of changing flow rates, one ramping up and one
ramping down such that a constant overall flow rate was maintained. The nozzle translated at a
speed of 1 mm/s along the length of the substrate, oscillating across the width of the substrate for

full coverage. Spray coated films were annealed immediately post-deposition at 125°C for 5 min
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and then transferred to a sealed container with a quartz glass top for characterization without
exposure to air.
5.4.1.2. Spin Coating Film Fabrication

Spin coated films were prepared on 15mm by 15mm glass substrates cleaned with a procedure
identical to that of spray coated substrates. All ink preparation, spin coating, and annealing was
performed in a N»-filled glovebox. Inks were prepared in ~1.0M solutions from MAI, FAI, GAI,
Csl, Pbl,, PbBr;, and/or Pb(SCN),, all dissolved in 80/20 v/v mixtures of DMF/DMSO. We used
2% Pb-poor inks, achieved by adding 1.0M total Al + 0.98M total PbX,. We note that all
compositions discussed in this work are “nominal” compositions, or compositions of the precursor
ink, as is commonly reported in the perovskite literature. Spin coating was performed in a two-
step process: 6 s at 1000 rpm followed by 20 s at 4000 rpm, with 0.7mL of toluene dispensed with
15 s remaining on the second step. The films were then annealed at 125°C for 10 min and
transferred to a sealed container with a quartz glass top for characterization.
5.4.1.3. Device Fabrication and Testing

Devices where fabricated with ITO / PTAA / Perovskite / ICBA / bis-Cgo / Ag architecture.
Commercial ITO glass (15 ohm/sq, Colorado Concept Coatings) was cleaned in a sonication bath
for 10 minutes’ each in 5% Alconox in deionized (DI) water, then acetone, then 2-propanol, then
was plasma cleaned for 10 minutes in Ar plasma. The substrates where transferred into a N, filled
glovebox, where PTAA was spin coated from a 5 mg/mL solution at 4000 rpm for 40 s, then anneal
at 60 °C for 10 min. The perovskite solvent system was changed slightly to achieve smoother films
necessary for efficient planar devices. The (FA,GA,Cs)Pb(I,Br); ink was prepared in ~1.0M
solutions from FAI, GAI, Csl, Pbl,, and PbBr;, all dissolved in 9/8 v/v mixtures of N-methyl 2-

pyrrolidone (NMP)/DMF. We used 2% Pb-poor inks, achieved by adding 1.0M total Al + 0.98M
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total PbX,. The solution was spin coated on top of PTAA at 4000 rpm for 45 sec, with 0.7mL of
toluene dispensed with 20 s remaining on the second step, then annealed at 100 °C for 10 min.
After anneal, the fullerene layers (doped-ICBA and bis-Cg) were deposited precisely as described
previously'?’. Finally, an 150nm Ag electrode was deposited with thermal evaporation at 2 A/s.

JV testing was conducted in a N»-filled glovebox using a 450 W Oriel xenon lamp and Keithley
2400 Source Meter. Photon flux was precisely calibrated to AM1.5GT using a Si-photodiode with
KGS5 filter. JV curves where collected with a forward sweep immediately followed by reverse
sweep with a modest sweep rate of 0.1 V/s. Device area was defined by the Ag evaporated area
which was verified to be 3.43 mm”.
5.4.1.4. Confocal Absolute Intensity Photoluminescence

Confocal absolute intensity PL was performed as reported previously’'. Samples were excited
with a 532nm laser and calibrated to 1 Sun above bandgap photon flux (for a 1.75eV bandgap
material based on AM1.5GT spectrum) using an Oriel optical power meter and beam profiler.
Photoluminescence spectra were collected with a Horiba LabRAM HR-800 with 10x objective
using a monochromator blazed at 500mm with 150 gr/mm with confocal hole set to 800 pm.
Calibration of the photon detection rate was performed with a blackbody source (IR-301, Infrared
Systems Development) at 1050 °C with a pinhole size of 10 pm to determine a calibration factor
for photons per count for this system. Statistics for spin coated films were collected by taking 25
measurements spatially distributed across the substrate with illumination times of 1s each.
Statistics for spray coated films were collected in a grid of 15 measurements along the width and
115 measurements along the length of the gradient. The statistics of each set of 15 lateral
measurements were averaged to create a series of 115 data points describing the characteristics

along the length of the gradient.
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5.4.1.5. Wide-field PL and Photoconductivity Measurements

Measurements of wide-field absolute intensity PL and photoconductivity were collected
concurrently as described previously’’. To enable four-point photoconductivity measurements,
80nm thick Au contacts were deposited with thermal evaporation at a rate of 2A/s using a shadow
mask to define the four-point geometry described elsewhere’’. Both wide-field and
photoconductivity measurements were collected with the samples enclosed in a temperature
controlled stage (Linkam Scientific LTSE420-P) set to 20.0°C and filled with a N, atmosphere,
with the N, purge rate set at 70% of the maximum. Wide-field PL measurements were collected
with a Hamamatsu C11440 camera with a 5x objective using blue LED excitation (Lumencor
SpectraX, with bandpass filter centered at 438nm) along with a dichroic mirror and emission long-
pass filter. The light source was calibrated using Newport 91150 V Si reference diode such that
the incident photon flux was equal to the above-bandgap photon flux of the AM1.5 spectrum on a
1.75eV bandgap material. The photoconductivity of films was measured with a four-point
geometry with a Keithley 2400 SourceMeter with the electric field induced by the measurement
remaining below 10 V/mm.
5.4.1.6. Discharge Current Measurements

Discharge current measurements were conducted following the methods of Game ez. al'*® to
measure the activation barrier to ion migration for various HP films. First, “half-devices” were
fabricated with architecture: ITO / NiOx / HP / Au. The NiOx layer was added to prevent shunting
for our ~375nm films, although with this asymmetric architecture the discharge current can only
be measured in forward bias. ITO glass (15 ohm/sq, Colorado Concept Coatings) was cleaned as
described above. The NiOx solution for sol-gel method was prepared as described elsewhere”,

then deposited with spin-coating at 3000 rpm for 60 s, then annealed in air at 350 °C for 1 hr. The
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NiOx coated substrates where transferred into a N filled glovebox for perovskite layer deposition.
Perovskite solution and spin coating were performed precisely as described above. 150 nm of Au
was thermally evaporated at a deposition rate of 2 A/s using a shadow mask with 3.14 mm”* device
area.

Next, the half-devices were transferred into a closed, N»-filled stage (Linkam Scientific
LTSE420-P) with constant N, purge. The stage has heating and liquid N, elements for temperature
control. Thermal grease was used to ensure excellent thermal contact between substrate and
temperature stage. The IV measurements and discharge current measurements were conducted
with a Keithley 2400 SourceMeter. IV measurements were conducted from OV to 0.2V at 20 °C
for all samples which all showed ohmic behavior in this voltage range. Finally, the discharge
current measurements were conducted by setting voltage and measuring current in a three step
program: set OV for 20 s, then set +0.2V for 20 s, then set OV for 20 s. Between the second and
third step, the measured current switches to a negative current, which indicates a “discharge
current” as ions diffuse back throughout the film. Game et. a/ discuss the origin of the discharge
current could be due to either dielectric polarization or capacitive effects due to ion accumulation,
yet conclude that characteristic differences in the Qgis dependence on temperature rule out

dielectric polarization for temperatures > 160 K'**

. We conducted discharge current measurements
in 15 °C increments between 50 °C and -55 °C, although we found Qgis to follow Arrhenius

behavior between 50 °C and 5 °C.

5.4.1.7. UV-Vis, XRD, SEM Characterization
The optical absorbance spectra collected from a PerkinElmer Lambda 1050 UV/vis/NIR

spectrometer with an integrating sphere in laboratory atmosphere. Thin film X-ray diffraction
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(XRD) measurements (Figure 5.15a) were collected with a Bruker D8 Discover equipped with a
Pilatus 100K large-area 2D detector and a Cu anode of wavelength 1.542 A. The instrument was
used with a parallel-beam geometry. For powder XRD measurements (Figure 5.3a,c), the samples
were first prepared by scraping off the material deposited on three 17x1” substrates onto the back
(rough) side of a Si wafer, and collecting into a flat, compressed pile with a spatula. Powder XRD
was collected with a Bruker D8 Discover equipped with a Lynxeye-XET multi-strip 1D detector.

SEM images were collected on Au-coated films with a FEI XL830 Dualbeam SEM-FIB.
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5.4.2. Determination of Quasi-Fermi Level Splitting from Photoluminescence

There are three primary methods for calculation of quasi-Fermi level splitting (AEr) from
photoluminescence data. Here, we review each and compare the results of each when applied to
the hybrid perovskites*'.
5.4.2.1. Quasi-Fermi Level Splitting from PLOY

The simplest method uses an expression proposed by Ross:*®
AEF = AEF,max + kT ln PLQYEXC (5.1)

where PLQYg,; is the external photoluminescence quantum yield. This method, which we will call
the “PLQYg,,.” method, is simple and can be used to estimate quasi-Fermi level splitting if little is
known about the material. One limitation is ambiguity about what is the most appropriate value
for AEg pqy- If little is known about the material, we can do a Shockley-Queisser calculation
assuming the bandgap equals the PL peak position and replace AEg 4, With AEf 0. However,
this can overestimate the quasi-Fermi level splitting if there is a significant portion of sub-bandgap
absorption and emission. More appropriately, if AEg,,q is determined, it can be used as the AEg max
ineq. 5.1.

For the data presented in Figure 5.4 and Figure 5.6, we use the PLQYj,; method (eq. 5.1) with
calculated AEp .4 and T= 320 K. This temperature is used as a conservative value in the range of
reasonable temperatures. The range of reasonable temperatures is taken to be between room
temperature (~295 K) and an elevation of about 60 C (355 K), given than the films are illuminated
with 1 Sun intensity and are not very thermally conductive. In addition, full peak fits and high
energy tail fits (discussed below yield fitted temperatures close to 320 K). The data in Figure 5.2
is also calculated with the PLQY,, method, yet AEg,,q is not available for each data point in the

gradients, so we alternatively use only the integrated PL above the peak position to determine
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PLQYgy, foreq. 5.1, we use AEgrsq as AErmax, and use temperature = 350K, which likely gives an

underestimation of the true AEF.
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Figure 5.6. Calculated AEy using PLQY g,, method with T = 320K. Statistics for 121 spectra are
presented (the same films shown in Figure 5.4). (a) mean PL emission energy (b) calculated AEg
with PLQYg,; method (c) optoelectronic quality y (AEr as a % or SQ limit).

5.4.2.2. Quasi-Fermi Level Splitting from Fitting the High-Energy Tail of the PL Peatk.

Alternatively, the “high energy tail fit” method, which fits the high energy tail of the PL peak
to the generalized plank law. Rearranging the plank law and employing the Wein approximation
yields

Ip,(E)h3c? 1 AEg
In|[2——|= ——EF+—
2nE? kT~ kT

(5.2)

which can be fit with a line when the photoluminescence is plot on a log-scale. Although this is a
relatively simple method, the fit temperature (and thus AEr) is dependent on precisely which
energy window is used for the linear fit suggesting that there is not necessarily a unique T-AEg

combination that gives the best fit. Regardless, we calculated AEr for comparison and results are

presented in Figure 5.6.
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Figure 5.7. Calculated AEr (a), percent of AEr /AErsq (b), and fit temperature (c) using the
high-energy tail fit method. This shows the same trends and similar AEF as calculated with the
PLQYx or full peak fit methods.

5.4.2.3. Quasi-Fermi Level Splitting from Full-Spectra Fit of PL Peak.
The third method used to calculate AEr is the “full peak fit” method which follows the
57, 58

procedure of Katahara and Hillhouse™. We use a modified Lasher-Stern-Wiirfel equation

given by

2nE?  a(E,AEpT)
h3c2 E — AEp) _ (5.3)
exp (S ) - 1

Ip (E) =

where the absorption coefficient is modeled by

a(E) = mﬁj (exp (— |%|9> /(E —E,) - u) du (5.4)

where I" is the gamma function, y is an energy broadening parameter for sub-bandgap absorption,
6 is an exponent to describe the form of the sub-bandgap tail, and Egis the direct transition
energy”". The full form of eq. 5.3 used in this study is given as equation 22 in Katahara and
Hillhouse™, which accounts for non-zero band occupation in the absorption model. The modified
absorption coefficient, which incorporates occupation effects (assuming symmetric splitting of

quasi-Fermi levels from mid gap) is given by
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2
a(E,AEp) = agk(E) <1 - W) (5.5)

e 2T +1

where ak (E) is the absorption coefficient model at zero band occupation (given by eq. 5.4). The
photoluminescence peak data was fit with eq. 5.3 using Levenberg-Marquardt non-linear least
squares fit, with fitting parameters E,, AEE, 8,y and T and assuming a,d is 3.75. We note that the
full peak fit requires a single photoluminescence peak (without shoulder features that indicate a
secondary transition energy), so we only fit the (FAGACs) films which do not have any peak
shoulder features (see low energy shoulder in FACs films shown in Figure 5.13). The full peak fit
results are presented in Figure 5.7 and Table 5.1. Interestingly, we see that the full-peak fit deviates
from the experimental data at energies far below the bandgap. This suggests that the band tails of
these materials have some Urbach like (6 = 1) behavior, but that this is only apparent after the
decay of the higher exponent behavior. Thus, we omitted the data in the Urbach region to fit the
other parameters. We note that the fit temperature is slightly lower than room temperature (which
gives a slight over-estimation of AEp) but is within expected error.

Collectively, analysis of the three methods for calculating AEF all support the findings that (a)
the AEr for both (FAGAC:s) films is an improvement over (FACs) or MA films and (b) the AEr for

(FAGACG:s) is > 91% of the Shockley-Queisser limit.
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Figure 5.8. Full peak fit for spin coated FA-GA-Cs films with composition (a)
(FA0_33GA0,19Cso,47)Pb(Io.66Bro_34)3 and (b) (FAo_ngAo_10CSO.32)Pb(IO.33Br0_27)3. The fit assumes aod
is 3.75 (thickness d was measured to be 375nm); fit parameters and calculated y percent of AEr sq
are presented in Table 5.1.

Table 5.1 Full peak fit parameters

FAGACs - 1.84 E, FAGACs - 1.75 E,

0 1.96 1.50
v [eV] 0.063 0.037
E, [eV] 1.85 1.75
AEg [eV] 1.48 1.40
T [K] 285 288

X 94.3% 94.9%




93

The full peak fit gives us a model for sub-bandgap absorption that describes measured data.
Thus, we can us this absorption model to determine the radiative limit quasi-Fermi level splitting,
AEF 124, Which is typically lower than the Shockley-Queisser limit due to the presence of sub-
bandgap absorption and emission. We calculate AEg;,q numerically with an internal balance
equation (Generation = Recombination) where the only recombination considered is radiative.

This balance can be expressed as
G(E;,0,y,AE;) = f Ip,(E)dE (5.6)
0

where Ip; (E)dE is given by equations 5.3-5.5 and the generation flux G is given by

G(E,0,y,AE;) = fo ; baurser(E) (1= exp (—da(E, Ey, 0,7, AEy)) ) dE (5.7)
where d is film thickness and b1 567 (E) is the AM1.5GT spectral photon flux. We use the sub-
bandgap absorption model described in eq. 5.4-5.5 in the expression for absorptivity, accounting
for occupation effects. The AEp .4 calculations are compiled below in Table 5.2. We note that for
the MA, FACs, and FACs + SCN films we used the best full peak fit to estimate 8 and y despite
peak shoulders that prevent the model from converging on a perfect fit. The input 8, y, and E, and

calculated AEg .4 and AEggsq are presented in Table 5.2.
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Average sub-bandgap absorptivity, @gg, is a single metric to quantify the amount of sub-bandgap

Table 5.2 AEg,aq Calculation Results

MA

FACs

FAGACs

FAGACs

FACs + SCN

AErsq -

E, y AErsq AErns  FWHM

[eV] 6 [meV]  [eV] AEfrq [eV]  [meV] [eV] asp

1.79 1.51 37 1.502 1.498 4 99 3.14E-03

1.75 1.51 39 1.465 1.458 7 109 3.49E-03

1.84 1.96 63 1.549 1.527 22 111 5.08E-03

1.75 1.5 37 1.465 1.461 4 102 3.15E-03

1.75 1.24 27 1.465 1.465 0 93 2.60E-03
absorptivity for a material and is given by

1 (Fs
asp f (1 — exp(—da(E,AEp))) dE (5.8)
0

SB =
Eg
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5.4.3. Determination of Domain Size and Strain using the Williamson-Hall Method.

Peak broadening can arise due to: (i) the instrument-induced broadening, (ii) size broadening,
(ii1) strain broadening, or (iv) the presence of impurities with slightly shifted XRD peak positions.
We measured all samples on the same instrument (a Bruker D8 Discover with Cu K v source
filtered with single crystal diffractive optics), and found the FWHMs to be well above the
instrument broadening observed for LaBg standard, ruling out (i). These samples have minor phase
impurities, where possible secondary phases have distinct peak 26 positions (see Figure 5.15),
ruling out (iv).

The best way to distinguish between size and strain from an XRD pattern is to perform Rietveld
refinement . When we performed XRD characterization on the films (and powders obtained from
scraping films from the substrate), we observed preferred orientation effects that altered relative
peak heights. Further, the A-site cations like FA and GA have rotational motion and cannot be
described with fixed atom positions, even with large thermal parameters and fractional
occupations. If only one of these complications were present (preferred orientation or rotational
motion of asymmetric A-site cations), perhaps refinement could be used with appropriate
parameters. However, these factors combine to yield an unstable refinement, with unreasonably
high estimated standard deviation values for many refined parameters.

Due to the limitations of Rietveld refinement for this dataset, we determined that a Williamson-
Hall analysis is more appropriate for analysis of relative size and strain trends. In order to insure
that we have correctly accounted for instrumental broadening, we first measured our instrumental
broadening function using a large-domain low-strain LaBs XRD calibration sample. Next, we
obtained NIST standard SRM 1979 for domain size and strain calibration, measured the samples

on our lab instrument, applied the Williamson-Hall analysis to the data, and compared with that
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reported by NIST. The W-H plot of the NIST standard samples collected from our diffractometer

are shown in Figure 5.9. A W-H plot of an additional HP sample is shown in Figure 5.10.
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Figure 5.9. Williamson-Hall plot of NIST line shape standards SRM 1979, which contains two
differently sized ZnO nanoparticles. For clarity, we omit the XRD peaks where growth or
deformation faults effect line broadening in the Williamson-Hall fit (following the work of Cline
et. al'*?). Comparison of this result with the Williamson-Hall plot of Cline et. al helps inform the
merits and limitations of the Williamson-Hall technique. We extract size of 38.3 and 148 nm for
the two differently sized nanoparticles, compared to 25.6 and 92.2 nm reported by Cline et. al,
showing that our sizes are consistently about 50% greater. For calculated strain, we measure
0.047% and 0.017% for the smaller and larger particles respectively. Cline et. a/ do not report
calculated strain directly, but their slopes are very similar to ours, where the larger particle has
very little strain and the smaller particle has slightly larger, identical to our observation. Measuring
the NIST line shape and comparing our Williamson-Hall plot an identical plot prepared by the
standard developers'** confirms that while the quantitative results are not precise, the measured
trends can be appropriately applied to evaluate relative size and strain in our dataset.
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Figure 5.10. Williamson-Hall plot of a (FA¢s5sGA¢.10Cs0.32)Pb(lo.73Bro27)3 powder sample
prepared as described in methods (compare with other compositions presented in main text Figure
5.3c). The strain observed for this composition is higher than MAPb(Iy ¢6Bro34); but lower than
(FA0_33GA0,19CS0,47)Pb(10466BI‘0_34)3 (about equal to (FA0_83CS()_17)Pb(Io.66BI‘0434)3 ) This trend
suggests both A site and X site contribute to microstrain. This analysis shows the raw output from
analysis with JADE software, which uses a LaB¢ pattern for instrument profile function, peak
profile fitting to remove contribution of Ka, peak to broadening, and using 2 weighing in
Williamson-Hall linear fit. Note the error estimates and e.s.d. values of size and strain (in
parentheses), which are similar order as the samples in Figure 5.3¢ (error bars omitted in Figure
5.3c for clarity, but shown below in Figure 5.11).
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3 5P.2

Figure 5.11. Williamson-Hall plOtS of (a) MAPb(I(}_66Br0.34)3, (b) (FA0_83Cs0_17)Pb(Io.66Br0.34)3,
(¢) (FA¢33GA.19Cs0.47)Pb(Io.66Bro.34)3 and (d) (FAo.ssGAo.10Cs0.32)Pb(Ig.73Bry.27)3 demonstrating
calculated error from peak FWHM determination and Williamson-Hall fit. Analysis is conducted
in JADE.

The compiled Williamson-Hall Results in are shown in Table 5.3. The ESD indicates the
estimated standard deviation, compiled using JADE software which accounts for error in the
instrument response function, peak full width half max determination, and Williamson-Hall fit.

The ESD values for both size and strain are quite low.

Table 5.3 Williamson-Hall Results

Size ESD | Strain Strain ESD

Size [nm] [nm] [%] [%]
MAPDb(Iy.66Bro34)3 117 11.2 0.117 0.013
(FA.83Cs0.17)Pb(l0.66Br0.34)3 85.9 11.2 0.317 0.022
(FA0.83Cs0.17)Pb(10.73Bro0.27)3 80.0 8.8 0.193 0.023
(FA033GA0.19Cs0.47)Pb(I.66Bro34)3 | 85.6 14.1 0.545 0.031




(FA0.58GA0.10Cs0.32)Pb(I.73Bro27)3 | 93.9

11.0

0.329

99

0.021

Table 5.4 shows statistics for ionic radii along with their standard devications for four HP

compositions. The strain determined from W-H analysis follows the same trend as A-site standard

deviation.

Table 5.4 Ionic radii distribution statistics

A-site A-site X-site X-site

<r>[A] g/<r>[%]| <r>[A] g/<r > [%]
MAPDb(Iy 66Bro34)3 2.17 0 2.12 5.39
(FA.83Cs0.17)Pb(1 66B10 34)3 2.41 10.1 2.12 5.39
(FA.83Cs0.17)Pb(19.73B10 27)3 2.41 10.1 2.14 5.02
(FA033GA0.19Cs0.47)Pb(Ip.66Bros4)s | 2.27 16.9 2.12 5.39
(FA0.58GA0.10Cs032)Pb(I.73Bro27)s | 2.35 14.1 2.14 5.02

Tonic radii used for Table 5.4 calculation were Cs = 1.88 A, FA=2.53 A, GA=2.78 A,1=2.2 A,

and Br=1.96 A.

The microstrain increases from MA to (FA,Cs) then again from (FA,Cs) to (FA,GA,Cs)

indicating the tunability of mean displacement of ions away from lattice positions can be achieved

through A-site alloying. Recently, Ghosh et. al used ab initio molecular dynamics techniques to

probe the impact of size mismatch on the A site by replacing a small amount of FA with Cs or
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Rb'*. Both Ghosh et. al and Matsui ez. al report that as smaller A cations are incorporated, the

129139 Further, Ghosh et. al find that the smaller cation

hydrogen bond strength increases
incorporation results in “locking” of the Pbls octahedra tilting, which significantly impedes the
tumbling of the FA cation in its cage. The locking of octahedra tilting for mixed A cations is
attributed to reduction in electronic disorder (due to reduction in bond angle distributions),

36,131

enhanced carrier mobility and lifetimes , and changes in the HP bandgap and band structure'*”

32 We suggest that increasing microstrain correlates with locking of the Pblg octahedra and
reduction in bond angle distributions, and that the (FA,GA,Cs) system has more tightly locked
Pbls octahedra than the (FA,Cs) system. This thermodynamic stabilization suggested from phase
stability studies (Figure 5.4b and 5.13) is possibly linked to tighter locking of the Pbls octahedra
and increased hydrogen bond strength'®” ° for (FA,Cs)Pb(I,Br); and especially for

(FA,GA,Cs)Pb(I,Br)s.



101

5.4.4. Determination of Bandgap from UV-vis-NIR Absorbance
In the main text, we refer to the bandgap of the four HP compositions of primary interest in
this study. We extracted bandgap from a plot of UV-Vis absorbance data, by plotting A* vs. E and

fitting the linear region as shown in Figure 5.12.
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Figure 5.12. Extracted optical bandgap from fitting linear region in A’ (Absorbance’) vs. E
plot of spin coated films discussed in main text (Figures 5.3-5.5).
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The low energy shoulder observied the (FA,Cs)Pb(I,Br); PL peak suggests phase segregation

persists in this film dispite a stable PL peak energy with time. We plot the residuals of a

(FA,Cs)Pb(I1,Br); peak as well as a (FA,GA,Cs)Pb(I,Br); peak (both with 1.75 eV bandgap) to

demonstrate this difference, as shown in Figure 5.13.

w1020 (FAg5GA 1 Cs 5,)Pb(l ;3Br 57y
6 L 1 | 1 1 T 1
o«
5
£
?
>
4
@
c
S
23
2
a
= 2
1 L L 1 L L L L
1.66 1.68 1.7 1.72 174 1.76 1.78 1.8
E [eV]
(FA 5gGA Cs ;,)Pb(l 3,Br ;),
0'05 1 1 1 1 1 1 1
E
2 or e ’
— ... .‘... '}'.. ..':{‘;{ o . oal
L 3} o poole’ Tl 2 eds :g". ool e s
g 0 L.'.U.:. -{‘:’*“" o..° :.".’.. Sei%e 6.- .\;;‘06..:‘- ’-
T &7 ] ~ oy ‘ L Bl
] . S o oo
: e '
E
_0.05 L L 1 L L L 1
1.66 1.68 1.7 172 174 176 1.78 1.8
E [eV]

Fit Residuals [norm.]

AIPL [photons/eV-s-m 2]
N

x10%°

(FA g3Cs 47)Pb(l g¢Br 5,);

Y
©

-
o

-
=

-

I T

T T 1

0.8
0.6
0.4 1 1 1 1 1 1 1
168 1.7 172 174 176 178 18 1.82
E [eV]
(FA g3Cs 17)Pb(l g6Br 3,);
0.05 T T T T T T T
. : L * ..
ol {. e e
3 e r : * : A
L3 .l- :.'. ..o....'. s ';..‘
oF '3 & .- .'.:'.L"' ps, :0 :.~.- * 9
'.-.'.. ’ Se % ® k. = "\.c:.o':.-. ke :
:.- . ".. ‘...o . %-..ﬂ.
’e od -2'-:.-
t: oy .
! e
-
-0.05 1 1 1 1 1 1 1
168 1.7 172 174 176 178 1.8 1.82
E [eV]

Figure 5.13. Plot full peak fit result for FACs and FAGAC:s films, both with 1.75eV bandgap.
The FACs film shows an apparent low energy shoulder in the PL spectrum which causes deviation
between the model and experiment data close to the peak maximum. We also show the residuals
after full peak fit which makes apparent that this peak shoulder in the FACs film is due to a
secondary transition energy centered at 1.73 eV. (FA,GA,Cs)Pb(I,Br); alloys further suppress
phase segregation and as demonstrated by the absence of the low energy shoulder at 1.73 eV.

5.4.6. Quantification of Ion Migration with Discharge Current Measurements
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We also studied ion migration for these various compositions to understand the correlation
between ion mobility and phase stability. We followed the methods of Game et. a/, who measure
discharge current as a function of temperature in the dark on a simple MAPbI; device'*®. We
applied 0.2 V across an ITO / NiOx / HP / Au device while measuring dark current through the
device in a non-rectifying regime. When the voltage is applied, halide ions move through the film
and are blocked at the NiOx — HP interface. We note that A” ions are also mobile, yet they have
higher activation energies as demonstrated with both experimental'*® '** and theoretical work'**
1350 our ionic movement at this low voltage is dominated by I and Br ions. After the dark current
stabilizes, we turn off the 0.2V and observe a “discharge” current of opposite sign (Quis), which is
due to halide ion diffusion back through the HP film. By quantifying the discharge current at
multiple temperatures, we can extract an activation barrier, E,, from an Arrhenius plot. Figure
5.14a shows the discharge current measurement at various temperatures for composition
(FA0.33GA0.19Cs0.47)Pb(Ip.66Bro 34)3 and Figure 5.14b shows the Arrhenius plot with linear fit regime
and extracted activation barriers. The activation energies have little dependence on the A cation;
each A cation for the 34% Br film has an activation energy of 0.24eV. As a control, we measured
the discharge current of a MAPbI; at various temperatures and extracted an ion activation barrier
of 0.28 eV (as shown in Figure 5.14c), which is within the range of values determined through
both experiment and theory previously®®. As expected, the activation energy for
MAPb(Iy66Bro34)3 is lower than that of MAPbI; by 40 meV due to contribution of smaller Br” to
the discharge signal. For the mixed-halide films, the bulk ion diffusion is unaffected by A-site
composition and has a similar total barrier height to overcome despite an uneven energy landscape
present due to A-site mismatch in the (FA,Cs) or (FA,GA,Cs) films. This is an important finding,

as it indicates that phase segregation is not correlated with kinetic trapping of ions in the mixed-
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halide phase due to the variable ability to deliver ions to I-rich or Br-rich sites, or correlated with
large differences in halide vacancy concentrations, but rather the films with A-site size mismatch
are thermodynamically stabilized. This finding is consistent with the proposed free energy driving
force predicted by Draguta et. al'**, while we elucidate that the free energy difference AG remains

negative at high carrier densities for the (FA,GA,Cs) mixed-halide.
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Figure 5.14. Ion migration results from discharge current measurements. (a) Example
discharge current measurement for (FA,GA,Cs)Pb(I,Br); film. A small voltage is applied, then
turned off and an observed oppositely-signed current decays as ions diffuse back through the HP
film. (b) Arrhenius plot of integrated discharge current changing with temperature for HP films
with 34% Br. Fit lines in linear regime give activation barrier for vacancy-assisted halide
migration. At lower temperatures, Qqis shows little variation with temperature, suggesting that
dielectric polarization (not ion migration) is the primary contributor to Qg;s in these regimes as
suggested by Game et. al’”’. (c) control experiment showing extracted activation energy of
MAPbD(I,Br); vs. MAPDI;. As expected, the mixed-halide has a reduced activation energy due to
contribution from smaller Br™ ion.
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5.4.7. XRD and UV-Vis for Example FA-GA-Cs Alloys with Phase Impurities

In the main text, we show and discuss several (FA,GA,Cs)Pb(I,Br); compositions that are phase
pure, as shown in Figure 5.3. However, there are many other compositions that form secondary
phases. As is observed in Figure 5.4c, the secondary phases have a negative impact on film quality
(especially Lp). Figure 5.15a shows XRD patterns for several examples where secondary phases
are formed, with phase pure (FA,Cs)Pb(I,Br); included for reference. The
(FA0.67GA0.12Cs0.21)Pb(Ip.66Bro34)3 and (FAgs51GA24Cs025)Pb(lg66Bro34); compositions are the
same that are shown to have low Lp in Figure 5.4c. The (FAo33GA0.19Cs0.47)Pb(Io30Bro20)3
composition has the same A mixture as the 1.84eV composition of interest in main text (see Figures
5.3-5.4), but which much lower Br, demonstrating the cross-correlation in A and X sites in
determining structure. We propose that the I-Br alloy gives additional degrees of freedom that
enable greater A — site mismatch. The hydrogen bond distance between GA N’s and Br can be
much shorter than with I before repulsion from nuclear shells begins to dominate. Thus, for the
higher Br content, the additional degrees of freedom allow for Br’s to coalesce at locations around
the GA ion where spatial constrictions suggest a NH—Br bond is more energetically favorable to
a NH—I bond. Thus, at Br/I ratios without sufficient Br to allow for this spatial coalescence, the
3D HP phase is thermodynamically restricted and GAPbI; preferentially forms.

The secondary phases have with peaks consistent with the 1D GAPbI3 phase (discussed in
Jodlowski et. al''®), §-FAPbI; phase, and Pbl,. Pure (GA,Cs)Pb(LBr); does not form a 3D
perovskite phase regardless of the “effective tolerance factor” (tolerance factor calculated using
mean ionic radii), indicating that there is additionally a maximum lattice distortion constraint on
HP structure formation in addition to a mean ion size constraint. For (FA,GA,Cs) mixtures,

(FA033GA0.19Cs0.47)Pb(Io.66Bro34)3 forms a cubic perovskite phase while



107

(FA0.51GA024Cs025)Pb(Ip66Bro34); forms mostly other phases, indicating that the effective
tolerance factor window for formation of cubic HP is narrower than the formation window for
compositions with less A-site size mismatch, and the formation window is shifted to tolerance
factors below 0.95. We also observe the films with secondary phases have weaker absorption onset

with respect to phase pure films, as shown in Figure 5.15b.
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Figure 5.15. XRD (a) and UVvis (b) characterization of several (FA,GA,Cs)Pb(I,Br);
compositions that form significant secondary phases, with guidelines from (FA,Cs)Pb(I,Br);
pattern shown to guide the eye and highlight peaks that do not fit perovskite pattern .
(FA0.33Cs0.17)Pb(Ip.66Bro 34)3 data is presented for reference. The samples are thin films collected
on glass, which is why a broad amorphous peak is observed in (a).
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5.4.8. Hypotheses for the Origin of Lower Defect Tolerance in High-Bandgap HPs

The limited effect of non-radiative recombination in ~1.6eV HPs despite fabrication via
solution processing have shown that energetically favored intrinsic defects do not create effective
Shockley-Read-Hall recombination centers'” ''. Since there are several reports showing that the

10, 11, 13 :
7, either the capture cross-

defect populations are quite high in hybrid perovskite thin films
section must be low due to a large dielectric constant, or defect energy levels must lie close to or
within the band edges to achieve such a high optoelectronic quality . This “defect tolerance” in
HPs has been attributed to the orbital character of the band extrema (CB minimum consisting of
bonding orbitals with the VB maximum consisting of antibonding orbitals — opposite of typical
semiconductors), the low charge carrier effective masses, and the high static dielectric constant'>
' The high bandgap HPs share many of the properties that are predicted to give rise to the
exceptional defect-tolerance observed in 1.6eV bandgap HPs. As a result, the cause of higher non-
radiative recombination rates in these materials is not currently known. We propose four possible
hypotheses to describe the greater voltage losses in high bandgap HPs: (H1) greater impact of
grain boundary and surface defects (since crystallization is harder to control in the mixed-halides),
(H2) loss of energy (and quasi-Fermi level splitting) to due to carrier transfer into a low bandgap
phase upon phase segregation, (H3) enhanced non-radiative recombination upon phase
segregation due to defects at phase boundaries, or (H4) defect levels at energies that are close to
the band edges (or within the bands) in 1.6eV HPs become deeper into the bandgap (towards mid-

gap) when the conduction band shifts up and the valence band shifts down in the higher bandgap

HPs. We explore and address each of these hypotheses below.
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Figure 5.16. Impact of composition and morphology on optoelectronic properties. (a) Top
down SEM images for various HP films. SCN™ exposure increases grain size to > 2um. (b) PLQY
and Ly, evolution over 150 s of continuous 1 Sun exposure with blue LED (657 W/m* of ~438nm
light). See subsequent discussion.
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Figure 5.17. Powder XRD of (FA,Cs)Pb(I,Br); spin coated films with and without 5%
Pb(SCN); in the precursor ink. We fabricate the large grained films by adding 5% Pb(SCN); in
place of 5% PbX, (to keep A/Pb ratio constant). We did not detect formation of Pbl, with 5%
Pb(SCN), addition into the ink. The FWHM of the (200) peak decreases from 0.287° to 0.0896°
with SCN™ exposure. The narrower FWHM of the (FA,Cs)Pb(I,Br); + SCN" powder pattern
confirms that the crystalline domain size is larger for this sample than the other samples. This is
consistent with SEM images and observations from other groups'®. However, the FWHM of the
SCN' sample is approaching the instrument broadening, so analysis with Scherrer or Williamson-
Hall method is not practical.

For further insight on the origin of higher non-radiative recombination rates in high-bandgap
HPs, we consider the impact of grain boundaries and phase segregation on optoelectronic
properties. We explored the impact of grain size on optoelectronic properties by adding Pb(SCN),
into the HP precursor ink. The presence of thiocyanate anions has been recently shown to
dramatically increase grain size leading to improved device performance and environmental
stability'> ' P72 despite recent evidence suggesting the anion is evolved from the film"**. We
incorporate 5% Pb(SCN), directly in the HP ink and find a dramatic increase in grain size to over
~2um without significant formation of Pbl, (see Figure 5.16a and 5.17). Figure 5.16b shows PL
and Lp evolution with time, with some of the compositions from Figure 5.4¢ reproduced here for
reference. We observe that the (FA,Cs) film with large grains (with SCN™ in precursor ink) has

relatively similar PLQY to the FACs without SCN" yet an Lp that is around three times higher. For
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these two films, the similar PLQY with different Lp indicates that the carrier lifetimes are likely
quite similar while the carrier mobilities are much higher for the film with large-grains, even up to
an order of magnitude higher (since Lp is proportional to the square root of the mobility-lifetime
product).

We conclude that, while the grain boundaries in the (FACs)Pb(I,Br); likely contain a high
concentration of surface defects, these surface defects are not the dominant recombination centers.
Rather, the defect energy levels are likely quite close to the valance or conduction band edges and
serve as temporary carrier traps that primarily effect the carrier mobility. This is the expected
behavior of defects with energy levels smaller than the demarcation energy (the energy at which
thermal emission back into the band is equally as likely as a recombination event). We note that
this conclusion assumes the optoelectronic differences between the (FA,Cs) and (FA,Cs) + SCN
films are primarily due to different grain sizes (not bulk defect chemistry), and further work on
alternative large-grain HP fabrication routes would be beneficial to further evaluate the role of
surface defects. Although surface defects at grain boundaries do not seem to be the dominant
source of higher non-radiative recombination rates in high bandgap HPs, it seems that increasing
grain size through SCN” exposure (or other methods) could be very beneficial due to improved
mobility and thus more efficient carrier collection in devices. Environmental stability and phase

39, 49 :
477 which could

stability of the mixed-halide phase also have been correlated with grain size
be additional benefits of SCN™ exposure. We also notice the changes in PL and Lp over time are
quite different in the (FA,Cs) films with and without SCN" exposure. The (FA,Cs) film without
SCN™ shows PLQY increase with a slight Lp decrease upon illumination before stabilizing which

is consistent with photo-passivation with slight carrier localization observed previously for this

composition®’. In contrast, the large-grained perovskite shows a decrease in both PLQY and Lp
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upon illumination, which could be due to light-activated vacancy defects formed with HSCN
evolution. The (FA,GA,Cs) compositions shown previously to have low non-radiative
recombination rates show similar Lp to the (FA,Cs) film without SCN™ exposure and show the
same PL-Lp changes upon illumination. The mixed -halide (FA,GA,Cs) and (FA,Cs) films all have
higher Lp than the mixed-halide MA film as expected from previous reports showing low Lp in
the MA mixed-halide films®’.

We now consider the impact of thermalization losses (H2, the second of the four possible
hypotheses to describe the greater voltage losses in high bandgap HPs) due to phase segregation
on AEg. For MAPDb(I,Br)s;, the mean PL energy decays with time, indicating carrier transfer to a
phase with lower energy, which could result in a decline in AEr due to thermalization losses.
Calculating the AEF of a two-phase material is beyond the scope of this work. The stabilized AE
of a phase segregating material will depend on the transition energies and mole fractions of each
phase, and neither the PLQY, method® nor the full peak fit method>* (methods described in SI)
allow for a two-phase material in their determination of AEr. However, we note that in Figure 5.2
and Figure 5.4 we compare optoelectronic quality of the films only in the initial (mixed-phase)
state. Thus, thermalization losses cannot describe the dependence of AEr on composition observed
in these instances. Although we do not explicitly study the differences in initial and stabilized AEF,
we note that for the two (FA,GA,Cs)Pb(I,Br); films studied, AEr increases with time-under-
illumination, as indicated by the combination of a stable PL peak position (Figure 5.5a) along with
increasing PLQY with time.

Another mechanism relating phase segregation to a reduction in AEr is formation of defects at
phase boundaries (hypothesis H3). For (FA,Cs)Pb(I,Br); we notice a PL peak low energy shoulder

(Figure 5.13) even in the initial PL measurement, indicating that phase segregation begins
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immediately upon illumination. The halide redistribution could create additional surface defects
due to formation of phase boundaries that increase the occurrence of dangling bonds within grains.
Through this mechanism, phase segregation could be impacting optoelectronic quality even in
cases (such as in (FA,Cs)Pb(I,Br);) where phase segregation is not obvious (there is little carrier
transfer into lower bandgap domain). Reducing dangling bonds at phase boundaries within grains
is a possible explanation for the AEr enhancement we observe in (FA,GA,Cs)Pb(I,Br); films.
Finally, we consider H4, or that defect energy levels with respect to band edges change for
higher bandgap HPs. We conducted Shockley-Reed-Hall non-radiative recombination simulations
to get a relative picture on how defect energy levels would need to change in the various HP
compositions studied to describe the differences in AEF/AErsq we observe. At a high level, we
solve a Generation = Recombination balance for AEr which appears directly in the radiative
recombination expression and indirectly in the Shockley-Reed-Hall expression. Ignoring
contributions from Auger recombination and assuming monomolecular non-radiative

recombination follows the Shockley-Reed-Hall (SRH) model, we can write

G = Urqq(AEp) + Usgy (AER)
(S10)

where the radiative recombination rate is expressed as

[oe] [ee]

Uyqa(DER, T) = f a(E)b,(E,AE, T)dE — f a(E)b,(E,0,T)dE (S11)
0 0
where
b (E.A _2m E?
e(E, EF; T) - h3C2 e(E_Aﬂ)/kT _ 1 (Slz)

and absorption coefficient, @(E), is modeled using eq. 5.5 above with using 6, and y determined

from the full-peak PL fit. SRH recombination is expressed as
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np —n?

" " (S13)
Ndo—capvth(p + 14 ) + Ndacapvth(n +n )

Usry (AEF' T,Ng, Ed) =

assuming electrons and holes have equal lifetimes given by defect concentration N, capture cross
section 0.4y, and thermal velocity v,p,, and where p* (n”) is the hole (electron) concentration when

the trap energy is equal to the intrinsic Fermi-level, expressed as

Ei-Eq

p*=ne KT (S14)

Eq—E;
n* =n;e kT (S15)

where n; and E; can be determined from

1 3 my,
Ei=—-E,+—-kTIn—
i =5 g+4 nme (S16)
-Eg (S17)
n; = \|NcNye kT
3 (S18)
m.kT\2
Ne =2 2nh2>

3 (S19)

Assuming our HP films are intrinsic, we can use simplified non-equilibrium carrier statistics
for intrinsic semiconductors, given by

n ~ nye(28F) (520)

p ~ nye(ZFF) (s21)

Now, we can rewrite balance equation 5.10 where the only unknown is AEg, which we solve for
numerically. We use the constants G = 3.51e27 m>s™, me = 0.23 m,, my = 0.29 m,, ay,=le7 m’,

Vep= le5 m/s, and 0,4p,= le-19 m’ Note that we set G as a constant for these simulations since we
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are comparing with experimental AIPL data where we used a constant excitation flux with 532nm
laser, which is well above bandgap for each composition. We calculated AEr for Ng=1el5to 1el8
cm” and for Eq at many possible levels within the bandgap. Results of these simulations are

presented below.
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Figure 5.18. Results of Shockley-Reed-Hall simulations, where optoelectronic quality fraction
x is calculated as a function of defect density Ng [cm™] and defect energy level Eq [eV], for five
perovskite compositions (a-¢). The dashed line in each subfigure represents the measured y for
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each composition from AIPL (Figure 5.4). The intersection of the dashed and solid lines indicate
a possible scenario to describe the non-radiative recombination observed in our films. (f) shows
the intersection of experimentally observed y with the Ng = 10'® cm™ prediction, with the
compositions listed and their bandgaps in parentheses for reference. For example, for
MAPDb(Ip66Bro34)3, the observed AIPL is consistent with non-radiative recombination from a
single defect with concertation 10'® cm™ and energy level 0.19 eV below the conduction band
minimum.

Assuming the non-radiative recombination present in the spin coated films in Figure 5.4 arise
from a single SRH defect with concentration of 10'° cm™ (vacancy concentration predicted from
discharge current measurements), we calculate the defect energy level consistent with observed
results. We see that even for MAPb(I,Br);, the defect does not need to be far within the bandgap
to give the non-radiative recombination rates observed. Changing the difference between the
conduction band minimum and defect energy from 0.19 eV to 0.1 eV could completely describe
the y differences observed between MAPb(Iy.66Bro34)3 and (FA¢ ssGA0.10Cso.32)Pb(Io.73Bro27)3. The
x differences between (FAgs3Cso.17)Pb(lo.66Bro34)3 and (FA¢33GA0.19Cs0.47)Pb(Io66Bro34)3 are
consistent with a constant defect energy level (with respect to the conduction band edge) with a
lowering of the valance band edge by 90 meV (as the bandgap increases from 1.75 to 1.84). We
conclude that differences in band energies relative to defect energies likely play a dominant role
in the AEr losses of mixed-halide perovskites, and that GA addition could suppress non-radiative
recombination through vacancy defects by altering the band structure (lowering conduction band
edge compared to other HPs with the same bandgap). Although this hypothesis (H4) is consistent
with our dataset, we cannot conclusively determine if this is the origin. Indeed, defects arising at
phase boundaries (H3) is another possible description consistent with our dataset. Therefore, we
conclude that H3 or H4 are likely the cause of lower defect tolerance in high-bandgap perovskites,

and that FA-GA-Cs alloys suppress either (or both) mechanism(s).
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5.5 RECORD OPEN-CIRCUIT VOLTAGES ENABLED VIA 2D PEROVSKITE

INTERFACE MODIFICATION

In parallel to the above GA incorporation effort, we developed another strategy for improving
the photovoltage of high bandgap HPs, focused on MA- based HPs in the 1.80-1.85e¢V bandgap
range (this higher bandgap is ideal for perovskite-perovskite tandems, where the lower subcell
bandgap minimum is ~1.22¢V®). This work (led by collaborator Adharsh Rajagopal),
incorporated the large phenylethylamine (PEA) cation into the film forming a lower dimensional
2D/3D (MA,PEA)Pb(I,Br); perovskite structure with E, = 1.82eV. This material led to Vocs of
1.30 V, which is also 85% of the Shockley-Queisser limit, which surprised and excited the HP
community since the 1.80-1.85e¢V bandgap range has long been considered particularly unstable
and low quality. However, one pitfall of this approach is that incorporating the PEA into the bulk
of the film has a detrimental impact on the HP Lp and device J scéz. Thus, this strategy we outline
in the PEA paper is likely not a route toward high efficiency tandems due to mediocre transport
and Jgc.

We hypothesized that addition of PEA only at surfaces could still lead to Voc enhancement
due to passivation of surface defects and reduction in interface recombination without the
deleterious impact on Lp and Jsc. Since the (FA,GA,Cs) demonstrates the highest quality pure 3D
high bandgap HP, we used this as our 3D HP, then added PEA at the top interface with a two step
method (spin coat HP, then anneal, then spin coat 0.5-5 mg/mL PEAI in IPA, then anneal again).
An example high Voc device results from this (FA,GA,Cs)Pb(I,Br); + PEAI 3D + 2D/3D
heterostructure are presented in Figure 5.19. With Smg/mL PEAI in IPA, we experience Voc of
1.29V for a 1.75eV bandgap absorber, which is 88% of the Shockley-Queisser limit voltage. We

do however, see a decrease in Jsc for the Smg/mL case. For lower PEAI concentrations (1.25 and
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2.5 mg/mL), we observed improvements in Voc and FF with slight decrease in Jsc, and overall

PCE increase.
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Figure 5.19. JV curve of (FA,GA,Cs)Pb(L,Br); + 5 mg/mL PEAL

Initial experiments proved that the PEAI interface modification strategy is promising and a
viable route toward high-bandgap HP devices with high PCE and Voc. This work was de-
prioritized when I was still working on device optimization when the new DOE grant began
(focused on machine learning and stability), and I chose to pivot to other projects. However, we
were not the only group with the 3D + 2D/3D heterostructure idea, and several reports using this
concept have been reported*” '*°, including work demonstrating the record stabilized HP single

141

junction efficiency *. The 2D/3D HPs have also demonstrated enhanced durability to atmospheric

stresseg! 39 140 142
I recommend further exploration of the 3D + 2D/3D HP material space for realization of the

most efficient and stable high-bandgap perovskites, where the 3D perovskite employs lattice strain

through GA or dimethylamonium (DMA) incorporation.
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Chapter 6. MACHINE LEARNING PREDICTION OF HYBRID
PEROVSKITE OPTOELECTRONIC
PROPERTIES

The guanidinium alloying work presented in Chapter 5 inspired a wider combinatorial search
for HPs with ideal optoelectronic properties, not only for the high-bandgap work, but also for the
low bandgap and ideal bandgap systems. I employed a machine learning approach, training
regression models to predict optoelectronic properties extracted from photoluminescence. I started
with “typical perovskites” (see 6.3), or those perovskites which are widely studied, so I could
validate my results with the vast literature reports on these compositions. The model predicts that
a particular (MA,FA,Cs,Rb)Pb(I,Br); composition has the highest AEr/AEF sq of the entire design
space, a composition that is indeed quite similar to the (MA,FA,Cs,Rb)Pb(I,Br); that has
demonstrated the highest unpassivated Voc/Vocsq in literature’. This finding validates this
approach for use in prediction tasks outside of the “typical perovskites” if sufficient data is
collected. Although this work was never submitted for publication, these methods and results were
shared in a successful proposal aiming to use similar machine learning approaches to predict HP

film and device durability.
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6.1 ABSTRACT

Hybrid Perovskites (HPs) are an emerging material class that have undergone intensive
research recently for possible application in cheap and efficient solar cells. Despite thousands of
research papers investigating the unique properties of HPs, a generalized model to connect
composition to optoelectronic properties has not been developed. In this work, we utilize high
throughput combinatorial material fabrication and analysis along with machine learning to predict
HP bandgap and optoelectronic quality fraction (). We demonstrate that a random forest regressor
with tuned hyperparameters can yield mean test set error of 17 meV for bandgap and 1.4% for .
Next, we explore replacement of compositional features with a generally extendable feature vector
which we accomplish without any increase in test set prediction error. Finally, we consider the
generalizability of the model by employing a cross-validation scheme that prohibits training on
any materials from the same library. This last study shows the simpler ridge regression model
gives better performance on "out-of-class" predictions and provides insight into design of future

data collection and modeling efforts.
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6.2 INTRODUCTION

Hybrid Perovskites (HPs) are an emerging material that can be used for cheap and efficient
solar cells’”'*'**_ One aspect that makes HPs attractive for solar cells and other applications is
their properties are highly tunable. A “perovskite” is not just one material, but rather a material
structure with composition ABX3, where the A, B, and X site can be a wide variety of ions or even
an alloy between multiple ions. Thousands of papers have been published in the last five years on
the HP materials, many of them studying how ABX;3 composition relates to material properties’®
0. 198 ‘Most of these studies consider only a very small compositional or processing change and
study the impact on particular material properties relevant to solar cell device efficiency. Because
of the narrow scope of individual studies, a broad understanding on how perovskite composition
impacts specific device parameters has been elusive to the perovskite research community. Here,
we gather an experimental dataset on a wide variety of compositions using high throughput

combinatorial spray coating with photoluminescence analysis*" >,
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Figure 6.1. The dataset; <EP]_> and y are the two responses we are trying to predict.

This provides a large dataset that can be studied with machine learning to understand complex
relationships between composition and properties in the HP material space. The goals of this
project are to i) develop machine learning models to reliably predict bandgap and y with

composition as input, 1ii) use an interpretable ML model to understand how
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structural/compositional motifs translate to material properties, and iii) replace compositional
inputs with engineered features to formulate a model that can suggest out-of-dataset materials with
potentially promising properties. This term project is just the beginning using a preliminary dataset
that was collected earlier this year, and the hope is to obtain preliminary results as well as inform

future data collection efforts.

6.3 DATASET

The initial dataset used in this analysis includes 13,000 photoluminescence (PL) spectra
indexed by composition. Each composition has 10 replicate spectra, leaving 1300 unique
compositions. These compositions were collected from 26 different gradients (or "libraries", with
50 compositions per library). The responses to predict are mean PL energy (<Epr>, an indicator of
bandgap) and y (x = AEr/AEgrsq, or a predictor of device voltage as a fraction of the theoretical
limit), and the inputs are compositional features (i.e. A-site composition fractions, B-site fractions,
X-site fractions, etc.). In this dataset, A = (MA, FA, GA, Cs, Rb), B = Pb (constant in this work),
and X = (I, Br). One constraint is that all component fractions must sum to 1.0. Thus, this dataset
has several unique challenges — we do not have an abundance of data, indicating that complex
models could fail/overfit. Also, we do not have i.i.d. data, as each composition that comes from
the same library is related due to having the same processing, ink, aging time, glovebox
atmosphere, etc. We will address these in the following analysis. Figure 6.1c shows the two

responses we are trying to predict.
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6.4 RESULTS AND DISCUSSION

The first objective is to use compositional features to predict <Epr> and y. For all of the
experiments conducted here, we saved 20% of the dataset for testing and performed 5-fold cross
validation on the training set for model selection and hyperparameter tuning. We conducted initial
screening of algorithms using sklearn'”, and identified the random forest regressor (RFR) gave
the lowest validation mean squared error (without hyper parameter tuning). We chose to further
investigate ridge regression (Ridge) (due to its simplicity) and RFR (since it gave best initial
results). We also added polynomial features step, exploring polynomial combinations of features
up to degree 3. Due to relatively small dataset, we just tuned hyperparameters using grid search;
for Ridge we tuned polynomial degree and lambda, and for RFR we tuned polynomial degree, max
features, number of iterators, and maximum depth of a tree. The test set predicted vs. actual values
for the tuned models are presented in Figure 6.2. For the interested reader, dependence of RFR
validation results on hyperparameters is presented in Figures 6.5-6.7. Figure 6.2 demonstrates we
are able to accurately predict both <Ep;> and y from composition. Since <Ep;> is an indicator of
bandgap, and y is an indicator of device voltage, our model can be used to infer bandgap and device
voltage merely from composition. This is the first time a model predicted HP bandgap and
optoelectronic quality has been developed based on an experimentally measured dataset. Although
prior work has demonstrated machine learning prediction of density functional theory (DFT)

calculated bandgaps'*

, the utility of such models is limited since DFT determined bandgaps can
be wildly different from experimental values. As expected, we observe a lower MSE for RFR than

Ridge, and we see that <Ep > is easier to predict than y (as indicated by lower R” values).
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Figure 6.2. Test set Predicted vs. Actual <EP[> (left) or y (right) using Ridge (top) or RFR
(bottom).
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Figure 6.3. Feature importances for RFR model with generalized feature vector. Left
demonstrates all features for <EPL> prediction. Center shows top 25 features for <EpL>

prediction, and right shows top 25 for .

The above demonstrates success at predicting optoelectronic properties of HPs that are

interpolated within the training set composition space. That is, even though we used a test set (with

different compositions than the training set), the compositions all used the same ions and were

within the same ranges as used in the training set. Ultimately, we would like to predict properties
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of HPs that are not explicitly in our dataset. For example, given sufficient data on MAPb(I,Br)s,
FAPb(I,Br); and (FA,Cs)Pb(I,Br)s, we would like to predict the properties of (MA,Cs)Pb(I,Br);.
The first step in achieving this objective is generalizing the feature vector. If we use compositional
inputs as features, then an out of class composition would give an undefined output. Thus, we use
a generalized feature vector, using features such as mean site ionic radii, goldschmidt tolerance
factor, site size standard deviation, site mean net dipole moment, site hydrogen bonding potential,
etc. We repeated the above analysis with the new feature vector. The actual vs. predicted responses
demonstrate we maintain similar performance when switching to generalized feature vector (see
Figure 6.8). We were also curious which of these new features are most important for making
predictions, so we studied the feature importances for the RFR with hyperparamaters that gave the
best validation performance (see Figure 6.3). These results demonstrate the X-site size and
standard deviation have the greatest impact on <Ep;> while the A-site size and the tolerance factor
have the greatest impact on . We can interpret these findings to further understand the parameters

that impact HP bandgap and device voltage.
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Figure 6.4. Ridge Regression results for <EP[>. Alpha is L2 penalty coefficient. Top is original
features, Bottom is with polynomial features degree=2.

Figure 6.8 demonstrates success at predicting both <Ep;> and y with the generalized feature
vector. However, we are still "interpolating" within our training dataset to check test performance,
even though we are now using different features. The next step is to check performance on
validation data that is very different from the training data. We do this by enforcing a "no shuftle"
cross-validation scheme, where all compositions from the same "family" or library remain together
in cross-validation—when a sample is used for validation, no other samples from the same library

were included in training. This gives a metric on the generalizability of our model for "out-of-
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class" predictions. We find the RFR model gives a negative validation R* value for both <Ep >
and y, indicating that a simple mean outperforms this model, and the RFR model is not
generalizable for out of class predictions. For the Ridge model, we find a negative R* value for y
but we are able to get a reasonable model for <Ep;>. The dependence of validation metrics on
lambda and polynomial degree are shown in Figure 6.4. We see the mean error increases to 34
meV when predicting out-of-class materials.
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Figure 6.5. Results of grid search hyperparameter tuning for <EPL>. degree = polynomial
features degree, mf = max feature algorithm, md = max depth of tree, n est = number of estimators
used. To see further investigation of max depth, see Figure 6.7.
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Figure 6.7. Results further investigation of max depth of tree. Training error continues to
decrease but validation error is at minimum around max depth = 8.
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Figure 6.8. Predicted vs. actual responses for random forest regressor trained with feature set

that does not include compositional features.

In the above analysis, we show for the first time a machine learning model validated to predict

perovskite bandgap and perovskite device voltage using an experimentally derived dataset. Our

results demonstrate that using a Random Forest Regressor gives quite low test set mean error of

17 meV for <Ep; > and 1.4% for . We also demonstrate the compositional features can be replaced

with generalized features and maintain performance, and we identify which of these new features

have the greatest predictive importance. Finally, we challenged the prediction task by using

validation scheme that omits all samples from the same library in training, meaning we are trying

to predict out-of-class material properties. In this case, we find the simpler Ridge model performs
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better, but can only predict <Epr> and not y. Further data collection is necessary to refine the
feature list and improve the out of class predictive performance. Other future work could involve
predictive modeling of which specific data would be most useful to collect to improve the model

performance.
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Chapter 7. FORECASTING DECAY OF HYBRID PEROVSKITE
OPTOELECTRONIC PERFORMANCE USING
TRANSMITTANCE OR DARK FIELD
MICROSCOPY

Reliability is becoming the greatest hurdle for commercialization of perovskite solar cells. Due
to the wide variety of degradation modes, predicting how long a perovskite device will last in
operational deployment is challenging. The following work continues the MAPDbI; degradation
case study from Chapter 3 and builds a generalized understanding of MAPbI; degradation in many
different environments. This work also uses a machine learning approach to develop a simple
model to forecast time until transport failure from a few early time measurements. The work was
published in ACS Energy Letters™. Reproduced with permission™, copyright American Chemical

Society 2020.

7.1 ABSTRACT

The practicality and economic viability of hybrid perovskite (HP) solar cells hinges on their
operational lifetime, and methods to forecast the performance of perovskites under different
operational stresses are greatly needed. Here, we explore the evolution of material-level
optoelectronic properties as MAPbI; degrades and discover universal behaviors where the carrier
diffusion length (Lp) decays before quasi-Fermi level splitting (AEF), regardless of specific stress
protocol (oxygen, humidity, thermal stress, or combination). We employ a machine learning
greedy feature selection model that uses initially measured properties to predict the time it takes
Lp to fall to 85% of its initial value with prediction accuracy of 12.8%. This model reveals a strong

correlation between the initial rate of transmittance change and the time until loss of transport. We
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translate this material-level finding to photovoltaic device-level forecasting by demonstrating that
the rate of change of transmittance is equivalent to the rate of change of the spatial standard
deviation of dark-field (DF) image intensity (i.e. scattered light intensity) collected in reflection
mode (and thus applicable to devices with opaque contacts). This work demonstrates that
transmittance and scattering methods are highly effective for accelerated material (and device)

stability evaluation and forecasting.
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Figure 7.1. Forecasting Decay of Hybrid Perovskite Optoelectronic Performance using
Transmittance or Dark Field Microscopy
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7.2  INTRODUCTION

Hybrid perovskites (HPs) have risen to the forefront of solar cell research due to their

9, 63, 141, 147 148, 149

exceptional optoelectronic properties and promise of low production costs
Intensive research has enabled certified power conversion efficiencies of single junction HP solar
cells to approach parity with silicon'*’, and pairing HP with silicon in a tandem configuration has
already been shown to increase power conversion efficiency substantially'*’. Recently, research

efforts have shifted to understanding the various degradation mechanisms of HPs, which has

resulted in longer device lifetimes and even passing some of the stability tests that have been
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49, 151-153

developed for conventional commercially available solar cells . However, perovskites are

chemically very different from current commercial PV technologies, and thus degrade differently
under various operational and environmental stresses. One important question remains: how long
will HP modules last in operational deployment? The ultimate practicality and economics of HP

solar cells depend on this answer.

Hybrid perovskites have various possible degradation routes which involve light*® '** 15,

155, 156 160, 161

46, 47, 154 s 1:0 157-159 .
heat , oxygen 7154 humidity 19 bias , metal electrodes'® '®, hole and electron

164-166

transport layers , transparent conducting oxides'®’, and mechanical stress'®®. Although

encapsulation technology can be developed to prevent humidity from entering and volatile

151, 152, 169

methylamine and hydrogen iodide from leaving the package , preventing oxygen ingress

on the timescale of decades remains a substantial challenge due to high transmission rates through

170171 " Recent progress has shown that encapsulated HP devices

common encapsulant polymers
have passed PV industry stability standard tests, including the damp heat test (85°C, 85% RH for
1000 hr in the dark)® '*"'°2, thermal cycling test (200 cycles of -40°C to 85°C in the dark)"" >,
outdoor (60 kWhr/m® in outdoor setting)'>, and UV light (15 kWhr/m* under UV light)">’.
However, Duong et al. recently showed cells that pass a 85°C thermal stress test in the dark can
fail under the same thermal stress in combination with constant illumination'>. HPs differ from
more mature PV technologies where light is not involved in primary degradation processes. Thus,
although passing the industry stability tests is important' "%, it is not sufficient to prove that HP
devices will survive operational deployment for 30 years. Assessment of HP stability should
specifically probe the most relevant and detrimental degradation mechanisms, which involve

various combinations of light, heat, oxygen, and moisture' >"'".
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Significant prior work investigating the impact of various stresses (light, heat, oxygen, and
moisture) on HP stability and optoelectronic properties has been published. Although it is often
difficult to compare stability results in the absence of standard testing protocols, extensive progress
toward more stable HP devices has been realized by replacing methylammonium (MA) on the A-

site'’, using lower dimensional “2D/3D” HP structures'*" '*?

, employing buffer layers to prevent
HP interaction with metal electrodes®, and encapsulating to prevent ingress of atmospheric
species”'. Although studies of device failure are essential in determining practical device
durability, device-level work should be augmented by material-level studies of the evolution of
optoelectronic properties to elucidate each relevant degradation mechanism and to design HP
materials with fundamentally enhanced stability'"*. Understanding how optoelectronic changes are
linked to degradation can give insight on the lifetimes of HP devices subject to operational stresses.

In this work, we examine material level optoelectronic quality changes in MAPbI; under
various combinations of heat, light, oxygen, and humidity stresses using a novel in-situ
photoluminescence-photoconductivity-transmittance (PL-PC-Tr) measurement technique. This
technique simultaneously determines quasi-Fermi level splitting (AEr) and mean carrier diffusion
length (Lp), which are material-level metrics for attainable device-level performance metrics of
open-circuit voltage and short-circuit current respectively, all while tracking optical transmittance
through the HP. The transmittance (at energy above the HP bandgap and below the Pbl, bandgap)
is model-independent and easily measured. We define transmittance as the fraction of light that
passes through the sample at normal incidence (light that is diffusely transmitted is not counted).
It quantifies the conversion of HP to transparent Pbl, and is correlated with changes in AEr and
Lp. By examining MAPbI; degradation in various levels of light, humidity, temperature, and

oxygen, we find that the Lp deteriorates before AEr in every case. A simple machine learning
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algorithm selects features that predict the time it takes for Lp to decrease to 85% of its initial value
(tLp.ss) using only the initial PL, Lp, and Tr timeseries data, yielding a simple model that describes
87% of the variance in our dataset, which contains degradation times spanning over an order of
magnitude. The transmittance increase rate is highly correlated with t; 435, suggesting a simple
method to quickly extrapolate material or device lifetime in a very short test. One limitation to
employing the transmittance measurement to detect HP degradation in a device configuration is
the presence of an opaque metal contact. We overcome this hurdle by demonstrating that reflected
dark-field microscope images (specifically the standard deviation of their pixel intensity) are
highly correlated to transmittance and can also be used to track and quantify HP degradation.
Finally, we study degradation of un-encapsulated MAPbI; devices and show that spatial changes
in dark-field intensity and photoluminescence are early indicators of device failure, which can
occur well before Lp failure of similar films under equivalent conditions due to a gradual reduction
in shunt resistance as the absorber degrades. Collectively, our work reveals universal changes in
optoelectronic properties that occur during MAPbI; degradation and provides a simple framework

for forecasting HP material and device lifetimes.

7.3  RESULTS AND DISCUSSION

The experimental setup for the PL-PC-Tr degradation experiments used in this study is shown
in Figure 7.2a (Figure 7.6 shows the details of the illumination beam and channel geometry). The
perovskite is illuminated with a 560 nm LED with bandpass filter (2.21 eV, above the 1.6 eV
bandgap of MAPDI; and below the 2.34 eV bandgap of Pbl,) through the objective lens of an
optical microscope. Calibrated absolute intensity photoluminescence (AIPL) is collected with a
filter cube and wide-field camera. Photoconductivity is determined by sourcing a voltage across a

narrow channel defined by electrodes on top of the HP film. The transmittance is determined by
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measuring the response of a Si photodiode to light passing through the HP film. The film is
contained in an environmental chamber with control of temperature, humidity, and oxygen content.
Further experimental details are in the SI.

From the photoluminescence and photoconductivity, we calculate the material AEg and Lp and
track how these parameters evolve as a function of remaining HP content as determined by the
transmittance. The AEr is estimated using the equation AEp = AEf 4, + kKT InPLQYg,, as
described previously*', where k is Boltzman’s constant and T is temperature. The spatial mean
external PLQY (PLQYg,) is determined from the wide-field PL data, where AEg 4, is the
Shockley-Queisser limit AEy determined with initial bandgap extracted from UV-Vis absorbance.
For AEr calculations, we assume the spectral shape of the PL emission does not change with
degradation (we challenge and discuss this assumption below). The above equation will slightly
overestimate AEr due to the presence of sub-bandgap emission. Previously, we found that the
overestimation is less than 5 meV,>* and should not affect the claims here. Lp is determined using
the expression Lp = \/W , as described previously’’, where opn 18 the
photoconductivity, q is the elementary charge, and G is the generation rate. The model assumes
that excess carrier concentration at steady-state is uniform over the depth, which is a good
approximation for this study since the absorption length is close to the film thickness (300 nm)
with diffusion lengths of ~100 nm. For other conditions (thicker films, shorter absorption length,
shorter diffusion length), the calculated Lp will not be equivalent to other more sophisticated
techniques such as the steady-state photocarrier grating method®” '"®, but it still serves as a relative
metric of carrier transport that can quickly be determined. The fraction of undegraded MAPDI; is
estimated using the measured photodiode current due to the transmitted probe beam and comparing

it to the transmittance through a MAPbI; film that is fully degraded to Pbl,. Beer’s law is used to
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convert change in transmittance to the effective thickness of remaining HP as described in the SI.
Since the material-level properties of AEr and Lp are indicators for device Voc and Jsc
respectively, we directly track device relevant optoelectronic properties in the HP film as

degradation proceeds.

a b
Widefield
110 0.9
Camera
1004 ¢ 0.8
20 . §
E 0. 7g
Excitation s 8 06'E
(560 nm) S 05t
LED Microscope 60 o.4t
50 0.3
Detected PL o 50 100 15[0 2]00 250 300
Cc time [min
Probe Beam \ / (Infrared)
110 .,/"\\. \ 1.24
Source 100] < Lol
Measure Unit | Veource . N, :
- - K % 1205
lignt E 80 )
a : . fLas
Is Prransmitted U RN 4
Source | )| o [
Measure Unit |20 Photodiode 50 \ [
ISC « P"a"smimd oig'acti:;rzMAPg'll: cons.:rted ::Pblz
d
Increasing Optical Transmittance
Pristine Passivated Isolated Extinct
L O
' ‘
8P e 2 @
> @'@?
- e Va
PLQY > PLQY(t,) PLQY > PLQY(t,) PLQY < PLQY(¢,)
Lp > Lp(to) Lp < Lp(to) Lp < Lp(to)
B vAPbI, Pbl, — Active Trap State -§ Passive Trap State

Figure 7.2. a) Schematic of photoluminescence-photoconductivity-transmittance (PL-PC-Tr)
experiment. Samples are illuminated with 560 nm light (2.21 eV, above the 1.6 eV bandgap of
the perovskite and below the 2.34 eV bandgap of lead iodide) via an LED and excitation filter, and
absolute intensity PL is detected using a long pass filter and calibrated widefield camera.
Photoconductivity is determined by sourcing a voltage across a narrow channel defined by
electrodes on top of the HP film and subtracting dark from light current. Transmittance is
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determined by placing a Si photodiode below the HP channel to measure changes in the transmitted
light over time. (b) Example Lp-AEg-T data for MAPbI; as it degrades under air, light, and
moisture. (¢) The same data, with Lp and AEr plotted with fraction HP converted (which is inferred
from transmittance data and comparison with a fully degraded film) (d) Schematic indicating
optoelectronic evolution during MAPDI; degradation as transmittance of 560 nm light through the film increases.

Figures 7.2b-c present an example degradation experiment, conducted in air at 60% relative
humidity, under 8 Suns illumination at room temperature. Morphological and structural
characterization of the MAPbI; films used in this study are presented in Figures 7.7 and 7.8. We
observe similar evolution of optoelectronic properties as reported previously’’, with an initial
period of increasing Lp and AEy, followed by a period of increasing AEr with decreasing Lp, and
a final period where both AEr and Lp have decayed significantly. Importantly, early transmittance
changes demonstrate that beneficial changes in AEr and Lp that occur during the same period are
associated with irreversible conversion of MAPbI; to Pbl,. This finding corroborates recent
consensus that the presence of Pbl, is beneficial to absorber properties, yet also detrimental to
long-term stability'”” '"®. Changes in AEf and Lp can occur due to changes in: (i) monomolecular
Shockley-Read-Hall lifetimes; (ii) carrier concentration (due to absorption and funneling through
Pbl,'"); and/or (iii) mobility.

To further understand charge carrier recombination dynamics in our degradation experiment,
we complemented the PL and PC data with time-resolved photoluminescence (TRPL). We
conducted a degradation experiment with identical stress as in Figure 7.2b-c, and removed the film
from the stress chamber periodically and measured TRPL. The results are presented in Figure 7.9a-
b, Table 7.1 and Figures 7.10-7.11, where the “degraded” film represents a state near the maximum
in PLQY where the diffusion length has decreased significantly. Effective monomolecular and
bimolecular and lifetimes (84 and &) were evaluated by fitting the TRPL decay traces as

described in SI. For both fluences tested, it is found that the monomolecular lifetime increases with
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degradation while the effective bimolecular lifetime decreases. Both are commensurate with
increasing steady-state PLQY and quasi-Fermi level splitting, as determined in the in-situ PL-PC-
Tr experiment. To further understand this effect and corroborate the increase in AEr, we collected
steady-state AIPL spectra on pristine and degraded MAPbI; and fit them with the full-peak fit
method described previously’* '*" and reviewed in the SI (Figure 7.9c, Table 7.2). These data
confirm an increasing AEr during degradation, mostly due to suppressed non-radiative
recombination but also due to a marginally lower sub-bandgap absorptivity. We therefore infer
that effective trap density decreases during the initial stages of degradation simultaneously as the
diffusion length is decreasing, as demonstrated by longer monomolecular Shockley-Read-Hall
(SRH) lifetimes, higher quasi-Fermi level splitting, and lower sub-bandgap absorptivity. We note
that results reported here are obtained with excitation light below the bandgap of Pbl, (see Figure
7.13). Merdasa et. al recently reported differences in optoelectronic properties of partially
degraded MAPDI; when exciting with light above and below the bandgap of Pbl,'”’, which we
also observe (see Figure 7.10 and SI discussion).

Table 7.1 PL lifetimes of pristine and degraded MAPDbI; with 640 nm excitation. t; and 1,
correspond to the fitting monomolecular and bimolecular lifetimes, respectively.

Pristine Degraded
Fluence ‘ 71 [ns] T, [ns] 71 [ns] T, [ns]
[nJ/cm’]
214 87 35 155 17.8
1840 ‘ 48 10 ‘ 100 2.4
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Table 7.2 Extracted full peak AIPL fit parameters for pristine and degraded MAPDI;,
under steady state 10 Suns 532 nm excitation.
| 6 ylmeV] E.[eV] AE¢[eV] TIK] @5
Pristine | 1.29 28.0 1.614 1.223 287  2.70e-3
Degraded| 1.18 21.3 1.610 1.259 293 2.37e-3

The discussion above gives mechanistic insight into the origin of optoelectronic changes in
MAPDI; during degradation (schematically illustrated in Figure 7.2d). At early times, thin regions
of Pbl, passivate surfaces and reduce SRH recombination without decreasing inter-grain transport
(polycrystalline carrier mobility), resulting in increased Lp. Further conversion to Pbl; isolates the
remaining HP domains, forming a disordered energy landscape and rapidly decreasing the
mobility, which causes a maximum and then decrease in Lp. Meanwhile, increased Pbl, content
and penetration of atmospheric species further passivate traps on the surface'*” '*" and in the bulk
of the HP'® '™ causing further increases in PLQY. Finally, PLQY disappears as the final domains
are converted to Pbl,.

Forecasting Optoelectronic Degradation of HP Films

The foregoing results demonstrate that initial improvements in AEr and Lp are tied intimately
to degradation, and we hypothesize that early changes in AEr, Lp, and Tr are strongly predictive of
the ability of the HP to withstand a given stress. To test the generalizability of this behavior, we
subjected MAPDI; to 15 different stress conditions with varying degrees of temperature, oxygen,
moisture, and light intensity (Figures 7.14-7.16). The “dry N,” condition is the only case where
we observe stable transmittance and thus infer that no degradation occurs during this experiment.
However, we do observe light-induced traps that causes an initial decrease in AEr and Lp, followed
by stabilization in both. This aligns with many other studies that have identified this behavior'*>

184185 Wwhich is fully reversible after an appropriate “rest” period in the dark'®* '®.
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We observe monotonically increasing transmittance in all other stress environments. By
studying these experiments collectively, we identified two universal behaviors: (i) existence of an
early-time regime where AEg, Lp, and transmittance are all increasing and (ii) Lp fails (i.e reaches
a maximum and then decreases) before AEp fails. This indicates that the optoelectronic evolution
we observed above for MAPbI; in humid air at room temperature is not unique. As MAPDI;
degrades, increases in the SRH lifetimes precedes decreases in the inter-grain carrier mobility,
regardless of whether the degradation is initiated by humidity alone, oxygen alone, driven by high
thermal stress, or by moderate amounts of these stresses in combination. This finding suggests that
the patterns of optoelectronic property evolution are relatively mechanism-agnostic and
understanding where a material exists on its degradation trajectory can give clues regarding the
time until failure. Observing that Lp fails before AEr in every case aligns with our above
description of a degradation mode in which decomposition products impede inter-grain carrier
mobility while remaining perovskite domains are being further passivated.

Ultimately, the goal of this work is to predict the effective lifetime of an HP film, based on
initial changes in the PL-PC-Tr dataset and the insights into optoelectronic evolution developed
above. Given that Lp reaches a maximum and then decreases before AEr reaches a maximum and
then decreases, we define the time it takes the Lp to decrease below 85% of its initial value (tLqss)
as the material lifetime metric. We employ machine learning methods to train a model for this
prediction task. In a machine learning approach, a test set and validation set are held out from
training data to aid model development. The purpose of the validation set is to choose the model
and model parameters, while the purpose of the test set is to obtain an unbiased estimate of model

186

error for unseen data . A common validation strategy is to use cross-validation, where we split
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the data into k-folds and measure validation error on each fold'*®. Leave-one-out cross-validation
is a special case where the number of k splits equals the number of samples.

We have a unique machine learning problem with many possible features but a small number
of samples. Our aim is to use features related to the initial five observations of normalized PLQY,
Lp, and Tr to predict trqss. Since we have degradation times that span over an order of magnitude,
we use a log transform so that each experiment has relatively equal importance (we predict In(tpq ss)
). We excluded two experiments in our 15-run dataset; degradation was too slow in the dry N,
experiment (Lp g5 was not observed) and too fast in the air/80%RH/25°C experiment (Lp g5 occurs
in training region so prediction is trivial). The behavior observed for the air/80%RH/25°C sample
differs from the sample with air/80%RH/85°C; the latter does not form a hydrate due to the higher
temperature leading to longer time until Lp g5 (see Figures 7.14, 7.19 and 7.20). In addition to the
first five measurements of each variable (diffusion length, photoluminescence quantum yield, and
transmittance), we include average slope and curvature for each property over this time range as
features. Since we have a small dataset, we limited our model exploration to linear models,
including linear regression, Ridge, LASSO, and linear regression with greedy feature selection'®’.
Initial cross-validation results suggested that linear regression with greedy feature selection
outperformed the other models, so we selected this model to use for testing. The so-called “greedy”
feature selection algorithm'®” starts with no features, then adds one at a time based on which will
give the lowest validation error using leave-one-out cross validation. We continue to add features
until no additional feature reduces the validation error further. One additional advantage of this
approach is that it results in a sparse solution, where we obtain a simple model with only the few
most important features. The details of the machine learning algorithm are described in detail along

with the pseudocode for the greedy selection algorithm in the SI section 1.10. Figure 7.3a shows
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the improvements in mean-squared error and R score each iteration, and Figure 7.3b shows the
predicted vs. actual In(trqss). Since the dataset is small, the test set error will strongly depend on
the random selection of data to include in testing. To obtain a more accurate measure of testing
error we use an outer loop to perform a test-train split and an inner loop to perform feature
selection. In the outer loop, we loop over the experimental runs (for different environmental
conditions) and held each sample out from feature selection to get an unbiased estimate of error
for each sample. We employ an inner loop to perform feature selection using leave-one-out cross
validation to determine the feature set. Using this testing scheme, we obtain an average prediction
error of 12.8% (all results for each test-train split are shown in Figure 7.17). Figures 7.3a and 7.3b
show one characteristic result of an iteration of the outer loop. The experiment labeled “test
sample” is completely independent and was not used for training or feature selection. The
prediction for all other samples shows the predicted In(trqss) when each validation sample was
held out in the cross-validation step within the inner loop. The inset in Figure 7.3a shows the three
features selected and their relative weights, where the magnitude of the bar represents the
importance of that feature in the model predictions relative to the variance of that feature in the
training dataset.

The results show that the initial slope of the transmittance curve is highly correlated with t 4 s
(shown directly in Figure 7.3c, with the quantitative relationship shown in SI section 10). This is
the first feature selected and has the highest magnitude model weight. A greater initial
transmittance slope indicates a shorter time to Lp gs, where the transmittance slope is determined
from the first 5 measurements only. Additionally, early behavior in the Lp trajectory adds signal
to the prediction. With only three features from the first five time points of our dataset, we can

describe 87% of the variance in trqgs (with times that span over an order of magnitude). Most of
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the variance not described by the model comes in the high temperature, high light intensity cases
where there is a sudden, catastrophic failure point (indicated by discontinuity in the derivative of
transmittance curve and sudden decrease in Lp as shown in Figure 7.14-7.15). Essentially, our
results show that after only 5 measurements of transmittance and Lp, we can predict the time until
failure to 12.8% on average, where the timescale to collect 5 measurements is around an order of
magnitude less than time until failure, providing a proof of concept of a very simple diagnostic
tool to forecast time until critical absorber failure of various materials and devices subject to

different stresses.
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Figure 7.3. Results of a machine learning to predict the time for Ly to decay to 85% of its
original value (trqss) using only the first 5 time steps of PL-PC-Tr data. (a) shows the mean
squared error and R* for describing the data for each step of the greedy algorithm (step 0 indicates
using mean of training Ld,85 and no features). Dashed lines are to guide the eye. Inset shows the
relative feature weights for the 3 features selected, normalized to the highest coefficient, where the
coefficients are determined using standardized features (not affected by the units used). (b) shows



146

the predicted vs. actual for the model (note use of log transform due to difference in timescales).
Each data point was predicted with cross-validation, meaning that the model was trained excluding
that sample. The labeled “test sample” was held out of the entire dataset for greedy feature
selection. (¢) Demonstrates the relationship between t; 4 g5 and initial transmittance slope. Dashed-
line indicates best fit to all data using only transmittance slope (linear fit with log transform).

Reflected-Mode Dark-Field Microscopy on HP Materials and Devices

Above we demonstrate that Lp deteriorates in HP films before AEf, and that the initial
transmittance slope is an excellent predictor of time until Lp, failure. Next, we investigate how this
insight can be leveraged to predict time until failure in HP devices. However, transmittance
measurements are not possible when using an opaque metal back contact in a photovoltaic device.
One strategy is measurement of specular reflectivity which is readily measured via bright field
microscopy. However, direct correlation of device specular reflectance with absorber
transmittance is not straightforward due to the optical properties of the other layers in the device,
which may evolve in competing ways as the device degrades (e.g. HP transmittance increases
while Ag reflectivity decreases). However, information related to changes in the film morphology,
grain boundary structure, or phase distribution can be optically detected by measuring diffuse
reflectivity (i.e. scattering) with dark field microscopy, as is shown in Figure 7.18. Further, we
noticed in the prior MAPbI; degradation experiments a substantial change in the diffuse reflectivity
with degradation as detected (Figures 7.19-7.20). To test dark field microscopy as an alternative
to transmittance to detect and quantify HP degradation, we conducted a MAPbI; degradation

experiment while simultaneously monitoring the evolution of both (Figure 7.4).
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Figure 7.4. (a) Time evolution of the standard deviation of dark field intensity (DFq4) and
transmittance as MAPDI; degrades in air at 60% RH with steady state illumination with ~8
Suns 560nm LED. Values are normalized to the time = 0 value. Dashed red lines indicate 0 min,
25 min, 125 min, and 225min snapshots used in b-f. The Pearson correlation coefficient between
transmittance and DFyy is 0.9973. (b) Histogram of dark field intensity at four different times
during degradation experiment. Vertical axis represents number of pixels with each intensity, plot
on a log scale. (c-f) reflected dark field intensity a 0 min, 25 min, 125 min, and 225 min
respectively. Spin coating defects in the film are labeled in (d), which are the first regions to show
increased dark field intensity.

The reflected dark field image changes dramatically as MAPbI; degrades. The image of the
pristine film (Figure 7.4c) shows low intensity (as expected for a flat spin-cast film with minimal
diffuse light scattering). As degradation advances, the image coarsens and brightens, initially and
most dramatically at two spin coating defects but eventually throughout the entire film. These data
show that MAPDbI; degradation causes increased light scattering due to formation of additional
phase boundaries and small domains with formation of Pbl, that manifest as increased reflected
dark field image intensity and standard deviation. While the mean, median, and standard deviation

of dark field intensity show dramatic changes with time, we identified that at early times standard
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deviation (DF:4) has strongest correlation with the transmittance curve (see Figure 7.21). When
considering the entirety of the degradation experiment, DF:; is highly correlated with the
transmittance (Pearson correlation coefficient = 0.9973), indicating that the dark field can be used
as a metric to detect early HP degradation rates and forecast material or device lifetime, even in
the presence of an opaque back contact. Further, dark field images map out locations where the
degradation is initiated or locally accelerated, which in this case reveals morphological defects
related to spin coating. Although we only investigate degradation of MAPbI; to Pbl, here, we
expect formation of other degradation products in different HP systems to show similar signals in
the dark field image, which is a topic for ongoing investigation.

Having identified that dark field microscopy detects material degradation at early times, we
conducted degradation experiments on MAPbI; solar cells in a p-i-n architecture (typical JV curve
shown in Figure 7.22). We stressed the un-encapsulated device at open-circuit under 1 Sun, 560
nm LED illumination in air with 60% RH, and we periodically collected dark field images and JV
curves to determine how material evolution with time is connected to PV performance parameters

and parasitic resistances (Figure 7.5).
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Figure 7.5. a) Evolution of device parameters with time under open-circuit conditions, un-
encapsulated in air with 60% RH with constant 1 Sun illumination with a 560 nm LED (normalized

to the time = 0 value). JV sweeps occur every minute to extract device parameters. (b) Evolution
of shunt resistance (Rsy) with time, evaluated using a linear fit between 0 and 0.2V. Deteriorating
PCE in this experiment is primarily due to decreasing Rsp.(c) Evolution of standard deviation of
the dark field intensity image with time through degradation (normalized to the time = 0 value).
The DF4q4 increase indicates absorber degradation which causes Rsy decay. (d) characteristic JV
curves through the degradation experiment. The times of these curves correspond to vertical
dashed lines in (a).

We observe steady decay in overall PCE, with fill factor changing most dramatically, primarily

due to decreasing shunt resistance (Figure 7.5b). Additionally, we have an initial decrease in Jsc

and increase in Voc.. Importantly, the time evolution of the reflected dark field intensity shows an

increase in DF.; (Figure 7.5¢) as also observed in Figure 7.4, indicating absorber degradation in

this device over the course of the stress test. The strong anti-correlation between the dark field
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standard deviation and the fill factor suggest that the decrease in Rsy is induced by absorber
degradation (but may be modulated by the quality of other layers in the device). Changes in
DFg:4 have an early onset, indicating that initial values of this timeseries could be used to forecast
device lifetime. Thus, this parameter facilitates comparison of the extent of degradation across
both films and devices. By comparison to studies on films, we note that Lpgs in humid air
environments typically occurs at a material conversion fraction between 0.3 and 0.6 (Figure 7.16),
yet we estimate from Figure 7.4a that the material conversion corresponding to a ~16% increase
in DFg4 is about an order of magnitude lower (<0.05 material fraction, see SI note for estimation
details). This indicates that time until degradation to Lpgs of a film represents the maximum
possible lifetime of a device made with that film (adjusting for differences in HP degradation rates
in device vs. film). However, it is likely that the device PCE will decrease below 85% of its initial
value before material Lpgs is achieved in the device due to a degradation-induced shunt, which
requires only local failure of a relatively small region. We suspect that efforts toward reducing the
heterogeneity in various device layers will suppress early formation of shunt pathways and enable
the device lifetime to move toward or approach the HP t; p gs.

In this work, we study signals that can be used to forecast the failure of HP films and devices.
We first study the optoelectronic evolution of MAPbI; with time and show that L deteriorates
before AEr for a wide variety stress conditions. By employing a simple feature selection machine
learning algorithm, we discover that just three features can be used to predict the time for Lp to
decrease to 85% of its starting value with a mean error 12.8%, where the initial transmittance slope
is the feature with the greatest predictive power. We then show that the standard deviation of
intensity of dark field optical microscopy images is highly correlated with transmittance, providing

a material degradation proxy applicable to devices with opaque back contacts. Accordingly, we
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show that dark field intensity is an early indicator of device failure, where the devices we studied
demonstrated gradually decreasing Rsy due to MAPbI; degradation. Collectively, this work
provides a framework for accelerated testing of HP devices and demonstrates that transmittance

and/or dark field microscopy can be used as forecasting and diagnostic tools.

7.4  SUPPORTING INFORMATION

1. Experimental Methods
1.1 Perovskite Film Fabrication

MAPDI; precursor ink was prepared by dissolving stoichiometric MAI and Pbl, at 1M in 9/8
vol/vol N-methyl-2-pyrrolidone (NMP)/dimethylformamide (DMF), then stirred for 1.5 hr at 70
°C. Glass substrates (15mm square) were cleaned with a four-step procedure by sonicating for 10
minutes each in (1) Alconox and DI water, then (2) DI water, then (3) acetone, and finally (4) 2-
propanol. Shortly before spin coating, the substrates were cleaned for 10 minutes in an Ar plasma.
MAPDI; thin films were fabricated via spin coating in a N»-filled glovebox. The precursor ink was
spin coated at 4000 rpm for 45 sec, then submerged in a diethyl ether (DEE) antisolvent bath for
60 s, then annealed at 100 °C for 10 min. The film thickness was 300 nm as determined by
profilometry.
1.2 Perovskite Device Fabrication

MAPDI; devices were fabricated with the p-i-n architecture ITO / NiOx / MAPbI; / PCBM /
bis-Cgo / Ag with a similar fabrication method reported previously’”*°. MAPbI; ink was prepared
by dissolving stoichiometric MAI and Pbl, at 1 M in 7/3 vol/vol y-butyrolactone (GBL)/dimethyl
sulfoxide (DMSO), then stirred at 75 °C for 2 hr, then stirred overnight at room temperature. The

NiO, solution for sol-gel method was prepared as described elsewhere’. The PCBM ink was
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prepared at 15 mg/mL in chlorobenzene. The bis-Cgo ink was prepared at 2 mg/mL in 2-propanol
and dissolved using a sonicating horn then filtered with a 0.2 pm PTFE filter.

Patterned ITO glass (Thin Film Devices) was cleaned with a four-step procedure by sonicating
for 10 minutes each in (1) Alconox and DI water, then (2) DI water, then (3) acetone, and finally
(4) 2-propanol. The ITO substrates were cleaned for 10 minutes in an O, plasma. The NiOy solution
was spin coated at 3000 rpm for 60 s in air, then annealed at 350 °C for 60 min in air. The substrates
were thereafter transferred into a N»-filled glovebox for spin coating the rest of the layers. MAPDI;
was spin coated at 1000 rpm for 15 s then 4000 rpm for 45s, then 700 pL of toluene was dripped
onto the substrate over 3 s with 15 s left in the second step of the spin coating program. The devices
were then annealed for 10 min at 100 °C. The PCBM layer was spin coated with a 2-step procedure,
first 1500 rpm for 55 s then 5500 rpm for 5 s. The bis-Cgo layer was spin coated at 3000 rpm for
30. 100 nm of Ag was thermally evaporated at a rate of 2 A/s.

1.3 Time Resolved Photoluminescence

Time resolved photoluminescence (TRPL) was collected with a Picoquant TRPL instrument
equipped with a FluoTime 300 Spectrometer, PDL 820 Laser Driver, and a TimeHarp 260 with
PMA Hybrid 50 detector. We used a 2.0 MHz repetition rate with 800 ps time/channel with a
510nm or 640nm excitation source with calibrated fluence.

1.4 Absolute Intensity Confocal Photoluminescence

Absolute Intensity Confocal Photoluminescence was collected as described previously®”*'. PL
spectra were obtained with a modified Horiba LabRAM HR-800 with 532 nm laser excitation and
a 10x objective. The adjustable confocal hole was set to 800 um, and a 150 gr/mm Czerny— Turner
monochromator blazed at 1200 nm was used. The photon detection rate was calibrated using a

blackbody source (IR-301, Infrared Systems Development) at 850, 950, and 1050 °C with a 10 um
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pinhole (the calibration factor was averaged between the three temperatures to minimize error).
To calculate 1 Sun excitation flux, an Oriel optical power meter and beam profiler were used to
set the photon flux equal to above-bandgap photon flux of the AM1.5 GT solar spectrum fora 1.61
eV material.
1.5 Perovskite Film Characterization

Scanning electron microscopy (SEM) micrographs were obtained on Au-coated films using a
FEI XL830 Dualbeam SEM-FIB. To avoid charging effects, an Au-Pd coating was sputtered onto
the perovskite films prior to imaging. Thin film X-ray diffraction (XRD) measurements were
collected with a Bruker D8 Discover instrument equipped with a Pilatus 100K large-area 2D
detector and a Cu anode (wavelength 1.542 A, Ko radiation). The X-ray beam size was defined
with a 0.3 mm collimator. Optical absorbance spectra were collected from a PerkinElmer Lambda
1050 UV/vis/NIR spectrometer with an integrating sphere in laboratory atmosphere.
1.6 Perovskite Device Characterization

Current voltage (J-V) curves of MAPbI; devices were measured under simulated AM1.5 1 Sun
illumination using an Oriel VeraSol-2 AAA Solar Simulator and an OSI Optoelectronics UV-
100DQ Si photodiode to set the lamp intensity to equal above bandgap AM1.5GT photon flux for
a 1.61eV material. Forward and reverse sweeps were conducted with a sweep rate of 0.2 V/s. A
device area of ~0.07 cm” was used; device area was defined as the intersection of Ag and ITO
electrodes and was precisely measured using an optical microscope.
1.7 Photoluminescence — Photoconductivity — Transmittance Degradation Experiments

Simultaneous photoluminescence — photoconductivity — transmittance experiments were
conducted with a similar methodology as described previously®’. Wide-field absolute intensity PL

measurements were conducted with a Hamamatsu C11440 camera with a Lumencor SpectraX light
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source and Mitutoyo 100x objective. A green LED was used for excitation, which was filtered
with a 32 nm wide-band-pass filter centered at 560 nm. The excitation source was passed through
a filter cube with a dichroic mirror and an emission long-pass filter to achieve a minimum OD 8
suppression for excitation wavelengths. The excitation photon flux was calibrated with a Newport
91150 V Si reference diode to set the photon flux equal to above-bandgap photon flux for a 1.61
eV material under an AM1.5 GT spectrum. The Hamamatsu detector was calibrated by preparing
a MAPDI; standard and comparing PL detector counts with the PLQY from the confocal AIPL
setup (which was calibrated using a blackbody spectrum at three temperatures, as described
above).

For photoconductivity measurements, 80 nm-thick Au contacts with a channel spacing of 200
um were thermally evaporated at 2 A/s. Photoconductivity was measured by connecting Au
contacts to a Keithley 2420 sourcemeter and sourcing + or — 3V while measuring current. The
polarity of the applied voltage is switched every measurement to prevent artifacts from ion
migration and buildup over the duration of the experiment due to consistent applied voltage.
Degradation experiments on films were conducted in a closed stage (Linkam Scientific LTSE420-
P) with controlled atmosphere and temperature; those on devices were conducted in a custom-built
environmental chamber. Relative humidity (RH) control in the Linkam stage was enabled by
bubbling dry gas (air or N;) through a glycerol/water solution with specific volume ratio to achieve
the desired % RH; in the custom chamber, an ultrasonic humidifier was used with a closed-loop
controller. Gas flowed through the Linkam stage for the duration of the experiment at a constant
flow rate of 2 L/min.

The Linkam stage has a hole in the middle of the heating plate that enables transmittance

measurements. An OSI Optoelectronics UV-100DQ Si photodiode was aligned directly under this
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hole to detect evolution of transmitted light through the HP film through the duration of the
experiment; short-circuit current from the photodiode was detected using a Keithley 2400
sourcemeter.

We used our environmental control chambers to set the temperature, illumination intensity, %
relative humidity, and atmosphere composition. The reported temperature denotes the hotplate
temperature and is accurate to within 1 C (we do not account for a temperature drop across the
glass substrate nor for radiative heating). For humidity, we monitored the % relative humidity
throughout the experiment and achieved +/- 5 %RH by employing a humidifier attached with
sensor and controller. We measured illumination intensity with a Si photodiode estimate that the
intensity fluctuates within less than 2%. For atmosphere composition control, we used a positive
pressure of flow from pure N, or air cylinder. Based on the above, the variations within each
condition are much smaller than the intentional changes in stress condition we performed in our
experimental plan and have minimal impact on our overall findings.

1.8 Perovskite Device PL-JV-DF Degradation Experiments

Perovskite device Photoluminescence — Current/Voltage — Dark Field degradation experiments
were conducted similarly to the above with certain modifications. An Olympus 5x objective was
used with 560 nm LED excitation, and the excitation incident flux was set so that the device Jsc
under the LED equaled the measured Jsc under 1 Sun illumination with a AAA Solar Simulator.
The experiment was conducted in an environmental control box with relative humidity maintained
at 60%. Widefield PL and reflected dark field images were collected periodically. For Figure 7.5,
the device was held at open-circuit while a reverse then forward JV sweep was performed every 1
minute using a sweep rate of 0.24 V/s.

1.9 Data Cleaning and Preparation
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For data presented in Figure 7.13-7.15, missing and corrupted data (<1% of all data points) for
the AEr, Lp, and transmittance were filled using linear interpolation. Lp data was smoothed by
taking the moving average of the moving average with window = 5.

1.10 Machine Learning Model Details

We employed a linear regression model with a greedy feature selection algorithm with leave-
one-out (LOO) cross validation for feature selection and a LOO testing scheme. An overview of
the method is displayed with pseudocode in Algorithm 1, where N is the number of samples
(MAPDI3 degradation at different environmental conditions), D is the number of all possible
features, and the stopping criteria for feature selection is when the model error improves less than
“error_improvement_threshold,” which we set to 0.05 in our experiments. In the “evaluate baseline
with 0 features” step, we measure LOO error using the mean of the training set as the predictions
(where the training set doesn’t contain the left out sample) to get a baseline error to start the
algorithm. This is a “greedy” algorithm, because at each step in the while loop we add the feature
that reduces the LOO validation error the most. Within the while loop, there is an inner for loop
used to perform LOO cross-validation. After the while loop we remove the last feature added since
this feature did not improve the error greater than “error improvement threshold.” Since we have
a small dataset, we have a testing scheme that loops over the samples to evaluate the test error with

N different datasets in the outer for loop (see Figure 7.17 for results).
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Algorithm 1
begin
fori=1,2...N
leave one out train/test split
define feature_list as an empty array
evaluate baseline model performance with 0 features
while error_improvement > error_improvement_threshold
ford=1,2...D
add feature d to “feature_list_temp*
forj=1,2...(N-1)
leave one out train/validation split
define and train linear regression model
make validation predictions and evaluate error
end
save the mean error using feature d
end
add the feature that gave minimum error to feature list
evaluate “error_improvement” since last step in while loop
end
remove the last feature added
retrain model with entire training set
evaluate test error
store model details
end
end

2. Time Resolved Photoluminescence Data Fitting
TRPL data was fit as described previously'™. Excess carrier density can be described with the

differential equation:

dn
E = _kln - k2n2 - k3Tl3 (7'1)
where n is the excess carrier density and k;, k,, and k5 are the monomolecular, bimolecular, and

trimolecular recombination rates respectively. Assuming there is little contribution from

trimolecular (Auger) recombination, this differential equation has an analytical solution given by

n(t) kq
No (k1 + K3) exp(kyt) — K

(7.2)
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where n, is the carrier concentration at t = 0 and where k, = k,n,. Thus, the Shockley-Read-
Hall (SRH) and radiative effective lifetimes are given by t; = 1/k; and 7, = 1/k,.

Raw TRPL data was first preprocessed by (1) removing initial data before excitation, (2)
normalizing to the maximum intensity of the TPRL decay, and (3) truncating the end of the TRPL
decay when it falls into the noise threshold. Assuming the PL intensity is proportional to n(t), the
normalized PL decay can now be fit to equation 7.2 which yields the effective SRH and radiative
lifetimes. As shown in Figure 7.8, the fit decays closely match the data.

3. Full Peak Absolute Intensity Photoluminescence (AIPL) Fitting

Full peak fitting to AIPL data was performed as described by Katahara and Hillhouse™* and

applied to perovskite PL spectra in our earlier work®'. The PL data is fit to a form of the

Generalized Planck radiation law, attributable to Lasher, Stern, and Wiirfel given by:

2mE%  a(E,AEp,T)
R3c2 (E — AEF) 1 (7.3)
exp —kT

Ip (E) =

where the absorption coefficient is modeled by

a(E) = m[_}z (exp (— |%|9> /(E — Eg) — u) du (7.4)

where I' is the gamma function, y is an energy broadening parameter for sub-bandgap absorption,
6 is an exponent to describe the form of the sub-bandgap tail, and Egis the direct transition
energy". The full form of eq. 7.3 used in this study is given as equation 22 in Katahara and
Hillhouse™, which accounts for non-zero band occupation in the absorption model. The
photoluminescence peak data was fit with eq. 7.3 using Levenberg-Marquardt non-linear least
squares fit, with fitting parameters E;, AEp, 6, y and T and setting ayd equal to 3.75. A log

transform on the data was performed prior to non-linear least squares fitting so that the peak and
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tail regions of the AIPL spectra would influence the residuals with relatively equal weight. The
average sub-bandgap absorptivity, agg, is given by

E
=g [ (1 exp(—da(B, 05,))) B (7.5)
Eg 0

Q

which represents a single metric that can describe the quantity of sub-bandgap absorptivity.
4. Converting Si photodiode readings to Transmittance and material conversion X

For Figures 7.2, 7.4, and 7.12-7.13, we report transmittance data and material conversion X
based on Si photodiode measurements. We measure the Isc of the Si photodiode, which is
proportional to the intensity of light that passes through the perovskite film. As the perovskite film
degrades, the transmitted intensity monotonically increases which is detected by an increase in Isc
of the Si photodiode (since the 560 nm LED probe beam is below the bandgap of degradation
products — see Figure 7.12). We convert Isc to transmittance for films by using measured
absorbance of the MAPbI; and Pbl, to set a transmittance scale for pristine film and complete
conversion (assuming minimal reflectivity), then normalize each experiment to this transmittance
scale. This method was employed to exclude small effects the precise photodiode alignment has
on absolute measured Isc. We acknowledge that contributions from reflectivity are not negligible,
so the reported transmittance scale may deviate slightly from the values reported.

Material conversion fraction is performed using the relation
T = 10740-%) (7.6)
which is derived from the Beer-Lambert law, where T is transmittance, A is the absorbance of
pristine MAPbI; (from Figure 7.10), and X is the volume fraction of Pbl,. This treatment assumes

(1) at all points in degradation, the thickness of MAPDbI; at all locations is proportional to the total

volume fraction remaining of MAPbI; and (ii) there is negligible absorption by Pbl,. Deviations
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from assumption (i) could have a small effect on the quantitative X reported, but relative trends
will be preserved.

We can further extend this rationale to estimate conversion fraction of MAPbI; from dark field
intensity by using the strong correlation identified between DFgq4 and transmittance observed in
Figure 7.5. For a DFgy increase of ~16%, the transmittance increases by ~6%, which according to

equation 7.6 corresponds to a MAPbI; conversion fraction of 0.03.
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5. Channel and illumination beam geometry for photoconductivity measurements

0.3 mm
<—— 15 mMm ——>

v O

Full Substrate Region of Interest

Figure 7.6. Schematic of probe beam and channel geometry for the samples used in this
work. A circular beam 0.3 mm in diameter is focused in the center of a perovskite channel 0.2 mm
wide separating two gold contacts, across which the measurement bias is applied during
photoconductivity measurements.
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6. Morphological and Structural Characterization of HP Films

Figure 7.7. Typical SEM images of MAPbDI; films used in this study.
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Figure 7.8. Typical XRD patterns for pristine and degraded MAPDI; films for stress
under light, air, and moderate %RH. Note that although an XRD beam spot size was selected
to fall within the degraded region, perfect alignment of the beam with this region is not possible
and thus the “degraded” XRD pattern likely contains contributions from the adjacent, undegraded
regions. Peaks distinguishing the primary degradation product Pbl, and the Au contacts are
denoted by the respective symbols # and !.
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7. Time Resolved and Steady-State Photoluminescence Results and Discussion

Recently, Merdasa et al.'” have shown that excitation light with energy above the bandgap of
Pbl, (4., = 450nm, or 2.76eV; bandgap of Pbl, = 2.37eV; see Figure 7.12) will cause absorbed
carriers in the Pbl, to recombine in a small “transition phase” between the Pbl, and MAPbI;,
resulting in significantly faster radiative recombination than in pristine MAPbI;. To test if this
phenomenon is consistent with our degradation tests, we collected TRPL decays with excitation
above and below the bandgap of Pbl, (Figure 7.9). We observed significantly brighter PL emission
and faster radiative decay when exciting with light above the bandgap of Pbl,, corroborating the
mechanism suggested by Merdasa et al.’”’. Note that the 560nm excitation used in our degradation
experiments has minimal absorption by Pbl, (see Figure 7.12) so this carrier funneling mechanism
cannot explain the observed steady-state PLQY enhancements. However, any future work
exploring optoelectronic changes in HPs during degradation should acknowledge the substantial
differences in PL behavior for excitation energies above and below the bandgap of Pbl, and other

potential degradation products.
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Figure 7.9. (a) PL decays for pristine and degraded MAPbDI; films at 214 nJ/cm® fluence

with 640 nm excitation, where “degraded” indicates an HP film removed from stress chamber in
the “isolated” state. Solid line indicates fit model with monomolecular and bimolecular terms to
experimental data (see SI). (b) Degraded MAPbI; film PL decay at various fluences with 640 nm
excitation. (c) steady state absolute intensity PL of pristine and degraded MAPbI; film (excitation
532 nm cw, 10 Suns).
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Figure 7.10. (a) Evolution of steady state PL and effective radiative recombination rate
K, during MAPbI; degradation in air with 60% RH under 8 Suns illumination with a 560 nm
LED. The HP film is removed from stress chamber for ~5 min every 45 min to measure TRPL.
TRPL is collected using 510 nm excitation (b) TRPL decay traces for data presented in (a). (c)
Comparison of TRPL traces for 510 nm vs. 640 nm excitation at similar fluences.
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Figure 7.11. (a) Evolution of steady state PL (from widefield camera measurements) and
effective monomolecular (SRH) lifetime during MAPbI; degradation in air with 60% RH
under 8 Suns illumination with a 560 nm LED. The HP film is removed from the stress chamber
for ~5 min every 45 min to measure TRPL. TRPL is collected using 640 nm excitation. (b) TRPL
decay traces for data presented in (a).
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8. UV-vis Absorbance Characterization of HP Films
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Figure 7.12. UV-vis absorbance spectrum (a) and Tauc plot (b) of a typical MAPbI; film

used in this study.
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Figure 7.13. UV-vis absorbance spectra of a MAPDI; film before and after exposure to a
solar simulator for 1 hr and 4 hr in air. After 1 hr, the film has partially converted to Pbl,, and
after 4 hr it has fully converted to Pbl,. The UV-Vis data is overlaid with the excitation sources
used in this study. For the 560 nm LED, the boundaries of the region shown denotes where
excitation bandpass filter falls below 1.0% transmittance.



169

9. Photoluminescence — Photoconductivity — Transmittance of MAPbI; with various Light, Temperature, Atmosphere, and
Humidity Stress

,8 suns, 25 C, 0%RH, N2 o 8 Suns, 25¢, 60%RH, Ny

1.0 1.0
0.9 /\ 0.9
° ] .
_ 2.0 105 _ fo.8 ¢ 2.0 i . 1.05_ 0.88
£ E 078 & E 0.7 8%
S1s S £ H ) 3
e 7N 1.005 (0.6 E = 1005 0.6 E
e s losg h; s tosg
~10 e g 4 8
S | 0,95 0.4, 0.95 0.4k
0.3 0.3
03 90 0.2
© 50 100 150 200 ’ S 250 s00 750 1006 0 U7
time [min)] time [min]
8 Suns, 25 C, 60%RH, air Suns, 45 C, 60%RH, air 8 Suns, 65 C, 60%RH, air
2.5 1.10 1.0 2.5 1.10 1.0 2.5 1.10 1.0 1.0
0.9 0.9 0.9 0.9
2.0 089 2.0 1.05 088 2.0 1.05 0.8 g s . 089
- - - - ¥ o - e : - ¢
£ E tors E E lo7s E § lo7s T . E tors
g1 g losE 15 § losk §1s g § ol 51 - § |78
&r £ [o6E 2 1005 fo.6F 2 . 1005 (0.6 2 k3 005 0.67F
@ “ @ “ b4 . (Y “
Q g tos Q 05c o 0.5 o . 0.5¢
~ 10 4 § ~ 10 E E 10 4 g “10 \ < g
- 0.4 . 0.95 0.4k * 0.95 0.4k : \ 0.95 0.4k
0.3 0.3 0.3 0.3
03 0.2 03 90 0.2 03 90 0.2 03 90 0.2
) 100 200 300 . [) 200 400 600 . 0 50 100 150 200 ’ [ 50 100 .
time [min] time [min] time [min] time [min]
8 Suns, 25 C, 0%RH, air 8 Suns, 25 C, 20%RH, air 8 Suns, 25 C, 40%RH, air 8 Suns, 25 C, 60%RH, air 8 Suns, 25 C, 80%RH, air
2.5 1.10 1.0 2.5 1.10 1.0 2.5 1.10 1.0 2.5 1.10 1.0 2.5 7 1.10 1.0
0.9 0.9 0.9 0.9 0.9
2.0 1.05 08 2.0 1.05 089 2.0 1.05 089 2.0 089 2.0 1.05 089
- - - - -
- = g = T g = = g = T g = = 2
3 S to7s E S jo7s E S to7s E S to7s E g (o778
g1s 1002 lo.6F S1s 1008 os‘g g 151! 1.00 2 os'g S1s 2 os'§ S1s 1.00 8 os‘g
g 005 [06F £ S [0eE £ S |06E £ S [0S £ S [oeE
- - “w - “ - “ - “
S g 05c K g 0.55 ] 2 05c¢ K] g 0.5: ) 2 0.5:
1.0 0.95 0.4~ 1.0 o 1.0 o 1.0 o 1.0 o
. .4 0.95 0.4 0.95 0.4, 0.4 0.95 0.4,
JR——— 0.3 0.3 0.3 0.3 0.3
0:3 0.90 0.2 03 0.90 0.2 03 0.90 0.2 0:3 0. 0.2 03 0.90 0.2
0 200 400 600 [ 200 400 0 200 400 [ 100 200 300 0 50 100 150 200
time [min)] time [min) time [min] time [min) time [min)]
32 Suns, 85 C, 0%RH, air 32 Suns, 85 C, 20%RH, air 32 Suns, 85 C, 40%RH, air 32 Suns, 85 C, 60%RH, air 32 Suns, 85 C, 80%RH, air
2.5 1.10 1.0 2.5 1.10 1.0 2.5 1.10 1.0 2.5 1.10 1.0 2.5 1.10 1.0
/ 0.9 / 0.9 / 0.9 0.9 ./ 0.9
_ 2.0 § 105_ fo.8 E ~ 2.0 / 1.05_ (0.8 § _ 2.0 . 105_ fo.8 E _ 2.0 & oros_ fos g _ 2.0 105 _ (0.8 g
£ s E torg E E torg E N E lo7g E E torg E - " E torg
S1s s e £ Sis ] £ Sis{—m ] £ Sis g £ S1s 2 £
- . : 1005 o.6F 2 . 1L00E fo.6F 2 R o 100E fo6F 2 \ 100 fo.6F 2 100E 0.6
= s £ & ) J s & , ) H
a Y s losg o 5 tose o . g foss o S . g tosc o g tose
~ 10 \ 4 g “10 e g ol - 4 E “rofa T > s e g “10 o, E| g
. 0.95 0.4 . 0.95 0.4 . = A 0.95 0.4 g ) , fo.95 0.4, . DR 0.95 0.4k
—— . /’ — ", . t
0.3 0 0.3 \ 0.3 \ 0.3 0.3
0.5 0.5 - 0.5 0.5 0.5
0.90 0.2 0.90 0.2 0.90 0.2 0.90 0.2 0.90 0.2
0 20 40 60 80 0 50 100 [ 20 40 60 [ 20 40 60 [ 20 40 60
time [min] time [min] time [min] time [min] time [min]

Figure 7.14. Evolution of AEr and Ly with time for MAPDI; films under various stresses. AEr and Lp traces are normalized to
the t=0 value, and all data are plot with the same vertical scales. However, note that the horizontal time scales vary.
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Figure 7.16. Degradation experiments represented as AEr and Ly evolution with conversion from pure MAPbI; (X=0) to pure
Pbl; (X=1), assuming Beer’s law. The dry N, case is omitted because there is no detectable material conversion.
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10. Lp ss predictions for all datasets and test samples and transmittance slope fit to all data
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Figure 7.17. Results of the machine learning feature selection and testing algorithm
(Algorithm 1) for each of the 13 different testing folds. For each case, 1 sample was held out
from training and from feature selection, then a model was trained with the remaining data. Each

plot shows the predicted vs. actual ln(tLD’ 85), where the star is the sample that was held out of the

feature selection process.

Mean test error 12.8%

Figure 7.3¢ in the main text shows that there is a strong negative correlation between ¢,

daTr

and (—) . A rough prediction of t; __ can be obtained by only measuring the initial
t=0 D,85

dt

transmittance slope. The dashed fit line shown in Figure 7.3c¢ is the best fit to equation 7.7

dTr
dt

A (—>t=0 + B =1In(ty,,,) (7.7)

where A =-615.7 and B = 5.981, with (%)

t=0

expressed in [min™'] and t1pgs 10 [min] (valid

only within ranges of our dataset shown in Figure 7.3c).
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11. Dark field microscopy experimental set-up
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Figure 7.18. Schematic of reflected light dark-field microscopy. Probe light is first directed
through a mirror cube containing a central beam stop to a ring-shaped condenser (coaxial with the
objective lens), forming a hollow cone of light that strikes the sample at an oblique angle. As a
result, the central objective collects light that scatters diffusely, but completely rejects the specular
component of reflected light, thus providing information on features that specifically result in
random scattering such as surface roughness or the presence of secondary phases.
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12. Reflected Dark Field Images of Pristine and Degraded MAPbDI; Films
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Figure 7.19. Evolution of dark field intensity during degradation experiments in high stress condition (32 Suns, 85 "C) at
various % RH. All images have the same intensity scale. The top row shows before degradation, middle row shows after degradation,
and the last row shows after degradation, looking at the light-dark boundary (left side was not directly exposed to the probe beam, and
right side was illuminated with 32 Suns). Au contacts are distinguishable by the pattern of roughly horizontal lines at the top and bottom
of each image.
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Figure 7.20. Evolution of dark field intensity during degradation experiments in low stress condition (8 Suns, 25 °C) at various
%RH. All images have the same intensity scale. The top row shows before degradation, middle row shows after degradation, and the
last row shows after degradations, looking at the light-dark boundary (left side was not directly exposed to the probe beam, and right
side was illuminated with 8 Suns). Au contacts are distinguishable by the pattern of roughly horizontal lines at the top and bottom of
each image.



13. Correlation between Dark Field Intensity Statistical Features and Transmittance
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Figure 7.21. The correlation between the mean (a), median (b), standard deviation (c),
and skewness (d) of the dark field image intensity distribution compared to the normalized
transmittance for the first 50 min of degradation in air with 8 Suns illumination and 60% RH (see
Figure 7.4 for complete degradation).



177
14. JV Characterization of MAPbI; p-i-n device
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Figure 7.22. Typical JV curve for MAPDbI; p-i-n devices used in the device degradation
studies measured under a calibrated AAA Solar Simulator.
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Chapter 8. CONCLUSIONS AND FUTURE OUTLOOK

The above work focuses on many distinct topics within the perovskites, from simple
measurements to assess absorber properties (Chapters 2 and 3), to strategies to improve the quality
of high bandgap perovskites (Chapters 4 and 5), to high throughput exploration of the perovskite
composition space (Chapters 5 and 6), to methods to forecast durability of perovskite absorbers
and devices (Chapter 7). Several important discoveries have been made that have lasting impact
on research within the perovskite community and beyond:
e Photoluminescence should be paired with a metric of transport (such as photoconductivity)
to appropriately assess a semiconductors’ potential as a photovoltaic absorber (Chapter 3)

e The phase segregation phenomenon in mixed-halide perovskites arises due to excited
carrier populations, which can occur from photoexcitation or from current injection
(Chapter 4)

¢ Inducing lattice strain by using the size compensating motif (e.g. large guanidinium with
small cesium) can alter band structure and enable high optoelectronic quality, high bandgap
perovskites (Chapter 5)

e Simple optical measurements such as transmittance and dark field microscopy can be used
to forecast the durability of perovskite films and devices (Chapter 7)

During my PhD, perovskite solar cells have gone from an exciting, newly discovered material
to a mature technology with promise for commercialization. There are several topics to consider
in determining where further scientific work can have the greatest impact.

One main objective in intensive research dedicated toward emerging PV materials is reducing
the costs of solar electricity. Perovskite solar cells have many different pathways to

commercialization, as single junction, perovskite-perovskite tandems, or perovskite-silicon
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tandems. Although it is not yet clear which technology will be most successful, presently it seems
the perovskite-silicon tandems have the easiest path to commercialization. Indeed, the certified
efficiency of perovskite-silicon tandem solar cells was recently improved to 29.1% (tied with
single junction GaAs) and is still rapidly rising. Thus, future scientific work could focus
specifically on this technology, focusing on the quality of the high bandgap HP absorber and on
device design to minimize optical losses. Strategies to further improve the high bandgap HP
absorber using the 2D/3D heterostructure concept are discussed in Chapter 5.5.

Perhaps the most important topic for continued scientific research is understanding the
durability of perovskite devices in operational deployment. This effort has several sub-thrusts: (i)
encapsulant design and modeling oxygen ingress over the timescale of decades (ii) accelerated
stability tests to study how perovskite devices will respond to oxygen, humidity, light, and
temperature stress that are expected over lifetime timescales, and (iii) material and device
innovations to improve resistance to oxygen, humidity, light, and temperature stresses. If
perovskite devices can be shown to survive stress protocols equivalent to a 30+ year encapsulated
stack, then this technology will likely make it to market and succeed in reducing overall costs of

solar electricity.
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