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Temperature-Dependent Interplay between Structural and
Charge Carrier Dynamics in CsMAFA-Based Perovskites

Jiashang Zhao, Xiaohui Liu, Zijin Wu, Bahiya Ibrahim, Jos Thieme, Geert Brocks,

Shuxia Tao, Lars J. Bannenberg, and Tom J. Savenije*

State-of-the-art triple cation, mixed halide perovskites are extensively studied
in perovskite solar cells, showing very promising performance and stability.
However, an in-depth fundamental understanding of how the phase behavior
in Csg osFAq gsMA 10Pb(l9.07Bro.03); (CSMAFA) affects the optoelectronic
properties is still lacking. The refined unit cell parameters a and c in
combination with the thermal expansion coefficients derived from X-ray
diffraction patterns reveal that CSMAFA undergoes an @—p phase transition at
~280 K and another transition to the y-phase at ~180 K. From the analyses of
the electrodeless microwave photoconductivity measurements it is shown
that shallow traps only in the y-phase negatively affect the charge carrier
dynamics. Most importantly, CsMAFA exhibits the lowest amount of
microstrain in the f-phase at around 240 K, corresponding to the lowest
amount of trap density, which translates into the longest charge carrier
diffusion length for electrons and holes. Below 200 K a considerable increase
in deep trap states is found most likely related to the temperature-induced
compressive microstrain leading to a huge imbalance in charge carrier

coefficients (x10° cm™), fairly balanced ef-
fective carrier mobilities (tens of cm? V!
s7!), remarkable defect tolerance (103-10'°
cm™), as well as ease of fabrication.l']
Hence, a variety of applications rang-
ing from thin-film photovoltaics to light-
emitting devices have been developed.l>’!
Recently, the rapid progress in the devel-
opment of single-junction perovskite so-
lar cells (PSCs) achieved a certified power
conversion efficiency (PCE) of 26.1%.%]
These high PCEs are generally found in
FA-rich MHPs combined with a small
amount of Cs and/or MA.’-!6 Previous
work has shown that the improved phase
stability of FA-rich MHPs is achieved
by manipulating the Goldschmidt toler-
ance factor by mixing MA, Cs, and Br.['”]
Beyond terrestrial applications, PSCs
are promising candidates for space

diffusion lengths between electrons and holes. This work provides valuable
insight into how temperature-dependent changes in structure affect the

charge carrier dynamics in FA-rich perovskites.

1. Introduction

Over the last decade metal halide perovskites (MHPs) have
attracted a tremendous amount of attention owing to their favor-
able intrinsic optoelectronic properties, such as high absorption

applications due to their unique fea-
tures such as their superior radiation
resistance.l”® Recent work on complete
solar cells at low temperatures!!20]
has shown that the performance
of Cs0.0sMAg 10FAg g5 Pb (I 7B )5
(CsMAFA)-based PSCs increased by 8% at 220 K in comparison
to room temperature due to the improved open-circuit voltage,
which was linked to the elimination of intrinsic defects present
at that temperature.l'®’ Another study on the temperature-
dependent performance of a (CsjysFA,5oMA| 14Pb(I,53B117);)
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device revealed that inhibition of carrier extraction across inter-
faces leads to severe performance losses at T < 200 K.[2°] Despite
these insights there is little knowledge how the optoelectronic
properties of FA-rich MHPs are affected by temperature. There-
fore, itis of great interest to investigate the fundamental optoelec-
tronic properties of these intrinsic absorber layers with temper-
ature in an effort to explain the superior properties of this class
of materials and eventually to come to compositions with even
improved potentials.

In general, cooling MHPs in the range between 300-100 K
is accompanied by one or more structural phase transitions.2!]
The change of the crystal structure largely influences the photo-
luminescence (PL) and charge carrier recombination processes
in (FAPDI,), ss(MAPDBr;), 5 layers.[?2] However, the underlying
relationship between their structural and optoelectronic proper-
ties is not fully understood and there are still several open ques-
tions to be further resolved. For instance, how does temperature-
induced lattice microstrain play a role in the formation of defect
states and how do these defects affect the charge carrier recom-
bination dynamics? Furthermore, shallow defects are generally
considered to be not detrimental to the PCE since they are close
to the edges of the bands.[?*] 1t is unclear how these shallow de-
fects affect the dynamics upon cooling. Besides, there is typically
a mismatch in thermal expansion coefficients between the MHP
layer and substrate affecting the phase behavior and optoelec-
tronic properties. In addition, excess PbI, has been widely used
in MHPs as a passivation strategy to improve the performance of
PSCs and its impact on the structure and recombination kinet-
ics as well as stability has also been extensively investigated.[22"]
However, systematic studies on the role of excess Pbl, on the
low-temperature structural and optoelectronic properties of FA-
rich MHPs are still missing. For these reasons it is important
to investigate how the temperature affects the structure and con-
secutively the optoelectronic properties and stability in CSMAFA-
based MHPs.

In this work, we studied the relationship between structural
and optoelectronic properties of CsSMAFA layers as a function of
temperature by means of X-ray diffraction (XRD), absorption and
PL, as well as contactless photoconductivity measurements. This
paper starts with the temperature-dependent XRD analysis of Cs-
MAFA with a small excess of Pbl,. The XRD patterns are all re-
fined revealing an a—f phase transition between 298 and 270 K,
and a further phase transition to the y-phase at around 180 K.
We continue with optical measurements, which show that the
band gap monotonically reduces without discontinuities from
298 to 100 K. Then time-resolved microwave photoconductivity
measurements over the same temperature range are carried out
using a short laser pulse at an excitation wavelength of 600 nm.
By recording multiple traces with various intensities at each tem-
perature, the effect of the intensity on the decay kinetics is studied
in detail. These traces are fitted using a kinetic model including
shallow and deep states in the band structure.

From the fits, we conclude that first, upon cooling, the mobil-
ity is enhanced in the g-phase due to reduced phonon scatter-
ing. Upon further cooling, the mobility decreases again in the y-
phase because of a substantial increase in deep traps, rather than
a change in the effective mass of electrons and holes, as shown
by density functional theory calculations. Furthermore, shallow
states affect the charge carrier dynamics negatively due to the re-
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duced thermal energy upon cooling. Moreover, on entering the
y-phase, the deep trap density increases at least one order of mag-
nitude compared with the density at 200 K. This is most likely
related to the increase in microstrain in the y-phase. Finally, we
find that excess Pbl, inhibits phase retention in CsSMAFA layers
by reducing the mismatch of the thermal expansion coefficient
between the quartz and perovskite. Most importantly, CsSMAFA
exhibits the lowest deep trap density at 200 K in the g-phase, con-
sistent with the highest PCE in FA-rich based PSC at 220 K.I*°I
This is in line with the fairly balanced electron and hole charge
carrier diffusion lengths, which we calculated using the kinetic
constants found at 200 K.

2. Results and Discussion

CsMAFA layers (of about 500 nm thickness) were deposited on
quartz substrates by spin-coating followed by the introduction of
the antisolvent to accelerate the nucleation and growth of the per-
ovskite layer.?2%3] A 5% excess Pbl, was used in the precursor
solution to improve the structural properties (see Experimental
Section for more detailed information). In Figure Sla (Support-
ing Information) the optical attenuation spectrum of CsMAFA
is provided, showing optical absorption onset at around 800 nm
(1.55 V) in line with the literature.’***] Figure S1b (Support-
ing Information) presents the XRD pattern confirming that the
layer indeed shows excess Pbl, by the diffraction peaks located
at 260 = 12.7°, 25.4°, and 38.1°. Figure Slc (Supporting Informa-
tion) shows the top view SEM image of CSMAFA displaying the
compact and polycrystalline nature of the perovskites.

In order to identify where the excess Pbl, is located in the Cs-
MAFA sample, we carried out grazing-incidence XRD (GIXRD)
measurements with incident angles ranging from w = 0.2° to 5°,
as shown in Figure 1a. Using this approach, we are able to inves-
tigate the nature of the layer at various depths, since the larger
the incident angle, the deeper the layer is probed. The ratios of
the PbI, peak at 20 = 12.7° and the perovskite (100) peak at 20 =
14° are collected in Table S1 (Supporting Information) for the dif-
ferent incident angles. Initially, the ratio reduces with increasing
the angle from w = 0.2° to 1°, which may be partly caused by the
strong preferred orientation of the PbI,. Since only the (002) peak
of Pbl, is observed (Figure S1b, Supporting Information) and the
fact that changing the incident angle changes the direction of the
Q-vector/probed lattice vector, a decrease of the Pbl, reflection at
20 = 12.7° with increasing o is also expected. Most importantly,
the ratio increases significantly from 3° to 5° implying that the
excess Pbl, is most likely residing at the bottom part of the layer
instead of the bulk.

To study how the structure of the CsMAFA layer changes
with temperature, XRD was performed between 298 and 100 K.
Figure 1b shows an overview of the XRD patterns with the peak at
12.7°, indicated by the vertical dashed line, confirming the pres-
ence of excess Pbl, in the CSMAFA sample. All peaks at 298 K
correspond to the cubic (a)-phase of the perovskite indicated by
the pattern at the bottom of Figure 1b (See also Figure 1a for cor-
responding planes).3%¥] At 270 K, a new peak at 22.2° starts to
appear and becomes more pronounced on cooling, marked by
the blue shade. This is attributed to the phase transition from
the a- to the tetragonal (f)-phase between 298 and 270 K, con-
sistent with the a—p phase transition at 285 K reported in pure
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Figure 1. a) Normalized grazing-incidence XRD patterns with incident angles ranging from 0.2° to 5° for the CSMAFA layer at 298 K. b) Temperature
dependence of an overview of the Bragg—Brentano XRD patterns (Cu Ka X-radiation) of the CsSMAFA layer deposited on quartz. c) Lattice parameters a
(left axis, indicated by the red arrow) and ¢ (right axis, indicated by the blue arrow). d) Pb—X—Pb bond angles (indicated by light blue arrows) extracted

from the refinement of XRD as a function of temperature.

FAPDI,.®¥ Furthermore, at 180 K, an obvious peak broaden-
ing at ~32° and 41° is observed (green shade), implying a sec-
ond phase transition to a tetragonal y-phase (retaining P4/mbm,
#127) in agreement with the f—y phase transition reported for
FAPDI,.3738] 1t is worth noting here that the phase transition
temperature can be slightly shifted for the FA-rich mixed cation
and mixed halide perovskites in comparison to pure FAPDI,.[*!
On lowering the temperature down to 140 K, additional peak
splitting leads to a narrow and broad peak at ~#24°, indicative of a
small amount of additional phase consistent with the (111) peak
of the a-phase. Importantly, when the layer is heated up to 298
K, a fully reversible conversion to the original cubic phase is ob-
served and no phase segregation occurs.

To better understand and quantify how the crystal structure
varies, we refined the XRD patterns at each temperature and were
able to extract the unit cell parameters as well as the correspond-
ing Pb—X—PDb bond angle using the space group P4/mbm no.127
(See Figure S2, Supporting Information, for the refinement of
XRD). We should note here that the refinement of thin film-based
XRD data is somewhat limited as compared to the refinement of
XRD data recorded on powders. Nevertheless, since we intend
to link the optical and conductivity properties to the structure
in the thin film, we focused in this work on layers and did not
measure any powder samples. In addition, due to the polycrys-
talline nature and weak preferential orientation of the CSMAFA
layer, the XRD patterns show for example at room temperature

Adv. Funct. Mater. 2023, 2311727 2311727 (3 0f13)

all diffraction peaks expected for cubic powder XRD as shown at
the bottom of Figure 1b, making the refinement still feasible and
reliable.

Figure 1c,d shows the lattice parameters a, c and the Pb—X—Pb
bond angle in the ab plane, respectively, as a function of tempera-
ture (see Figure S3, Supporting Information, for the evolution of
the ratio a/+/2c with temperature). In Figure 1c, the sizes of the a-
and c-axes continuously decrease due to lattice contraction upon
cooling.*%4% At 180 K, an inflection point in both directions cor-
responds to the phase transition from the - to y-phase.[2237:38]
The discontinuity at #180 K in the a-direction is slightly larger
compared to the c-direction, indicating that the titling of PbI, oc-
tahedra is more severe in the ab plane than the distortion along
the c-direction. Figure 1d shows that the Pb—X—Pb bond angle
abruptly reduces from 180° to 165° corresponding from the a-
to the p-phase,’’] implying that the crystal structure is more dis-
torted in the ab plane than in the ¢-direction in the g-phase. In ad-
dition, the unit cell volume versus temperature is given in Figure
S4 (Supporting Information). The volumetric thermal expansion
coefficients, a,, in the - and y-phases are 422 + 20 x 107¢ K!
and 214 + 15 X 107° K7!, respectively, which are in agreement
with previously reported values for FAPDI,.37]

Distortion of the ideal crystal structure, by either expansion or
contraction of the unit cell, leads to an increase of the lattice strain
in perovskites. A common lattice strain in polycrystalline films
is microstrain (€), which can be evaluated by peak broadening.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) Williamson—Hall plot of the CsSMAFA layer at three phases. b) Evolution of microstrain (¢) with the temperature ranging from 298 to 100 K.

The relationship between the peak width (f) and microstrain can
be represented by the Williamson—Hall plot (W-H plot) method
(See Note S1, Supporting Information, in more detail).[***?] To
quantitatively reveal how temperature affects the microstrain in
the CsMAFA layer, we analyzed the microstrain evolution during
cooling using the W-H plot. Figure 2a shows the plot of fcosé as
a function of sind, from which the microstrain can be deduced
from the slope. It is worth noting that a negative slope indicates
a tensile strain, while a positive slope originates from a compres-
sive strain. Interestingly, a small tensile strain is observed in the
CsMAFA layer at 298 K. Itis most likely due to the cooling process
after annealing during the fabrication of the CsMAFA layers. In
Figure 2D, as temperature decreases, the tensile strain reduces
to 0 and eventually becomes compressive, reaching maximum
values in the y-phase. Therefore, the smallest microstrain is ob-
served at around 220 K. Moreover, we should note that the fit
becomes worse below 200 K, as shown by the large error bars in
Figure 2b. These relatively large errors in the y-phase indicate the
presence of anisotropic microstrain.

Next, to gain more insight into the optical properties of Cs-
MAFA, temperature-dependent absorption, and PL spectra were
recorded in the range from 293 to 100 K, as shown in Figure 3a
(See Figures S5 and S6, Supporting Information, for more tem-
peratures). It can be observed that as temperature decreases, the
onset of the absorption gradually shifts to higher wavelengths,
corresponding to a similar redshift of the PL emission maximum.
The absorption and PL spectra recorded upon heating overlap
with the spectra recorded upon cooling, as given by the dashed
lines, indicating that the evolution of the optical properties with
temperature is fully reversible and changes in the spectra are not
caused by the decomposition or degradation of the samples.
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In Figure 3b, we plot the optical band gap (E, Abs) and the max-
imum PL emission (E, PL) as a function of temperature. Based
on the reported binding energies of FA-rich perovskites,[5+57]
we expect that the contribution of excitons to the absorption
and PL spectra is limited in the studied temperature range. This
is substantiated by our calculations on the ratio between free
charges and excitons using the Saha equation (See Equation
(S2), Supporting Information). On decreasing the temperature,
E, monotonically reduces without discontinuities comparable to
other FA-rich perovskites.[****] This implies that neither the tilt-
ing of the inorganic octahedra nor the rotational degree of free-
dom of the organic cation changes abruptly. Otherwise, these
structural changes would lead to an abrupt energetic shift like in
MAPDI, for the transition from the f- to y-phase.l?!**] The contin-
uous reduction in E, upon cooling in CsSMAFA is similar to that
of other perovskites, in contrast to general semiconductors.[*647]
This is commonly attributed to the fact that as the lattice shrinks,
the Pb-s and I-s orbitals overlap increases, leading to a rise of
both the valence band maximum (VBM) and the conduction band
minimum (CBM). Since the band edge shift of the VBM is larger
than that of the CBM,/***’] E, becomes smaller as temperature
decreases, as illustrated in Scheme 2.

To investigate the optoelectronic properties of the CSMAFA
layer upon cooling, we conducted temperature-dependent time-
resolved microwave conductivity (TRMC) measurements from
298 K down to 120 K on pulsed excitation at 4 = 600 nm. A photo
and explanation describing the adapted microwave cell enabling
it to vary temperature are provided in Note S3 (Supporting Infor-
mation). Figure 4a-d shows the photoconductance traces (AG)
normalized by the number of absorbed photons as a function of
time at 298, 260, 200, and 120 K. The initial increase of the signal

T T T T T
b 1.57F ¢ E,(PL) <> -1.57
<>
< Eg4 (Abs)
1.56 P -1.56
— IS
E 1.55F - <1.55
qu g ’ ‘
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’ ]
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1.52 »? 1 | 1 141.52
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Figure 3. a) Temperature dependence of the absorption (solid line, left axis) and normalized photoluminescence spectra (dotted line, right axis) of the

CsMAFA layer excited with violet LED light (4 = 405 nm). Dashed lines indicate the data recorded upon heating. b) Evolution of bandgap energy (E,)
extracted from PL and absorption as a function of temperature for the CSMAFA layer.
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Scheme 2. An illustration of the proposed energy band diagram at different phases. The crystal structures are visualized by VESTAI®' (see the inset of

Figure 1c for a side view of the crystal structure).

originates from the generation of free charge carriers, while the
decay is attributed to the immobilization of excess charge carriers
via trapping or the recombination of electrons and holes. At low
intensities, the decay kinetics is predominantly determined by
non-radiative, first-order recombination mediated via deep trap
states. With increasing laser pulse intensities, the decay kinetics
become faster, which is due to enhanced second-order electron—
hole recombination. This type of behavior has been observed and
described previously for MHPs.[50-3]

The maximum signal height represents the product of the free
charge carrier generation yield, ¢, and the sum of the electron
and hole mobility, Zu (See Equation (4) in the Experimental Sec-
tion). Given the low exciton binding energy of 10-24 meV re-
ported for FA-rich MHPs in different phases,/*>*>7] the major-
ity of the excitons will dissociate into free charges, and the free
charge carrier generation yield, ¢, will be close to unity in both
a- and f-phases (Figure S7, Supporting Information). Hence on
comparing Figure 4a,b, corresponding to the conversion from the
a- to the p-phase, the rise in signal size can be attributed to the
increase of Zu in the f-phase.

On reducing the temperature to 120 K corresponding to the
y-phase, three important observations can be noticed: first, the
maximum TRMC signal significantly reduces (Figure 4d). It is
worth noting here that even at 120 K we can still assume that
@ is close to unity considering the relatively low carrier densities
(See calculations in Figure S7, Supporting Information, using the
Saha equation®®l). Most importantly, the carrier lifetimes become
evidently longer with decay times extending up to hundreds of
microseconds (Figure S8, Supporting Information). Finally, the
charge carrier decay dynamics exhibit a completely different in-
tensity dependence than in the a- and p-phases, with most of the
TRMC traces overlapping at low incident light intensities. These
observations suggest a substantial increase in trap states. Note,

Adv. Funct. Mater. 2023, 2311727 2311727 (5 0f13)

that the charge carrier dynamics are fully reversible when the
CsMAFA layer is heated up back to 298 K (Figure S9, Support-
ing Information), implying that all phenomena observed at low
temperatures are related to the phase transitions and changes in
thermal energy.

Basically, the mobility of electrons and holes is determined by
their effective masses and scattering time. To understand the ori-
gin of the increase in Xy, density functional theory (DFT) calcu-
lations were carried out to obtain the effective mass of electrons
(m.) and holes (my) at different phases. As input, we used the
crystal structures and lattice parameters obtained from the refine-
ment of the XRD patterns, as shown in Figure S10 (Supporting
Information) (See Note S2, Supporting Information, for detailed
information). The calculation of m, and m,, was performed in two
different directions/paths from Zto A and from Zto I' in the Bril-
louin zone (Figure S11, Supporting Information). From Figure
S12 (Supporting Information) it is clear that m, and m,, remain
fairly constant with small fluctuations across a temperature range
from 298 to 100 K, regardless of the phases, in line with previous
reports.’*] Hence, we can conclude that the enhancement of Tu
in the g-phase is not due to the change in effective mass of the
electrons or holes. The increased mobility is most likely a result
of the reduced phonon scattering with decreasing temperature,
in good agreement with previous findings in FA-rich MHPs.[>]
Moreover, we can also rule out that the reduction in the TRMC
signal observed at 120 K is attributed to a change in effective mass
of both carriers. Instead, this reduction is most likely due to the
substantial increase in deep and shallow traps. In addition, the
calculation also demonstrates that m, and m,, are fairly compara-
ble, with a ratio close to 1:1 irrespective of the perovskite phases.
Therefore, the lowering of the TRMC signal at 120 K is likely con-
nected to the formation of a substantial increase in trap states for
one of the carriers.
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Figure 4. a—h) Experimental photoconductance traces (left panels) and corresponding fitting (right panels) for the CSMAFA sample at 298 (a,e), 260
(b,f), 200 (c,g), and 120 K (d,h) recorded on excitation at 600 nm with incident light intensities ranging from 108-10'0 photons cm=2 per pulse.

To verify our above hypothesis, we modeled the photoconduc-
tance traces using an adapted kinetic model including shallow
states (See Scheme 1), previously successfully used to describe
the photophysical processes in (FA;,oMA15Cs6)Pb(I;_.Br,);
(See Note S3, Supporting Information, for a used set of differ-
ential Equations (S5)—(S8), Supporting Information).l>!! The de-
tailed global, iterative fitting procedure is summarized in Note S3
(Supporting Information). Important to note here is that a shal-
low state is defined as a state from which a charge can thermally
escape back to the CB. In contrast, a deep electron defect only
recombines with a corresponding hole in the VB. Since the opti-
cal absorption measurements indicate that the absorption coeffi-
cient does not vary a lot with temperature and the fact that the ab-
sorption and band-to-band recombination are basically coupled
processes,l*! we tried to keep the second-order recombination
constant during the fitting procedure.[**] Furthermore, we kept
the ratio between electron and hole mobility constant at 1, since
the ratio of m, and m, remains similar with temperature. The
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fits are shown in Figure 4e-h, matching the experimental traces
well (See Figure S13, Supporting Information, for other temper-
atures in log-lin representations). All kinetic parameters are col-
lected in Table 1. First of all, the Zu in the a-phase amounts to
64 cm? V7! 57! and increases to 72 cm? V7! s7! at 260 K in the
p-phase. Although all other parameters remain fairly constant,
the concentration of deep traps (Ny) reduces to 1 x 10 cm™ at
200 K. This seems to be consistent with the previously reported
device efficiencies peaking at 220 K.["] Moreover, below 240 K,
shallow trap states start to play a role in the carrier recombina-
tion processes with comparable values between trapping (k,) and
de-trapping rate (k,'). When entering the y-phase, in addition to
the shallow traps, the number of deep traps, Ny increases and is at
least one order of magnitude higher than at 200 K. Furthermore,
the ratio of k /k," increases to 4, implying that the electrons are
most of the time residing in shallow states. These observations
are all in line with the band diagram depicted in Scheme 2 for
the different phases of CSFAMA.
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Scheme 1. Kinetic model of charge carrier processes initiated by photoex-
citation of CSMAFA. G represents the photo generation of charge carriers;
k, depicts the second-order recombination rate. Electron trap-mediated re-
combination is described by a trapping rate, kg, and a depopulation rate,
kp. The two small opposite arrows indicate the immobilization of electrons
in shallow trap states with trapping rate kg and thermal release rate k.

Knowing all these rate constants enables us to calculate the
charge carrier diffusion lengths (A) for electrons and holes (see
Figure 5a) at low carrier densities, where defect trapping plays
an important role. These values are calculated by determining
the half-lifetimes of electrons and holes and multiplying them by
their respective mobility. Above 200 K we observe high values of A
~15 and 80 um for electrons and holes, respectively. Below 200 K
the A values for holes halve but for electrons, the reduction in A is
more severe yielding values less than 1 ym. This large asymmetry
in A could lead to space charge-limited current, heavily reducing
the power conversion efficiency of the corresponding cell. Above
200 K, A values for electrons and holes are adequately high and
relatively balanced with a small maximum at around 240 K. Apart
from the diffusion length, the resulting concentrations of mobile
electrons and holes generated under AM 1.5 steady-state illumi-
nation are important for the resulting Fermi level splitting, which
determines the eventual voltage of a corresponding solar cell. In
Figure 5b the resulting carrier concentrations are provided as a
function of temperature. Since the Fermi level splitting is defined
by

kT | (no+ An) (py + Ap)
we = - (1)

i

www.afm-journal.de

KT . N .
where the = is the thermal energy, n, is the intrinsic carrier con-
q

centration, n, and p, are thermal-equilibrium concentrations of
electrons and holes, and An and Ap are the concentrations of pho-
togenerated excess electrons and holes, respectively. Since the
product of excess electrons and holes (AnAp) remains more or
less constant as a function of temperature we deduce that the volt-
age is not heavily affected by the defects formed in the y-phase.

To investigate how excess PbI, affects the structural and op-
toelectronic properties in FA-rich MHPs, we prepared CSMAFA
samples with a stoichiometric ratio, denoted as CsMAFA-st, and
performed the same set of measurements, so without the ex-
cess Pbl,. First, from the top view SEM images (Figure S14a,b,
Supporting Information), the average crystal domain size of Cs-
MAFA (~200 nm) is almost twice as large as that of the CSMAFA-
st (%100 nm), as demonstrated in the insets, in good agree-
ment with XRD patterns showing that CsMAFA reveals narrower
diffraction peaks in comparison to the CsMAFA-st (Figure S14d,
Supporting Information). Second, XRD measurements as a func-
tion of temperature were performed, but we did not apply data
refinement and microstrain calculations to CsMAFA-st, which
will be discussed later on. To picture what happens in this layer,
similar optical and TRMC measurements were carried out (See
Figures S16 and S17, Supporting Information). The absorption
spectra for the two layers are comparable, but the PL intensity
of CsMAFA is almost a factor of 2 higher as compared to that
of CsMAFA-st at 298 K (Figure S16b, Supporting Information).
This can be explained by that defects at the grain boundaries
are suppressed due to the increased crystal domain size in Cs-
MAFA. Regarding the TRMC measurements at room tempera-
ture, the signal height for CSMAFA-st is almost a factor 2 lower
in comparison to the CsSMAFA. We attribute this reduction to
the lower effective mobility that is related to the smaller crystal
domain size of CsSMAFA-st,l%?] confirmed by our SEM measure-
ments (Figure S14a,b, Supporting Information). Previously, sim-
ilar effects on MAPDI; and other compositions with excess Pbl,
have been reported.!?*63-6]

Next, we investigated the photoconductivity of CsMAFA-st
at various temperatures (Figure S17, Supporting Information).
Most interestingly we observed on front side excitation at low
temperatures an unusual, delayed signal rise on a us timescale
only for the CsMAFA-st (Figure S17d, Supporting Information),
while for the CSMAFA no delayed rise is visible. Such delayed
growth implies that photogenerated carriers diffuse toward a

Table 1. Rate constants, trap densities, and mobilities extracted from the fits to TRMC traces of CsMAFA at different temperatures.

T [K] CSMAFA 298 280 260 240 200 160 120
ky (x107° cm?s™") 5.5 6 6 5 5 5 5
kr (x107° cm3s™1) 4 4 4 4 4 4 4
kp (X107 cm3sT) 6 6 6 3 1 1 1
Ny (x10™ cm™3) 0.6 0.55 0.5 0.32 0.1 2 6
po (X10™ cm™3) 0.6 0.55 0.5 0.32 0.1 10 10
ky (x107 s71) 0 0 0 0.005 0.03 5.5 10
ky' (x107 s71) 0 0 0.005 0.03 2 2.5
Ue (cm?V=1s7h 32 34 36 35 33 35 27
u, (cm? v=1s7h) 32 34 36 35 33 35 27
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Figure 5. a) Charge carrier diffusion length of electrons (left axis, blue) and holes (right axis, green). b) Excess carrier concentration of holes (open
squares) and electrons (closed squares) as a function of temperature for the CsSMAFA layer.

region in which the carriers obtain higher mobility or the num-
ber of shallow traps is less. Therefore we expect that at low tem-
peratures, the CSMAFA-st layer is non-homogeneous. Hence,
we did not analyze the XRD pattern in more detail. To verify
this asymmetric nature, we performed TRMC measurements us-
ing front and back-side excitation at 298 (Figure 6a,b) and 130
K (Figure 6¢,d) for both layers (See Figure S18 (Supporting In-
formation) for TRMC traces recorded at various intensities and
Figure S19 (Supporting Information) for non-normalized TRMC
traces of CSMAFA-st on front and back excitations at 298 and 130
K). At 298 K, the front- and back-side TRMC traces do not reveal
appreciable differences in the charge carrier dynamics, indicating
negligible differences in the top and bottom regions, that is, the
entire perovskite layer is homogeneous in the a-phase. The slight
difference found using back illumination in comparison to the
front side for the CsSMAFA is most likely attributed to the pres-
ence of some Pbl, at the bottom layer, as discussed in Figure 1a.
In addition, in Figure S19 (Supporting Information), a slight in-
crease in signal height using back excitation is observed, which
is due to the anti-reflection effect of the quartz substrate.

On comparing Figure 6¢,d recorded at 130 K, the TRMC traces
observed on the front and back side excitation of the CsSMAFA-
st layer are substantially different, while for the CSMAFA layer,
they are much more comparable. Based on optical spectra (Figure
S5, Supporting Information) and free carrier yield calculations
(Figure S7, Supporting Information), excitons do not appear to
play a role in CsMAFA-st at 130 K. Hence it is suggested that
the CsMAFA-st layer is not completely converted to the y-phase
at 130 K. Given the more than two orders of magnitude dif-
ference in thermal expansion coefficient between quartz (a, =
0.54 x 107® K!) and MHPs (a, ~#100-400 x 1076 K~1),[37:66-68]
some phase retention in the CsSMAFA-st layer might occur as de-
scribed previously for other MHPs.[®) This implies that on cool-
ing to 130 K, the top part of the CsMAFA-st perovskite layer has
converted to y-phase, but the bottom part close to the quartz sub-
strate is still in the p-phase (See Figure 6e). Hence on front ex-
citation of CsMAFA-st, the generated carriers in the top part can
diffuse from the y-phase to the bottom region which is in the g-
phase. Since the diffusion of electrons is in competition with the
shallow trapping process in the y-phase, the resulting rise in sig-
nal growth occurs very slowly, that is, within a few us. However,
after this period the excess carriers have obtained an on average
higher mobility.

To further verify the asymmetric nature within the entire layer,
we recorded the photoconductance traces using front-side excita-
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tion wavelengths of 650, 550, and 450 nm, respectively (Figure
S20, Supporting Information). Since the penetration depth at
450 nm is less than that at 650 nm, we are able to selectively
excite the top part, meaning the initially generated free carri-
ers are more distant from the g-phase. Figure S20b (Supporting
Information) shows indeed that the shorter the excitation wave-
lengths, the slower the delayed signal of TRMC traces. Instead,
the excitation-dependent TRMC traces at 298 K are nicely overlap-
ping (Figure S20a, Supporting Information). Furthermore, the
normalized TRMC traces from back excitation nearly overlap, in-
dependent of excitation wavelength (See Figure S20c, Support-
ing Information). Combining these observations, we can rule out
that excitons have a decisive influence on the TRMC decay. This
indeed confirms our hypothesis that the delayed rise in TRMC
signal in the CsMAFA-st layer originates from charge carriers
diffusing from the top part residing in the y-phase to the bottom
part which is still in the g-phase. For the CSMAFA layer, show-
ing no delayed rise and little difference between front and back
excitation, the layer is completely converted into the y-phase at
130 K. The absence of substantial phase retention is probably due
to the presence of excess Pbl, (a, = 40 x 107% K1) residing be-
tween the substrate and CsMAFA layer as concluded from the
GIXRD measurement. We anticipate that the excess Pbl, at the
interface detaches the CsSMAFA layer from the quartz. Moreover,
the enlarged crystal domain size in CSMAFA may also facilitate
the phase transition as some of the crystal domains go through
the entire layer (See the cross-section SEM images in Figure S21,
Supporting Information).

Now we get back to the original question of how temperature-
induced structural changes affect the optoelectronic properties
of the CsMAFA layer. As mentioned no abrupt changes in struc-
tural or optical properties are visible, which means that the phase
transitions are gradual processes. As argued previously, 7% this
might be due to the fact that for FA-rich MHPs the driving force
for a phase transition is rather small. Effects of grain sizes or sub-
strates can accelerate or retard the phase transition.[¢%7!]

Next, it is of interest to evaluate which type of defects is respon-
sible for the observed charge carrier dynamics (band structures
for the different phases are provided in Scheme 2). On lowering
the temperature from 298 to 200 K we find lower concentrations
of deep defects. We speculate that this reduction in deep defects
in the g-phase is likely linked to the drop in tensile microstrain
since we observe the smallest microstrain at around 240 K. Fur-
thermore, in the y-phase we find that both the number of deep
and shallow states increases substantially. Considering the latter,
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Figure 6. Normalized TRMC traces for a,c) CsMAFA-st, b,d) CsMAFA layers recorded at (a,b) 298 and c,d) 130 K on excitation at 650 nm for the front
and back excitation at an incident intensity of around 2 x 10° photons cm=2 per pulse. e) An illustration of the proposed structural phase transition at
130 K in the CsMAFA-st (left) and CsMAFA (right) layers deposited on the quartz substrate, respectively. The blue shade represents the p-phase, and the
green shade the y-phase. The yellow dots are denoted as excess Pbl,. In addition, the grey lines indicate the crystal domain size from the cross-section

view.

it has been reported that the FA, interstitial and V, vacancy form
point defects close to the CBM in FAPbI, MHPs.”>74l Hence we
anticipate that although these point defects are harmless at 298
K as they are located above/close to the CBM, on cooling they be-
come harmful since the thermal energy (k; T) reduces or the en-
ergy difference between CBM and shallow defect level increases.
This implies that in the y-phase most of the time electrons are
immobilized in the shallow states and the dominant contribu-
tion to the photoconductance is from the mobile holes, leading
to the long tails in TRMC signals (Figure 4d).

Finally, from the TRMC measurements, we conclude that the
concentration of deep defects also increases substantially in the
y-phase. However, at these low temperatures, spontaneous defect
formation becomes less likely. Yet, from the analysis of the XRD
patterns a steep rise in microstrain is observed, which might be
related to the increased concentration of defects in the y-phase.
On cooling stacking faults or edge dislocations previously ob-
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served by atomic-resolution scanning transmission electron mi-
croscopy (TEM)!”’l might be formed in the y-phase. Such types of
defects can be expected to be fully reversible in line with the re-
versible structural and optoelectronic changes observed. Future
research into cryogenic atomic-resolution scanning TEM may
help to learn more about the nature of shallow and deep defects,
combined with DFT calculations to gain insight into the corre-
sponding defect levels.

To find out to what extent the observed optoelectronic prop-
erties of CSMAFA and CsMAFA-st are applicable to other FA-
rich MHPs, we prepared CsMAFA lacking 5% of Pbl, (CsMAFA-
shortage) and CsMAFA treated with phenethylammonium io-
dide (CsSMAFA+PEAI). Using temperature-dependent TRMC as
shown in Figure S22 (Supporting Information) the charge carrier
decay dynamics for CSMAFA+PEALI are very similar to those we
observed in CsMAFA without post-treatment. More specifically
at 110 K, most of the TRMC traces overlap at low incident light
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intensities implying that the concentration of deep defects is
again relatively large in the y-phase, which implies that indeed
defects in the bulk are responsible for the observed behavior. In
contrast, the decay kinetics in CsMAFA-shortage exhibit a be-
havior close to that of the stoichiometric CSMAFA-st, with the
delayed signal rise at 130 K. From the fact that there is no ex-
cess Pbl, at the interface between quartz and CsMAFA-shortage
(Figure S23, Supporting Information) we can expect phase re-
tention near the quartz substrate leading to a non-homogeneous
sample giving rise to the delayed ingrowth. Hence, we can con-
clude that the observed variations in optoelectronic properties
coupled with the amount of Pbl, are quite common in FA-rich
MHPs. Moreover, for both types of samples, the effect of shal-
low states is according to our measurements at room tempera-
ture very limited, while the concentration of deep defects shows
a minimum at around 200 K.

3. Conclusions

In this work, the structural and optoelectronic properties of Cs-
MAFA in different crystal phases were investigated by XRD, op-
tical, and TRMC measurements. First, CSMAFA undergoes an
a—p phase transition between 298 and 270 K and a further phase
transition to the y-phase at around 180 K. It is found the E, mono-
tonically reduces without discontinuities across the range of 298
and 100 K. Moreover, as temperature decreases, the effective car-
rier mobility is enhanced in the § phase, which is attributed to a
reduction of phonon scattering, since the effective masses of both
carriers, as shown by DFT calculations, remain very comparable.
From the photoconductance measurements, we conclude that
CsMAFA exhibits the longest charge carrier diffusion lengths
with the lowest deep trap densities close to 240 K, in line with
the highest efficiency reported for CsMAFA-based devices at 220
K. Since the microstrain in CSMAFA amounts close to 0 at this
temperature, we expect that this plays an essential role in the for-
mation of deep defects in FA-rich perovskites.

On conversion from the f to the y-phase shallow defects close
to the CB become detrimental to the charge carrier dynamics in
MHPs. Although these point defects are harmless at 298 K as
they are located above/close to the CBM, on cooling they become
harmful since the thermal energy reduces or the energy differ-
ence between CBM and shallow defect level increases. Hence in
the y-phase most of the time electrons are immobilized in the
shallow states. Apart from the shallow states the magnitude of
deep traps in the y-phase increases by an order of magnitude,
which is most likely directly correlated with the enhancement in
compressive microstrain. The presence of both shallow and deep
defects leads to a huge unbalance between electron and hole dif-
fusion lengths.

In contrast to CsMAFA containing a small excess of Pbl,, sto-
ichiometric CsMAFA-st suffers from phase retention of the Cs-
MAFA close to the substrate, which yields an inhomogeneous
layer at 130 K comprising a y-phase on top and a f-phase near
the quartz surface. Carriers formed in the top slowly diffuse to-
ward the bottom leading to a remarkable delayed rise in the pho-
toconductance measurements. For the sample with excess Pbl,,
it is expected that the Pbl, residing at the interface detaches the
CsMAFA from the quartz substrate leading to a homogeneous
layer. Our work provides valuable insight into the temperature-
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dependent interplay between the structure and the charge car-
rier dynamics in CsMAFA. Basically, it shows that for FA-rich
samples, the f-phase seems the most optimal phase from both
structural and optoelectronic points of view.

4. Experimental Section

Preparation of CsMAFA Peroyskite Layers: Quartz substrates were
rinsed with acetone and ethanol in an ultrasonic bath for 10 min each.
Subsequently, an oxygen plasma treatment was performed prior to layer
deposition. To prepare the CsMAFA precursor solution, Pbl, (1.6 mmol,
735.3 mg), FAl (1.31 mmol, 224.4 mg), MABr (0.15 mmol, 16.2 mg), and
Csl (0.08 mmol, 19.8 mg) were dissolved in 1 mL of a mixed organic sol-
vent system comprising anhydrous DMF and anhydrous DMSO at a vol-
ume ratio of DMF:DMSO of 4:1. For the excess Pbl, CSMAFA, 5% excess
Pbl, was added to the precursor solution.3%] A stoichiometric ratio of the
precursors was prepared for the control sample denoted with CsMAFA-st.
The precursor solution was stirred overnight under ~70 °C. The perovskite
layer was deposited using an antisolvent method. A volume of 80 uL of the
precursor solution was deposited evenly onto the quartz substrate, and a
two-step spin-coating method was applied in a nitrogen-filled glovebox.
The first step was carried out at 2000 r.p.m. with an acceleration rate of
200 r.p.m. s~ for 10 s. The second step was at 6000 r.p.m. with an accel-
eration rate of 2000 r.p.m. s! for 30 s. As antisolvent 150 uL of diethyl
ether was introduced 5 s before the end of the second step. The films were
annealed at 120 °C for 15 min. The thickness of the perovskite layer was
about 500 nm measured by the profiler meter and the cross-section SEM
image.

Structural Characterization: XRD at room temperature was performed
on a Bruker D8 ADVANCE diffractometer in Bragg—Brentano configuration
using Cu-Ka (A = 1.54 A) radiation.

The low-temperature XRD data were recorded on the Panalytical X'pert
Pro Diffractometer in Bragg—Brentano mode with a Cu-Ka anode at 45 kV,
40 mA, 1D X'Celerator detector, 0.04 Rad Soller slit, 1/2° fixed exit and di-
vergence slit. The sample was positioned inside the Anton Paar TTK 450
with Kapton windows, an Anton Paar TCU 100 temperature control unit,
and a motorized controlled height stage that automatically corrects the
height for the thermal expansion and measured under vacuum (P < 7 X
1072 mbar). Cooling was performed with liquid N, and at each tempera-
ture the authors waited 15 min after reaching the temperature to ensure
the sample was in thermal equilibrium.

Grazing-incidence XRD was conducted on a Bruker D8 DISCOVER
diffractometer (Cu-Ka) in combination with an Anton Paar XRK 900 Re-
actor chamber equipped with Be windows. The measurements were per-
formed in Bragg—Brentano configuration under vacuum (10~* mbar) with
variable incident angles of 0.2°, 0.5°, 1°, 3°, and 5° to tune the probed
depth. On the primary side, a Goebel mirror was used together with a
fixed slit of 0.1, 0.1, 0.2, 0.6, and 1.0 mm, respectively, for the incident an-
gles to control the footprint on the film. On the secondary side, a Soller
2.5 slit was used, and the LYNXEYE XE detector was operated in 0D high-
resolution mode.

Structure modeling was performed on the basis of the low-temperature
XRD data. PROFEX 5.13" was used for both La Bail and Rietveld refine-
ment with a pseudo-Voigt profile function. La Bail method allows us to
refine peak positions and intensities without a structure model. PROFEX
5.1 involves an instrument profile that matches this XRD configuration
to correct for the broadening of the diffractometer and the background.
The primary structural models used in the refinement were based on the
space group Pm-3m (no.221) and P4/mbm (no.127) at 298 K, and the
space group P4/mbm (no.127) at 270-100 K. Pure FAPbl; was assumed
to suffice since CsSMAFA contains only a small amount (3%) of Br and the
contribution of organic cations to the XRD pattern was minimal. For the
cubic phase, the FA position was fixed at C (0.5, 0.5, 0.5) and N (0.275,
0.5, 0.5) with C—N = 1.43 A. The occupancies of C and N match with the
actual situation, only the peak shape and U, of Pb and | were refined. For

Iso
the refinement of the tetragonal phase, the same strategy was applied. In
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addition to the fixed FA position, two independent | positions 11(0, 0, 0)
and 12(x, 0.5 + x, 0.5) were refined.

Before applying the Williamson—Hall plot analysis, XRD patterns
were stripped from the Ka, contribution at all temperatures using the
DIFFRAC.EVA software from Brucker AXS. The diffraction peaks were fitted
with the Voigt function to obtain peak widths.

The surface and cross-section morphologies of perovskite films were
characterized using SEM (FESEM; JEJOL JSM-7600F) under an accelerat-
ing voltage of 5 and 1 keV, respectively. The perovskites were deposited on
quartz substrates.

Optical Characterization: Absorption spectra were recorded with a
PerkinElmer Lambda 1050 spectrophotometer equipped with an inte-
grated sphere. The samples were placed inside the sphere to measure the
total fraction of reflected and transmitted light (Fp,). Then the fraction
of absorbed light (F) was calculated by

Fa=1-Frer o

Temperature-dependent steady-state absorption and emission spectra
were measured in a home-built He-cryostat spectroscopy setup. The sam-
ple was placed in a vacuum chamber (1077 mbar) of which the tempera-
ture was controlled using an APD-cryogenics helium cryostat in the range
293-60 K. The optical absorption spectra were recorded using the halo-
gen lamp output of a DH-200 Mikropack UV-vis—NIR light source and
a Maya2000 Pro Ocean Optics spectrometer detector. The fluorescence
emission spectra were measured using a 405 nm laser pulse of a CPS405
ThorlLabs laser diode and a FLAME-S—vis—NIR Ocean Optics spectrom-
eter. At each temperature, the authors waited 15 min after reaching the
temperature to ensure the sample was in thermal equilibrium.

Photoconductance Measurement: The TRMC technique was performed
to investigate the photoconductance as a function of time using an excita-
tion wavelength in a range of 450-600 nm for CsMAFA. With this tech-
nique, the reduction in microwave power (AP(t)/P) induced by a laser
pulse (repetition rate 10 Hz) was related to the change in conductance
(AG(2)) by the sensitivity factor K

AP (3)
p

= —KAG (t) 3)

The TRMC signal was expressed in the product of mobility (u, + u,) and
charge carrier yield ¢, which was calculated from the maximum change in

photoconductance AG,,,,

Acmax

0 et m) = £ “
where Fy is the fraction of light absorbed by the sample at a certain exci-
tation wavelength, Iy is the laser intensity in number of photons per unit
area per pulse, e is the elementary charge, and f is the ratio of the inner
dimensions of the microwave cell. The samples were placed in a sealed
microwave cell inside the glovebox to ensure that they were not exposed
to ambient conditions at any time. For the low-temperature TRMC mea-
surements, liquid N, was used to cool down samples. After reaching a
specific temperature a waiting period of 15 min was used to ensure the
sample was in thermal equilibrium.
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