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ABSTRACT: The photovoltaic parameters of triple cation perovskite | Emission Phase << 1o
[Cs0.05FAg79MAg 16Pb(Ig53Bry 17)5] solar cells are investigated focusing |€ T=100K 1,
on the electro-optical properties and differences in performance at low |2 z [
and high temperatures. The signature of a parasitic barrier to carrier |g ) &-10
extraction is observed at low temperatures, which results in a loss of |2 _m__lg\ £ wldo 08 o5 12
performance at T < 200 K. Intensity-dependent measurements indicate T avelongth (nm) 3 Voltage (V)
extraction across this parasitic interface is limited by a combination of |z Extraction Phase € 10
: 5 - 290
the exciton binding energy and thermionic emission. However, the [§ T>250K é
. . . . . £ 0
photovoltaic performance of the device is recovered at low intensity— ‘Z, o o- z
where the photocarrier generation rate threshold is lower than the |£ —\%g.m
thermionic extraction rate. Loss of solar cell performance is also |& 3% T feederernennnneest
. . . D h =200 00 04 08 1.2
observed to be strongly correlated to an increase in photoluminescence T veloncaom) o 3 Voltage (V)

intensity, indicating inhibited carrier extraction results in strong
radiative recombination and that these systems do not appear to be limited by significant thermally activated non-radiative
processes. Evidence of limited carrier extraction due to excitonic effects is also observed with a strong anti-correlation in
photoluminescence and carrier extraction observed at lower temperatures.
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1. INTRODUCTION ance—can be recovered by keeping the device in the dark for a
tew hours or days. The general consensus is that the migration
of cation vacancies causes this short-term effect. Accumulation
of such defects results in creation of a Debye layer at the
interface with the ETL, which in turn inhibits charge
extraction.'” The second decay phase (linear) is not reversible
and is correlated with permanent degradation processes.'

In terms of the hole transport layer (HTL), poly[bis(4-
phenyl) (2,4,6-trimethylphenyl)amine] (PTAA) and 2,2,7,7'-
tetrakis(N,N-di-p-methoxyphenyl-amine)9,9’-spirobifluorene
(SPIRO) are the two most successful materials that have been
used to date. Both SPIRO and PTAA materials have low
electrical conductivity in their pristine form, and typically a

. . . combination of ionic additives is used to enhance the electrical
evolution of these systems has also seen the incorporation of

thin organic and/or dielectric layers to stabilize the interface P ropertl.es of these films. SI.)IR,O is the .domlnant ,HTL use(.i m
and improve interfacial properties. %! perovskite solar cells resulting in the highest efficiency devices

The loss of performance of the photovoltaic parameters in a
perovskite solar cell helps inform which mechanism or region Received:  June 30, 2022
is responsible for degradation of the device. The degradation Accepted:  September 13, 2022
pattern of perovskite solar cells over their lifetime is
qualitatively similar to experiencing an initial exponential
decay of the efficiency of the solar cell followed by a linear
Y2 The initial exponential decay phase—or perform-

The relatively poor stability of perovskite solar cells is the
major challenge preventing this emerging technology from
instantaneous success. However, stability issues are not only
due to the perovskite absorber layer, instability can also be
rooted in other layers and/or at interfaces within the solar cell
architecture."”” Charge transport layers have been recognized
to be the source of some instabilities, and studies focused on
the improvement of these layers have enhanced the perform-
ance of perovskite cells in terms of both stability and
efficiency.”™ In the case of electron transport layers (ETLs),
metal oxides, such as TiO, and SnO,, were shown to result in
perovskite cells with improved thermal stability.””” The

regime.
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Figure 1. (a) Temperature-dependent J—V measurement. (b—d) Schematic illustrations of the proposed carrier extraction of charge carriers and
excitons in the respective temperature regimes in which carrier extraction is perturbed by exciton recombination, thermionic emission, and their
thermal energy at 100 K, 140 K—250 K, and at room temperature, respectively.

to date.”' "> However, the lack of long-term stability of doped

SPIRO further complicates stability issues.>'”

Another phenomena, which affects the electro-optical
properties of perovskites, specifically at low temperatures, is
the formation and propagation of excitons in these systems.'®
The optical properties of perovskite materials are dominated
by excitons of varying strength, which can be traced back to the
dielectric constant and geometry of the perovskite crystal
lattice.”™>° Indeed, excitons are responsible for the very large
absorption coeflicients close to the band gap and the strong
radiative emission evident in these systems.'® Since free charge
carriers and excitons have different transport propertles, it is
important that the dynamics of these transport properties'” are
understood and accounted for. Moreover, in the case of
perovskites, the band-edge states are highly affected by the
presence of excitons which will be shown—have implications
for the performance of perovskite solar cells and the transport
properties therein. Understanding the implications of such
dynamics in such systems is important to facilitate their
commercialization.

Normally, excitonic effects in semiconductor devices are
manifested at lower temperatures where carriers do not
typically have enough thermal energy to bridge between the
band-edge and excitonic states.”* As such, low-temperature PV
measurements provide an “ideal” setting to investigate and
understand excitonic effects in the perovskites. Surprisingly,
there are few studies of perovskite solar cells at low
temperatures, as well as on correlations between the
recombination dynamics and carrier transport in these regimes.
This is mainly due to the fact that terrestrial solar panels
operate at around 300 K; therefore, the predominant focus of
the PV community is in realizing stable perovskite solar cells
that work at ambient temperatures. However, low-temperature
measurements can provide useful information with respect to
the physics driving solar cell performance and the role of
parasitic processes in performance, stability, and lifetime.

For non-terrestrial applications, such as a satellite power
generation system, several additional considerations are
required that are dictated by the environment. In space,
some environmental effects include: reduced pressure, extreme
temperatures, and high irradiation levels. Therefore, solar
panels operating in space need to withstand all such
conditions.

Recently, space applications of perovskite solar cells have
gained attention due to the relatively high radiation tolerance
of these systems in space conditions.”> " The radiation
tolerance of the perovskite material is rooted in the soft nature
of this system and the flexible crystal structure. However, due
to the thermal regimes, such systems working within the space
environment would swing from low to high temperatures (as
low as 100 K); hence, there is a need to study the low-
temperature operation of perovskite solar cells for such
applications.”” Here, the low-temperature behavior of the
triple cation CsgosFAg70MAg;¢Pb(1553Bry;7); perovskite solar
cells are investigated, and the evolution of their properties
monitored as the solar cell experiences thermal regimes from
low to high (room) temperatures.

2. EXPERIMENTAL SECTION

The devices were fabricated on ITO coated Ce-borosilicate substrates
with dimensions of 25.4 mm X 25.4 mm X 0.25 mm and completed
with a thermal evaporation of 100 nm gold contacts. The full details
of the fabrication process are described in the Supporting
Information. A Keithley 2400 multimeter is used as a voltage source
to apply stepwise discrete bias values scanning in forward and reverse
directions while simultaneously measuring the resultant current.
Current density is calculated by dividing the measured current by the
device area illuminated through a mask. The perovskite solar cells
were mounted and connected in a Linkam cryostat using a LNP95
cooling system and a T9S temperature controller for temperature-
dependent measurements from 85 to 290 K. A Newport Oriel Sol2A
solar simulator was used to provide an AM 1.5G solar spectrum. The
illumination power density of the solar simulator is calibrated with a
silicon reference cell. To perform external quantum efficiency (EQE)
measurements, an Oriel Quartz Tungsten Halogen (QTH) lamp was
used as the light source with an Oriel Cornerstone 260
monochromator to disperse the excitation source. This system also
included a filter wheel with long pass filters to exclude second order
light, the measurements were taken using an optical chopper. The
signal is collected with a Stanford Research Systems SR830 lock-in
amplifier. Two lenses were used to collimate and focus the light onto
the sample and an Oriel Si detector used to measure the reference
spectrum from 300 nm to 900 nm.

To perform photoluminescence (PL) measurements the 442 nm
line of a Kimmon He—Cd laser was used as the excitation source with
power of 6 mW. Considering the area of the aperture, the light
intensity is 98 mW/cm” Borosilicate Crown Newport lenses and
Borofloat 33 flat mirrors were used to focus the laser excitation onto
the sample in a Janis SHI-4-S closed-cycle cryostat (4.2 K—295 K).
The light emitted from the sample was then collimated and focused
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Figure 2. (a) Temperature-dependent EQE. (b) Light J—V results with normalized J,. at 150 K for two different illumination intensities: for 1 sun
(black) and for 0.01S sun (red). The schematics in (c,d) illustrate the build-up in excess carrier concentration at 1 sun AMO at low temperatures
due to the low thermionic emission and inhibited carrier extraction, and the higher extraction of low carrier densities at 0.015 sun at the same
temperature due to the improve balance in carrier generation and thermionic extraction at lower fluences, respectively.

into a Princeton Instruments Acton SP2500 spectrometer fitted with
an air-cooled Si charge coupled device (2-dimensional CCD array).
Winspec data acquisition software is used to control and record the
PL data. After mounting the sample into a cryostat, a turbo molecular
pump is used to pump down the cryostat to ~5 X 107° torr and a
helium compressor is used to cool the sample to 4.2 K. A heater
element attached to a copper cold finger inside the cryostat is
controlled by a Lakeshore model 335 temperature controller to vary
the temperature of the sample for temperature-dependent measure-
ments.

3. RESULTS AND DISCUSSION

In this structure, the perovskite absorber layer is sandwiched
between SnO, ETL and a SPIRO HTL. MoOj is deposited on
top of the SPIRO to improve the interfacial properties, prevent
diffusion between the HTL and metal contact, as well as
improve carrier extraction. The structure of the solar cell and
respective thicknesses of each layer are shown in the Figure
Sla. Thicknesses are optimized to provide maximum perform-
ance with these materials. The n-type and p-type contacts are
SnO, and SPIRO, respectively. Supplementary Figure S1b
depicts the band alignment of the system. The energy band gap
of the CsgosFAg70MAy 6Pb(Ios3Bro,7); perovskite absorber
used in this study is ~1.62 eV, which forms a heterostructure
architecture with the other layers that facilitate the transport of
electrons and holes into the electrical contacts of the device.
Figure la shows the temperature-dependent light J—V
results under AM 1.5G illumination measured from 85 K to
290 K. As is evident in this figure at 85 K, the photogenerated
short circuit current (J.) is very small. As the temperature is
raised the photocurrent improves gradually, until it reaches a
stable saturation point. The same is true for the fill factor (FF)
of the solar cell. The photocurrent shows a strong voltage
dependence at lower temperatures with a concomitant low FF,
suggesting the presence of a barrier to carrier extraction and/or
pinning of the Fermi level at low temperatures. Figure 1b—d
illustrates the suggested barrier and the role of excitons at
various temperatures. In addition to a low photogenerated
current and FF, extraction of majority carriers is also inhibited
at low temperature as reflected in the small current values
above the V. point. The fact that both minority and majority
carrier transport is inhibited suggests that one or more layers is
failing to conduct, or an interface barrier is inhibiting the
passage of carriers, both of which translates to additional series
resistance in the system. The reduced J,. and other PV

parameters at very low temperatures has been attributed to the
change in electronic properties and morphology of the charge
transport layers.”® For perovskite solar cells to perform well at
low temperature such as space, both the perovskite absorber
and the constituent transport and interfacial layers must be
considered.

The dotted lines in Figure la represent the low-temperature
regime schematically illustrated in Figure 1b, where carrier
transport and extraction are perturbed by both the excitonic
nature of the system, and the large barrier to photogenerated
carriers in this low thermal energy regime (T < 100 K). The
solid lines in Figure la represent an intermediate regime
between T ~ 140 K and T ~ 250 K, whereby the ionization
and thermal energy increases the ability of carriers to be
successfully collected in the solar cell, which is represented by
the enhanced extraction shown schematically in Figure Ilc.
Figure 1d shows the optimum regime for carrier extraction and
efficient PV operation at T > 250 K—indicated as lines and
symbols in Figure la. At T > 250 K, the limited barrier to free
photogenerated carriers in the perovskite solar cell structure
results in low resistance to carrier transport, as well as large
currents and voltages under illumination with a high FF.

Figure 2a shows the temperature-dependent EQE from 90 K
to 300 K. The EQE spectra generally retain their shape but
suffer a reduced magnitude at low temperatures, the EQE
increases as the temperature increases further indicating
inhibited carrier extraction at low temperatures. This is
consistent with that of the ], response, as expected. Since
there is a uniform loss of EQE with temperature, it suggests a
barrier to all minority carriers exists in the structure. This is
typical of a parasitic barrier at the absorber transport layer
interface, where the diffusion and then extraction of all carriers
is perturbed. Although the qualitative trend of the EQE and ]
are consistent, there is a notable quantitative discrepancy
between the EQE and J results: the low-temperature EQE
results show a greater extraction efficiency at lower temper-
atures (Figure 2a), while the ] extracted from the 1 sun -V
indicates negligible charge extraction (see Figure la and 3b).
Specifically, at T = 90 K, the light J—V measurement gives a J,.
of 0.45 mA/cm? however, the J,. value extracted from the
EQE measurement (T = 90 K) is ~14 mA/cm?.

It is worth noting that there are differences between the
measurements that could account for some discrepancy. The
difference between light sources used for EQE and J-V
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measurements include: mono wavelength light in an EQE
measurement, which scans over a broad spectrum (here from
300 nm to 1100 nm), while the J—V is measured under an AM
1.5G spectrum comprising all the wavelengths of this
broadband solar spectrum. Moreover, the intensity of the
optical excitation in the EQE measurement is significantly
lower than that of AM 1.5G from the solar simulator. These
differences can affect the role of defects and non-idealities in
carrier extraction via the passivation of defects or the lack
thereof as well as to affect recombination under various
intensities or under broadband illumination.

To assess the contribution of the intensity on the
performance of the solar cells, the light intensity of the solar
simulator was reduced to a value qualitatively similar to that of
the EQE system (0.01S sun). J—V measurements were then
performed at 150 K, where J,. and V,_ values have not reached
a maximum and the response of the system is low under full 1
sun intensity (see Figures la and 3b). Figure 2b shows the
normalized (J,.) comparison of the light J—V measurements
performed under 1 sun and 0.015 sun at 150 K. While the J-V
response of the cell under AM 1.5G has almost no rectifying
behavior and resembles the response of a resistor; under 0.015
sun, the photovoltaic parameters are restored. Interestingly,
despite the intensity difference V. is not changed under high
(or low) fluence, indicating the major role of inhibited carrier
extraction is to limit carrier collection and not to enhance
parasitic recombination losses (the unnormalized data is
shown in supplementary Figure S2, further demonstrating
this effect).

The intensity dependence of the J—V measurements,
coupled with the monotonic reduction in the EQE spectrum
with temperature further support the presence of a parasitic
barrier at an interface and inhibiting carrier transport. In this
scenario, carrier extraction is a result of two competing factors:
photogeneration and thermionic emission of carriers.

For high incident illumination, the photogeneration rate
exceeds thermionic emission across the parasitic barrier at low
temperatures, as such only a fraction of photogenerated
carriers can pass the interface—translating to a low FF and
therefore low power conversion efficiency, an operational
situation schematically illustrated in Figure 2c. However, as the
intensity of the light (therefore the photo-generation rate) is
reduced, the ability of the thermionic emission to extract
carriers increases resulting in an improved FF and efficiency of
the solar cell, as illustrated in Figure 2d. This behavior implies
that at low temperatures the extraction rate is constant and
higher illumination does not lead to higher extraction—this
translates in a lower efliciency for higher illumination
intensities in the presence of a parasitic barrier. These data
are consistent with previous results on perovskite solar cells
under LILT conditions.’'

Further evidence of the presence of a barrier to carrier
extraction is evident in the J—V shown in Figure 2b at a higher
applied bias. The roll over or negative differential resistance
observed at ~1.2 V is a typical response in perovskite solar
cells when applying large voltages to the cell and represent
tunnel currents at the heterointerface between the perovskite
absorber and/or the transporting layers. This illustrates the
unique operating principle of perovskite solar cell devices in
general: solar cells which experience their rectification from the
diffusion of charge carriers across the intrinsic perovskite
region and selective extraction via a high field Schottky-like
process that extracts majority electrons (rejects minority holes)

preferentially at the respective hetero-interfaces.”” Large
applied voltages perturb efficiency of such extraction through
the creation of large barriers and inhibited thermionic
extraction.”>**

Figure 3a shows the temperature-dependent PL from 4.2 K
to 295 K (the dotted line is a guide for the eye). As the
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Figure 3. (a) Temperature-dependent photoluminescence of the solar
cell from 4 K to 295 K. The dotted line is a guide for the eye. (b)
Integrated intensity extracted from (a) and ] extracted from Figure
la as a function of temperature. (c) Peak energy from 3(a) and V.
from Figure la as a function of temperature.

temperature is raised, the PL intensity reduces, peak energy
experiences a blue shift, and the spectra broadens. This is
further illustrated in Figure 3b, which shows the integrated
intensity of the PL as a function of temperature taken from the
data (solid black squares) in Figure 3a. The blue shift in the PL
peak energy is associated with the increase of the band gap of
the perovskite material with temperature due to the well-
known and unique band structure of metal halide perovskites
(this is opposite to III—V semiconductors or silicon). The
broadening of the PL can be well understood in terms of
increased Fréhlich interaction at T > 30 K.** The origin of the
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Figure 4. (a) EQE of the solar cell at 77 K and 300 K, normalized to the room-temperature EQE. (b) Temperature-dependent EQE, expanded

view of the exciton region.

decrease in the radiative efficiency of the perovskite does not
appear to be dominated by the activation of non-radiative
losses but rather, the result of improved carrier extraction and
improved device performance at elevated temperatures. This is
evident when compared to the temperature dependence of the
Js (solid red triangles) in Figure 3b which between 85 K—100
K is negligible (~0.3 mA/cm?). Whilst after 100 K, it rises
rapidly reaching approximate saturation at ~200 K.

Figure 3b,c shows J. and V,_ values extracted from Figure
la. Here, both V. and J,. are shown to have low values at low
temperatures and improve with increasing temperature. Both
these parameters reach a stable maximum between 200 K and
220 K. The reduction in V. implies that there is a voltage drop
at one of the interfaces. This effect is likely due to the
temperature dependence of the constituent layers leading to
the creation of barriers at various interfaces at low temper-
atures, which are removed at T > 200 K (which is considerably
less than the typical operating temperature of such solar cells).
In perovskite solar cells, a loss of FF at low temperature has
also been attributed to inhibited carrier transport in the
perovskite absorber layer,36 non-ideal heterojunction offsets,
and low conductivity of the transport layers at low temper-
atures.”” This is discussed further below.

When considering the loss of PL intensity and extracted
photocurrent there appears an (anti) correlation in the
intensity of the PL with the carrier extraction (J,.). This loss
in PL is a direct consequence of the rapid extraction of photo-
generated carriers between 100 K and 200 K. Furthermore, the
small and approximately constant PL at T > 250 K—when the
solar cell has reached its optimum performance (see Figure
1)—indicates the solar cell remains predominantly within the
radiative limit and that carriers not collected recombine
radiatively. This is also supported by the large and the unusual
temperature dependence of the V. (~1.15 V) evident above
200 K, as shown in Figure 3c. At T ~ 85 K, V. is ~0.85 V
increasing to 1.15 V at 200 K when it stabilizes up to room
temperature.

Typically, non-radiative processes manifest themselves in an
increase in the dark current and subsequent loss of V. Since
the temperature-dependent reduction in PL does not result in
simultaneous loss of V_, the limited performance of the device
at lower temperatures can be unambiguously attributed to the
role of parasitic barriers, low thermal energy of carriers, and the
non-ideality of current extraction due to lower thermionic
emission at high excitation. Furthermore, since the band gap of

perovskites increases at higher temperatures (rather than
decreasing in typical III—V semiconductors), the increased
voltage also likely represents the increasing band gap of the
absorber, coupled with more optimum band offsets at T > 200
K. This hypothesis is consistent with the temperature-
dependent dark J—V data shown in supplementary Figures
S3 and S4, which show very high resistance against carrier
extraction at low temperatures, an indication of some barrier to
extraction at such temperatures. The carrier transport improves
at elevated temperatures.

The effect of the temperature on the band gap can be more
clearly observed in Figure 3c, which shows a comparison of the
temperature dependence of the V,, and the peak PL energy
extracted from the PL data in Figure 3a. These data can also be
compared to the temperature-dependent PL intensity and ]
shown in Figure 3b, as they are plotted on the same
temperature axis. The PL data shown in Figure 3c indicates
that excitonic effects also play a strong role in the performance
of the solar cells. In addition to the parasitic barriers evident at
T < 200 K, the carrier transport/extraction is also inhibited at
lower temperatures by excitonic complexes or the large binding
energy of excitons in the triple cation perovskite system under
investigation here. When considering the dependence of the
peak PL energy in Figure 3c with temperature (solid black
squares), a steady increase in the energy is observed consistent
with a thermally mediated increase in the band gap of the
Cs.05FAg70MAg 16Pb(Io 53Br0.17)3,

At T ~ 170 K, an abrupt increase in the PL position from
~1.597 eV to 1.615 eV is observed. This jump in the PL peak
energy is revealed in a significant shift observed in the PL
spectra evident in Figure 3a at high temperatures. While
perovskite materials are known to undergo phase transitions
with increasing temperature,”®~*’ this phenomenon is usually
accompanied by a sudden reduction of the band gap at the
temperature at which the crystallographic transition occurs.
This is opposite to the effect observed in Figure 3a, which
shows an increase in the peak PL energy. Furthermore, the
heat map presented in the supplementary Figure S5 also
indicates that this system does not undergo a significant phase
transition over the temperature range investigated (4 K to 295
K). This further demonstrates the improved stability for the
tailored triple cation perovskite absorber Csj(sFA,,0MA, 4Pb-
(Ipg3Bro17); studied here.*!

Notably, when comparing the behavior of both the V. and
Jsc with temperature in Figure 3b,c, there is a clear
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correspondence with the ionization of the excitons—both
parameters increase as the excitonic binding energy softens
with increasing temperature. Also, the absorption edge blue-
shifts above T ~ 170 K (see Figure 4b) eventually plateauing at
~ 210 K when the transition to the free excitonic regime is
essentially complete and the thermal energy in the system
(ksT) exceeds the exciton binding energy. As such, the
increase in peak energy at T ~ 170 K observed in the PL
spectra is attributed to the ionization of excitons and the
subsequent increase in the absorption edge upon annihilation
of the excitonic species. This hypothesis is further supported
by the EQE shown in Figure 4a, where clear evidence of
exciton absorption and the quenching of these effects is
apparent when comparing the normalized low (77 K) and high
(300 K) temperature EQE. While the excitonic complex, Ey is
clear at low temperatures it merges into the continuum, E at
higher temperatures.

Figure 4b maps the evolution of exciton ionization by
magnifying the temperature-dependent EQE over the exciton
region for temperatures between 160 K and 300 K. In this
figure, the EQE of the solar cell at 160 K shows a peak at the
onset of the EQE. At 160 K, the EQE is dominated by the
strong excitonic absorption while with increasing temperature
there is a weakening and blue shift of the exciton with the
emergence and dominance of the continuum at T > 200 K.
The effect of excitons at low temperatures can also be followed
when comparing the emission (PL) and absorption (EQE) at
several temperatures across the transition region from excitons
to that of free carriers.

Figure Sa—c shows a comparison of the PL and EQE at T =
90 K, 180 K, and 280 K, respectively. Here, only the low
energy portion (absorption edge) of the EQE spectra are
shown to allow comparison of the broadening of the PL and
low energy tail of the EQE to be more readily assessed—the
full spectra are shown in Figure 2a. An evolution of the
characteristics of the band-edge states and their role in the PL
and EQE can be observed. At lower temperatures (90 K), the
EQE is dominated by the excitonic nature of the systems as is
evident via the strong exciton absorption at the band edge and
the narrow and intense PL. As the temperature is increased to
~180 K [chosen for its proximity to the ionization regime of
excitons evident in the PL (Figure 3) and J—V (Figure 1)
measurements], the continuum begins to dominate the EQE
and the PL broadens [Figure Sb] through a combination of
enhanced carrier—phonon interactions, reduced radiative
efficiency, and more efficient free carrier extraction. This is
reflected in the increase in both ], and total EQE at higher
temperatures (see Figure 2). At the higher temperature (280
K), the EQE is dominated by band-to-band absorption and the
associated PL is significantly broadened due to the stron:
Frohlich coupling inherent in the metal halide perovskites®*
and the presence of large polarons in the system.*™** Such
effects have been discussed by several groups demonstrating
the significant role of LO phonons play in linewidth
broadening (') of the PL in these polar systems."”*"~* In
the devices presented here the linewidth of the PL increases
fromI" ~ 54 meV at 4 K to I' ~ 103 meV at 295 K, analysis of
which is given in S6 of the Supporting Information.

The role of the carrier localization via the band offsets at
heterointerfaces at lower temperature, and the role of the
exciton binding energy on the PL and carrier extraction can be
further understood by correlating the temperature-dependent
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Figure 5. PL and EQE graphs overlaid on each other at temperatures

of (a) 90 K, (b) 180 K, and (c) 280 K. The red curve is PL results and
the black curve is for EQE.

PL intensity to that of the ], via complementary Arrhenius
analysis. Specifically, for PL

Iy
1+4+axXx exp(:lf) + b X exp(ZB—ETb> (1)

where I, represents the integrated PL intensity at 4.2 K; a, b,
E, and E, are the coefficients and energies associated with
various activation processes. T and kg represent the temper-
ature and Boltzmann constant, respectively.

Figure 6a shows the plot of the integrated PL intensity
versus temperature. An Arrhenius fit is used to extract the
activation energies. The data follows (within errors) two
activation energies of ~26 meV and ~143 meV, which are
attributed to the exciton binding energy, E, and the
contribution of a parasitic barrier (associated with a perov-
skite/transporting layer), E, respectively. The respective roles
of these processes is illustrated schematically, as an inset to
Figure 6a. While the exciton binding energy extracted here is

I(T) =
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Figure 6. (a) Arrhenius plot of the temperature dependence of the
PL-integrated intensity fit with two activation energies. The inset
illustrates the effect and relative contribution to carrier extraction as
well as, the rate of radiative recombination due to the potential barrier
and exciton binding energies in these systems. (b) Arrhenius plot of
the J. vs inverse temperature (1000/T) to calculate the activation
energy value of excitonic states.

consistent with that determined elsewhere*°™> for this system,
the origin of the specific interface responsible for E, remains
under debate. Its presence and role in the transport and
extraction is evident at higher applied voltages at all
temperatures (see, e.g, Figure 2b). This results in stable PL
at ambient conditions (T > 200 K) despite the high
photovoltaic performance of the solar cells at room temper-
ature. While further analysis is required to unambiguously
determine the origin of the interface responsible, this is likely
related to the MoOj layer, which requires efficient tunneling of
carriers to limit parasitic resistance and retain effective
operation of the perovskite solar cell architecture.*”

The relationship between the carrier extraction and the PL is
further supported by Figure 6b, which shows the In ] versus
1000/ T plot for the perovskite solar cell. The current in the
linear region has been found to fit with the Arrhenius equation

E, 1000
Injio=Inj, - ((kB X 1000) ]( T ) 2)

where ] is the short circuit current density, E, is the activation
energy of the charge carriers to participate in the conduction
process, kg is the Boltzmann’s constant, T is the temperature,
and J, is the intrinsic current density of the sample. The
activation energy is calculated equating the slope of the plot
(shown in Figure 6b) with (E,/(kz X 1000)). The activation
energy extracted from this method also predicts an E, ~ 26

meV consistent with the exciton binding energy, extracted for
the Arrhenius plot of the integrated intensity of the PL [Figure
6a). The relationship between the quenching of the PL
intensity with the increase in J. confirms the conclusion that
the change in PL energy observed at ~170 K has its origin in
the transition from excitonic to band-to-band recombination.
Despite the inhibited electronic performance at low temper-
atures, the perovskite solar cells operate predominantly in the
radiative limit at all temperatures assessed here.

4. CONCLUSIONS

The temperature dependence of PV parameters of triple cation
perovskite [CsgosFAg7eMAg16Pb(Igg3Bro17);] solar cells was
investigated focusing on the electro-optical properties and
differences in performance at low and high temperatures. The
signature of a parasitic barrier to carrier extraction was
observed at low temperatures, which resulted in a loss of
performance at T < 200 K. Intensity-dependent measurements
indicate extraction across this parasitic interface is limited by a
combination of the exciton binding energy and thermionic
emission, with the PV parameters recovered at low intensity—
where the photo-carrier generation rate threshold is lower than
that of the thermionic extraction rate. Loss of solar cell
performance was observed to be strongly correlated to an
increase in PL intensity, indicating inhibited carrier extraction
resulted in strong radiative recombination and that these
systems do not appear to be limited significantly by thermally
activated non-radiative processes. Evidence of limited carrier
extraction due to excitonic effects were also observed with a
strong anti-correlation in (high intensity and narrow) PL and
(low) carrier extraction observed at lower temperatures. The
presence of excitonic absorption in low-temperature EQE and
the thermal quenching of this complex indicated excitonic
binding energies of ~26 meV, consistent with values reported
by others for the triple cation systems under study here.>”
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