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Abstract

The presence of hot carriers is presented in the operational properties of an (FA,Cs)

Pb(I, Br, Cl)3 solar cell at ambient temperatures and under practical solar concentra-

tion. Albeit, in a device architecture that is not suitably designed as a functional hot

carrier solar cell. At 100 K, clear evidence of hot carriers is observed in both the high

energy tail of the photoluminescence spectra and from the appearance of a nonequi-

librium photocurrent at higher fluence in light J–V measurements. At room tempera-

ture, however, the presence of hot carriers in the emission at elevated laser fluence

is shown to compete with a gradual red shift in the PL peak energy as photoinduced

halide segregation begins to occur at higher lattice temperature. The effects of

thermionic emission of hot carriers and the presence of a nonequilibrium carrier dis-

tribution are also shown to be distinct from simple lattice heating. This results in large

unsaturated photocurrents at high powers as the Fermi distribution exceeds that of

the heterointerface controlling carrier transport and rectification.

1 | INTRODUCTION

An increasing global demand for renewable energy and the sustain-

able implementation of these technologies is challenging the solar

research community to develop new materials and increase the power

conversion efficiency while continuing to reduce the operational costs

of photovoltaic (PV) systems. Recently, metal halide perovskite solar

cells have stimulated tremendous interest due to their facile fabrica-

tion and the potential for large-area cheap roll-to-roll manufacturing

protocols.

Moreover, in less than 10 years, these materials have demon-

strated solar cell power conversion efficiencies in excess of thin film

or multi-crystalline silicon at >25%.1 Notably, perovskite-based tan-

dems have also recently exceeded the performance of single-junction

GaAs solar cells.2

While poor stability, low yield, and reproducibility concerns con-

tinue to inhibit the large-scale implementation of the perovskites, tre-

mendous progress has been made to stabilize the ABX3 structure with

operation of perovskite solar cells now demonstrated in excess of

1000 h in ambient conditions for both Pb-3 and Pb-Sn-4 based

systems.

A significant innovation to improve the stability of perovskite

absorbers has been the fine-tuning of their chemical compositions to

include alloying on both the A-site cation and the X-site halide anion

such as the so-called FAMACs systems5 or triple halide perovskites

under development for tandems.6 Such alloying, aimed at optimizing

the structural tolerance factor, has been shown to be effective in

improving material stability.

While they are compositionally more complex than early perov-

skite systems such as MAPbI3 or FAPbI3, combinations of double or

triple cations and/or halides have been shown to produce more ther-

modynamically and crystallographically pure structures (low strain,

less disordered) that inhibit parasitic or irreversible halide segregation

and disorder.7–10 A significant benefit of these advances is the ability

of perovskites to withstand extreme thermal cycling5,11,12 and high

temperatures, as well as to inhibit ultraviolet (UV) degradation.6
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Moreover, several recent studies have also indicated the presence

of long-lived hot carriers in perovskite nanocrystals,13,14 traps,15 tran-

sient absorption measurements,16 luminescence,17,18 and transport19

along with evidence of a phonon bottleneck20 and inhibited heat

dissipation in these systems.21 This suggests perovskites may have

potential in advanced concept PV22 such as the hot carrier solar

cell23,24 as discussed by Li et al.25 Here, evidence is provided that indi-

cates the exciting hot carrier dynamics observed spectroscopically by

the community translates to solar cells based on these materials.

Here, it will be shown that hot carriers can be observed in the

photovoltaic response of FA0.8Cs0.2PbI2.4Br0.6Cl0.02 solar cells under

practical operational conditions further supporting the potential of

these systems for hot carrier devices, albeit in a device architecture

that is not suitably designed as a functional hot carrier solar cell.

The details of the devices studied here are as follows: The solar

cells consist of a 200-nm spin-coated FA0.8Cs0.2PbI2.4Br0.6Cl0.02

absorber layer integrated into a device structure comprising an

ITO front contact, PolyTPD (poly(N,N-bis- 4-butylphenyl-N,N-bisphe-

nyl)-benzidine) hole transport layer with a PFN-Br (poly[(9,9-bis

(3-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluor-

ene)]dibromide) interface layer. The back of the device includes

ZTO/SnO2 and C60 electron transport layers with a LiF interfacial

layer, followed by an ITO back-contact. The devices were completed

with a 50 nm TiO2/Al2O3-based multilayer encapsulant to improve

the atmospheric stability. A schematic of the full structure and mate-

rials information is provided in the Supporting Information (Figure S1).

Initial assessment of the J–V responses of the devices were

tested in the dark and under 1-sun AM 1.5G illumination using a

Newport class ABA solar simulator referenced to a calibrated silicon

solar cell (these data are provided in the Supporting Information;

Figure S2). To assess the presence of hot carriers and the role of

halide segregation and material decomposition “simultaneous” (both

PL and J–V were measured before changing power or temperature)

current–density voltage (J–V) and photoluminescence (PL) measure-

ments were performed from 4 to 295 K in a Janis closed-cycle

cryostat system.

A 532-nm laser at power densities ranging from 20 to

8000 mW/cm2 (0.2–80 suns equivalent) was used as the excitation

source. An aperture of 0.061 cm2 was used to define the excitation

and power density area. While performing the PL measurements, the

device is not under bias, and the measurement circuitry is in the state

such that it would be considered an open circuit with the output of

the Keithley 2400 turned off.

Figure 1A shows the temperature-dependent (TD) PL spectra for

a representative FA0.8Cs0.2PbI2.4Br0.6Cl0.02 solar cell from 4 to 295 K.

With increasing temperature, the well-known blue shift in the perov-

skite emission energy is observed consistent with the s- and p-orbital

nature of perovskite's valence and conduction bands, respectively.26

While there is no convincing evidence of a phase transition in the

temperature range studied (see Figure S3), phase evolutions cannot

be totally discounted.

In addition to this increase in the PL energy with temperature, a

noticeable broadening of the PL spectra is also evident, which is

representative of the strong and well-studied Fröhlich interaction and

the strong polar nature of these materials.21,27–29 These properties

were confirmed for the system under investigation via analysis of the

phonon-induced PL broadening,30–32 which demonstrated the strong

contribution of LO phonons in the linewidth of the PL. This analysis is

available in the Supporting Information (Figure S3).20,30,33

The monochromatic low power (532 nm/1 sun-AM 1.5G

equivalent) J–V characteristics measured simultaneously with PL at

100, 200, and 295 K are shown in Figure 1B, with the associated dark

J-V shown on a log scale in Figure 1C. The full set of J–V spectra from

4 to 295 K is given in the Supporting Information, Figure S4. At 100 K

(solid purple line), the fill factor (FF) of the J–V is dominated by a

F IGURE 1 (A) Normalized waterfall plot of temperature
dependent photoluminescence from 4 K to 295 K. (B) Comparison of
the low power (1-sun AM 1.5G equivalent) monochromatic (532 nm
excitation) current density–voltage responses at 100 K (purple), 200 K
(green), and 295 K (gray) along with (C) their respective dark JVs
(same color code).
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strong s-shaped inflection consistent with the presence of a parasitic

barrier34 to minority carrier extraction. This is also reflected in the low

dark current and high resistance to carrier transport at 100 K.

Such behavior has been observed previously in the perovskites

and has been attributed to the presence of a non-ideal interface

and/or barriers created within the structure due to different tempera-

ture coefficient of the constituent materials of the solar cells that

induce carrier localization.5,35,36 This localization has been shown to

be correlated to the PL intensity, which is strong in the presence of

inhibited carrier extraction and reduces as the carrier extraction

increases at elevated temperatures.5,36

The presence of this barrier and the extraction of carriers has

been shown to be driven by the competition between thermionic

emission and the carrier generation rate, along with the voltage

dependence of the heterointerfaces. This is further supported by the

presence of negative differential resistance in forward bias in the

majority carrier regime (dark and/or strong applied voltage).5,11

As the temperature is increased to 200 K (solid green line,

Figure 1B) and further to 295 K (solid gray line, Figure 1B) the fill fac-

tor and series resistance increase and decrease, respectively. Simulta-

neously, the dark J–V also improve (Figure 1C). These data indicate

that the band offsets and/or the thermal energy of the carriers

improve at higher temperatures (>200 K) facilitating carrier extraction

and that the device structure and operation are well matched to the

optimal conditions for PV operation under 1-sun conditions.

To further assess the role of lattice temperature on the operating

conditions of the solar cell, and more subtly, the role and presence of

hot carriers in the system, “simultaneous” power dependent (PD) PL

and J–V were performed at 100, 200, and 295 K. Figure 2A–C shows

the PD PL at 100, 200, and 295 K, respectively.

At 100 K as the power is increased from 20 to 8000 mW/cm2

(0.2-sun AM 1.5 G to 80 suns equivalent), the PL blue shifts and

broadens, indicating an increase in energy in the system. This is

attributed to the increased carrier concentration (band filling) though

other effects such as exciton–exciton interactions cannot be dis-

counted. Despite the presence of LO-phonon-mediated broadening

beginning to screen the PL shift at 200 K, a slight shift is also

evident at this intermediate temperature. This is more clearly visual-

ized in Figure 2D,E, which shows the peak energy extracted as a

function of power from the PL (open red circles) at 100 and 200 K,

respectively.

At 295 K, the integrated intensity of the low power PL is three

orders of magnitude lower than that at 100 K (the 200 K PL is two

orders lower than that at 100 K; see Figure S5) as a result of the effi-

cient exciton dissociation at elevated temperatures.37 As the intensity

of the laser fluence is increased at 295 K little evidence for hot car-

riers is observed in the PL response of the device (Figure 2C,F). Nota-

bly, there is no observed shift in peak energy either from the PL

spectra (Figure 2C or from the extracted peak energy; Figure 2F). This

is attributed to the combination of the relatively low PL intensity,31,32
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F IGURE 2 Power-dependent photoluminescence (PD PL) spectra for (A) 100 K, (B) 200 K, and (C) 295 K excited at 532 nm from 20 to
8000 mW/cm2 (295 K is from 20 to 6400 mW/cm2). A comparison of the carrier temperature (Tc) (solid black squares) and the peak energy (open
red circles) from the data shown in (A) 100 K, (B) 200 K, and (C) 295 K, are shown in (D), (E), and (F), respectively. The yellow shaded region
represents the equilibrium carrier temperature, while the pink region represents the regime in which nonequilibrium hot carriers are present. At
higher temperatures, halide segregation becomes prevalent shown in the gray shaded region. These regimes are also indicated by the color-coded
boxes in (A), (B), and (C) on the high energy tail of the PL spectra.

548 SOURABH ET AL.

 1099159x, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3777 by N

ational R
enew

able E
nergy L

ab C
harity H

arada, W
iley O

nline L
ibrary on [19/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icensePursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 

The published version of the article is available from the relevant publisher.



reversible halide segregation at higher fluences (pink), and the effects

of ionic induced defect formation under illumination.38

At excitation powers in excess of 3100 mW/cm2, clear evidence

of halide segregation is observed in the system (Figure 2C), which is

supported by a large reduction in the peak energy at high powers

(Figure 2F), and which negatively affects the device performance—as

discussed below with respect to Figure 3.

Figure 2D–F shows a comparison of the peak energy extracted

from the PD PL at 100 K, 200 K, and 295 K compared to the carrier

temperature (TC) extracted from the slope of the CW PL using a gen-

eralized form of the Planck equation. Such analysis, which has been

developed by the III-V PV community39–42 was applied recently in

several forms to study perovskites in transient absorption18,20 and

in steady-state CW PL measurements.17,18,43

Here, a simple linear fit of the high-energy slope is used is

extract the carrier temperature while also subtracting the contribu-

tion18,44 of the phonon broadening (see Figures S3 and S6) to garner

the qualitative trend in carrier heating.45 This is then supported by

the “simultaneous” PD J–V (Figures 3 and 5) to elucidate the pres-

ence of hot carriers. A further caveat is that such analysis should

only be performed upon PL that is not affected by decomposition/

halide segregation.31,46,47 This prevents erroneous results that invali-

date the use of the generalized Planck's equation as described

previously.46

Figure 2D shows a comparison of TC and the peak energy at

100 K extracted from the data in Figure 2A. At excitation powers

below 100 mW/cm2, the carrier temperature is independent of

power, and the system is considered at equilibrium (yellow shaded

region), and therefore, both the photogenerated carriers and lattice

have a global temperature of �100 K.44,48

However, as the excitation power is increased from 100 to

8000 mW/cm2, TC increases (closed black squares) from 100 K to

280 K (or a ΔTC of �180 K at maximum power). This increase in

temperature can be attributed to either lattice heating or the presence

of hot carriers in the device.

Upon comparing temperature-dependent and power-dependent

energies (as shown in Figure S7), this not attributed to lattice heating.

Figure S7 indicates the difference in energy as a function of tempera-

ture and that of a hot carrier population created due to power.

Notably, all of the hot carrier energies are shifted with respect to

corresponding lattice temperature.

As is discussed below in the J–V measurements, this increase in

temperature is attributed to the presence of hot carriers that domi-

nate predominately at lower temperatures. Moreover, while TC

increases, there is also a simultaneous increase on the peak PL energy

(open red circles) from �1.7 to 1.72 eV.

At 200 K, a similar behavior is observed with TC increasing from

an equilibrium temperature of �200 K below 400 mW/cm2 (yellow

shaded region) to a TC of approximately 360 K (ΔTC of �160 K—pink

shaded region) at �6300 mW/cm2. At 200 K, a combination of the

increased thermal energy (kBT) and the energy pumped into the

system via laser excitation also results in a threshold for halide

segregation, depicted by the gray shaded region in Figure 2B at

P > 6300 mW/cm2.

In this regime, decomposition of the perovskite and halide segre-

gation broaden the PL and result in a reduction of the peak PL

F IGURE 3 A comparison of the power dependent integrated PL intensity and peak PL energy at (A) 100 K, (B) 200 K, and (C) 295 K,
respectively. In each case, these can be associated to the lower panels that compare the “simultaneously” measured Voc and Jsc at (D) 100 K,
(E) 200 K, and (F) 295 K, respectively. The shaded regions represent the regimes at equilibrium (yellow), in the nonequilibrium hot carrier regime
(pink), and at high power where halide segregation is evident (gray).
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energy.10,49 While the peak PL energy shown as a function of power in

Figure 2E once again blue shifts from �1.718 to �1.729 eV at increas-

ing power, unlike the 100 K data, the PL energy begins to decrease as

halide segregation results in PbI3-rich regions8,49 that lower the energy

of the PL, which is dominated by these low-energy inclusions.

This is more clearly evident in Figure 2F, which shows a compari-

son of TC and the peak energy at a lattice temperature of 295 K.

Again, at 295 K, the phonon-mediated broadening of the PL screens

any shift in the peak PL energy with increasing fluence, and at higher

(pink and gray) powers, the PL transitions from an equilibrium regime

(yellow region) to that dominated by halide segregation (gray region)

crossing a screened hot carrier regime (pink region). This is further

supported by the line shape of the PL evident for this temperature

range and power regime shown in Figure 2C, and the reduction of the

peak PL energy evident in Figure 2F.

Furthermore, since decomposition changes the PL linewidth with

increasing powers, extraction of TC at 295 K is compromised, and evi-

dence of hot carriers at 295 K is best supported by the PD J–V at the

same lattice temperature, discussed further below. Previous research

has probed the energy of activation for halide ion photosegregation

for many species of perovskites and found that value to be approxi-

mately 80–600 meV.50–53 Therefore, one can assume that while the

energy of the hot carriers in the system exceeds this value, they also

serve to accelerate the photosegregation process, particularly at

higher temperature (295 K).

While the preceding discussion indicates that the system experi-

ences carrier heating under high fluence, the nature of this heat and

the role of increased lattice heating versus effects due to photo-

excited nonequilibrium “hot carriers” requires further consideration.

In Figure 2D–F, the extracted TC increases in sync with a blue shift in

the peak PL energy, indicating the system is heating, without elucidat-

ing information on the nature of the increased thermal energy within

the system. When comparing the temperature dependence of the PL

with the shift in the PL peak energy from power dependence mea-

surements at the equilibrium lattice temperature of 100 and 200 K

(shown in Supporting Information, Figure S7), the excitation energy

from the laser apparently increases the temperature by �125 K (from

100 to �225 K) and 75 K (200 to �275 K), respectively.

While lattice heating due to the low thermal conductivity of

perovskites appears a simple conclusion to the thermal effects

observed in Figure 2, inspection of the “simultaneously” measured

J–V responses (with the PL in Figure 2A–C) indicate that the observed

effects are subtler than those derived by simple inhibited heat

dissipation arguments in these measurements.

Figure 1B indicates that increasing the temperature of the device

at 1-sun AM 1.5G equivalent excitation improves the FF and the PV

response of the solar cell due to increased carrier extraction in the het-

erostructure architecture. When considering the J–V response of the

device as a function of laser fluence at 100, 200, and 295 K, as shown

in Figure 3A–C, respectively, the J–V response shows somewhat dif-

ferent behavior to that of increasing (equilibrium) lattice temperature

(Figure 1B), where the FF improves as a function of temperature.

In Figure 3A, the power-dependent J–V response is shown at

100 K. In Figure 3D, the same data is normalized with respect to Jsc

(V=0) to assess the role of increasing power upon the shape of the

J–V response following the analysis of Dimmock et al.54 These J–V

responses (and all those in Figure 3) are plotted with respect to the

three regimes described in Figure 2 for the associated PL. The solid

lines in the J–V data represent the equilibrium temperature region,

while the dashed and dotted represent the hot carrier and phase

segregation regimes, respectively.

In Figure 3A, the J–V data at 100 K once more displays the

nonideality of the system at lower temperatures.3,36 This is amplified

in the normalized J–V data at 100 K shown in Figure 3D. Moreover,

as the laser fluence is increased the rectification of the diode is

removed, the FF decreases, and the device becomes more resistive

with a large increase in Jsc (Figure 3A). The magnitude of Jsc scales

with the laser fluence with an absence of saturation of the photogen-

erated carrier collection that would reflect the absorbed photon flux

and infinite shunt resistance of conventional PV operation (Figure 3D,

similar to solid cyan line).

The transition to a linear resistive-like J–V response observed at

higher (dashed lines) powers in Figure 3A,D is indicative of the

presence of a nonequilibrium hot carrier population, the tail of which

exceeds the parasitic barrier in the system. The shape of the J–V at

V < Voc then reflects the shape of the Fermi distribution with increas-

ing reverse bias.54

Further evidence that the J–V is dominated by nonequilibrium

carrier extraction (hot photocurrent) and not simple lattice heating is

provided by the significant difference in the equilibrium J–V response

F IGURE 4 (A) Schematic representation of the equilibrium carrier
temperature (Teq) at 100 K (blue) and the nonequilibrium carrier
temperature (TC) induced at 100 K when excited with 4700 mW/cm2

(�47� sun equivalent) with a TC � 200 K (red). These are shown with
respect to a parasitic barrier that mimics the behavior seen
experimentally at V = 0 (solid) and V < 0 (dashed) and the relative
contribution of the thermionic emission (solid black arrow) and
tunneling (JTUN—dotted green arrow), respectively. This is illustration
is repeated for Teq = 200 K in (B).
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at 210 K with respect to the 100 K PD J–V at � 47 suns (i.e., the PD

J–V with an equivalent TC � 207 K). These data are compared directly

in Figure 3D. The equilibrium J–V at 210 K (solid cyan line) shows a

typical photovoltaic response with a Jsc of �12 mA/cm2. But the high-

power PD J–V with an effective temperature of 207 K (dashed cyan

line) displays a photoconductive-like response and a large Jsc of

�320 mA/cm2. These data are shown normalized and independently

of the other J–V spectra for additional clarity in the Supporting Infor-

mation, Figure S8.

This comparison (Figure 3D) is critical in demonstrating that the

power-dependent J–V data reflect a system in which nonequilibrium

carriers exist in a structure that remains at 100 K, despite the high-

power excitation the system experiences. This is evident since the

presence of parasitic barriers, nonideal interfaces, and/or inhibited

conductivity experienced by the photogenerated carriers at low

temperatures (Figure 1) is still evident (poor fill factor) under high laser

excitation, in Figure 3D. This suggests the lattice temperature remains

at �100 K, while the carrier temperature is significantly greater

(�207 K).

If the lattice was heated due to the high-power laser illumination

it would result in a J–V response consistent with the temperature data

at �200 K (solid cyan, Figure 3D)—this is clearly not the case. The

presence of hot carriers is also supported by the extraction and J–V

parameters at high power discussed further below.

The behavior of the devices at higher (dashed lines) power and

low temperature (100 K) is consistent with the generation and subse-

quent extraction of a hot carrier distribution, the tail of which exceeds

the parasitic barrier and/or heterointerface.54 As the bias is further

increased in the negative direction, the extraction of the hot carriers

via thermionic emission begins to compete with direct tunneling, as

the potential barrier narrows. In this regime, the slope of the J–V

reflects the resistance to minority carrier extraction from the carrier

distribution, in general, and the limited role of the heterostructure in

producing diode like rectification, which is removed at high laser

fluence, resulting in photoconductive-like behavior more ohmic in

nature while losing rectification.

This phenomenological protocol is shown schematically in

Figure 4A, which illustrates the electron Fermi distribution at 100 K

(blue) and 200 K (red) to the left of a potential barrier with an applied

bias of V = 0 V (solid line) and in reverse bias (dotted line). At 100 K,

the carrier distribution experiences a large potential barrier until

significant reverse bias is applied when breakdown would occur. In

the case of the hot carrier distribution (red—47 suns), there is a signifi-

cant tail above the barrier increasing the thermionic emission, JTE

resulting in greater carrier extraction and the absence of a saturated

Jsc. As the reverse bias narrows, the barrier JTE competes with direct

tunneling, JTUN.

As the lattice temperature is increased from 100 to 200 K, carrier

transport through the device is facilitated by increased thermal

energy, along with a subsequent reduction of the contribution of par-

asitic resistances and nonideal heterointerfaces within the solar cell

architecture. Despite the improved PV functionality of the solar cells

at 200 K, evidence of the parasitic heterointerfaces is evident in a

high series resistance at low powers (P < 250 mW/cm2) (Figure 3B,E,

normalized J). Evidence of a photoconductive response and the pres-

ence of hot carriers is also apparent in Figure 3B,E (normalized J) at

P > 1000 mW/cm2 (dashed lines) and the related PL.

Figure 4B shows the 200 K case schematically with the higher

thermal energy reducing the effect of the barrier to carrier transport

relative to that at 100 K. Once again, thermionic emission and direct

transport of hot carriers across the heterojunction serves to reduce the

rectifying properties of the solar cell by limiting the effect of the electric

field in modulating carriers at the interface. While the nature of the hot

carrier type (electron and/or hole) creating this effect, or indeed which

interface is responsible for modulating the carrier transport is not fully

understood, the role of hot carriers in the structure is clear. These mea-

surements confirm that nonequilibrium carriers are sustained in perov-

skites at high fluences, but more importantly here it is also shown this

occurs at levels achievable in practical concentrator PV systems [80 suns].

Indeed, similar effects to the ones presented here under

monochromatic excitation have been seen under concentrated solar

illumination in analogous FAMACs devices6 (see Figure S9), further

supporting the potential of perovskites for practical hot carrier solar cells.

An example and a schematic representation of potential operation

at a representative parasitic interface is shown in the idealized energy

band diagram given in the supplementary information, Figure S10.

However, further work is required to elucidate the exact interface

responsible in the device under study.

Although hot carriers are extracted by thermionic emission at high

fluences, these carriers cool in the non-optimized (for hot carrier extrac-

tion) contacts which set the voltages below those expected for ideal

hot carrier solar cell (HCSC) operation.24,55 These data do, however,

suggest such operation is feasible with device architectures designed to

optimize such operation with the implementation of degenerate con-

tact layers that match the hot carrier distribution, provided there are

heterointerface configurations that support rectification of carrier

populations with energy greater than the perovskite band gap.

At 295 K, the conditions for high-efficiency operation of perovskite

solar cells under 1-sun conditions are met.3 The majority and minority

carrier transport is then dominated by diffusion across the nominally

intrinsic perovskite absorber; the extraction and rectification of carriers

at high field regions; as well as, at the heterointerfaces between the

perovskite and the electron and hole transporting layers.56

Interestingly, however, evidence for hot carriers is also observed

in the J–V response at ambient temperatures as shown in Figure 3C,F.

Specifically, as the power is increased above 600 mW/cm2, which is

�6 suns equivalent, the parasitic effects of hot carriers in these solar

cells becomes evident in the loss of strong rectification of the hetero-

structure diode. That is, the FF is reduced and the shape of the J–V

begins to mimic the carrier distribution below Voc.
54

While the devices presented display clear evidence of hot carrier

effects via the extraction of hot photocurrent, they do not show

increased efficiency. Furthermore, this is not the realization of an

operational HCSC,24 since the structures are not designed to extract

hot carriers selectively and the operation of these solar cells—

particularly Voc—remains set by the absorber band gap.
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Further evidence to support the presence of hot carriers, therm-

ionic emission of a nonequilibrium carrier population, and their role on

solar cell operation is provided by comparing the PV parameters

extracted from the PD J–V responses to those of the PL. Figure 5

shows a compilation of the peak PL energy and the integrated emis-

sion, along with the extracted Jsc and Voc as a function of power at

100, 200, and 295 K.

The power regimes are once again (consistent with Figure 2),

color-coded to represent regimes in which the system is deemed in

equilibrium (shaded yellow), in the hot carrier regime (shaded pink), or

where the high power and temperature have induced halide segrega-

tion (shaded gray).

Figure 5A,D compares the power dependence of the PL

properties and PV parameters at 100 K, respectively. With increasing

laser fluence, the PL intensity increases as expected. Behavior that is

enhanced by the localization of inhibited transport of carriers by the

presence of parasitic barriers.5,36

However, at P > 1600 mW/cm2 (16 suns), a significant drop in

the PL intensity is evident, while the peak PL energy continues to blue

shift, as the carrier temperature increases towards TC � 200 K. The

reduction in the peak PL intensity is a result of the increase in

the thermal/kinetic energy competing with the binding energy—the

carriers are freer to move about away from the excitation spot

(PL collection region).

This drop in PL intensity can be correlated to the thermionic

emission of hot carriers and the increased extraction of the photogen-

erated carrier distribution. This is supported by a simultaneous

increase in Jsc (open red circles, Figure 5D) at high powers, and the

exponential dependence of Jsc at P > 1600 mW/cm2. This is further

support for the role of the nonequilibrium Fermi distribution, the tail

of which exceeds the parasitic heterointerface/barrier.

The absence of parasitic effects and carrier cooling in the con-

tacts is apparent when considering the effect of the increasing fluence

on the Voc (closed black squares) at 100 K, shown in Figure 5D. At

lower power (P < 1600 mW/cm2) Voc increases from 0.7 to �0.9 V,

which represents the steady increase in the quasi-fermi (Δqfermi) levels

and typical behavior of a PV device under increasing illumination. At

maximum fluence (P � 8000 mW/cm2—80 sun equivalent), Voc

increases to �1 V, which is consistent with the band gap of the perov-

skite absorber and the carrier concentration generated (Δqfermi).

The correlation between nonequilibrium carrier generation and

thermionic extraction, increasing Voc, and simultaneous quenching of

PL at the highest powers is also evident at 200 K—shown in

Figure 5B,E. Notably, there is a slight drop in Voc at the onset of none-

quilibrium carrier generation that coincides with a loss of rectification.

Once again, the competition with the thermal energy of the photo-

generated carriers and the lowering of the potential barriers results in

an increasing Jsc and reduced PL intensity at the very highest power.

At 295 K, analysis of the optical and optoelectronic behavior allows a

distinction in the effects due to nonequilibrium hot carriers (observed

at lower temperatures) and effects due to decomposition of the

perovskite, more specifically halide segregation.

In Figure 5C, the laser fluence is observed to have little effect

upon the peak PL energy, with a slight reduction in this energy

observed at P > 800 mW/cm2, which is correlated with an increase in

the integrated PL intensity (solid black squares). When comparing

these effects with the PL spectra at 295 K in Figure 2C, it is clear the

emission is derived from considerable broadening of the PL and

the appearance of a low-energy feature attributed to the formation of

iodine-rich regions in the perovskite.9,10 These halide inclusions begin

to dominate the PL spectrum and reduce the “effective” band gap for

emission evident at high fluence in Figure 5C (open red circles).

F IGURE 5 Power-dependent J-V at (A) 100 K, (C) 200 K, and (E) 295 K, respectively, from low power to high power. The same data are
shown normalized to Jsc in (B), (D), and (F), respectively, used to illustrate hot carrier related effects and the associated Fermi distribution. The
dashed, solid, and dotted lines represent hot carrier, equilibrium, and phase segregation regime respectively. The solid cyan curve in (B) represent
the J–V at lattice temperature of 210 K and compared to equivalent temperature of 207 K in dotted cyan at 47 sun.
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This transition from equilibrium behavior (yellow shaded) to a

regime where material decomposition begins to dominate (gray

shaded) is also reflected in the PV parameters at 295 K at higher

fluence (see Figure 5F). Specifically, at lower fluences (yellow, pink),

there is a simultaneous increase in Voc and Jsc with increased photon

flux—as expected in a PV device. However, as the power exceeds

�3100 mW/cm2, the effects of halide segregation become visible in

the PL spectra, and a simultaneous reduction in both Voc and Jsc

occurs, reflecting the increased role of defects and non-radiative

channels as halide segregation proceeds under the highest laser

fluences (gray) at 295 K.

While the degradation of the perovskite film complicates/limits

the assessment of hot carriers at the highest powers (shaded gray) at

ambient conditions here, the presence of a regime dominated by

halide segregation and the known photoinduced degradation (shaded

gray) of perovskites independent of the regime in which evidence of

nonequilibrium carriers (shaded pink) are present provides strong

support for the conclusions of this work, since these regimes are

clearly distinguished. This is facilitated by the stability of FA0.8Cs0.2P-

bI2.4Br0.6Cl0.02 under investigation that allows high power excitation

and thermal cycling without irreversible degradation of the devices.36

In summary, evidence of hot carrier effects are presented in a

FA0.8Cs0.2PbI2.4Br0.6Cl0.02 solar cell at a range of lattice temperatures,

effects that are independent and distinct to those of halide segrega-

tion or degradation of devices under high fluence excitation in excess

of 50 suns equivalent. The effects of thermionic emission of hot

carriers and the presence of a nonequilibrium carrier distribution are

also shown to be distinct from simple lattice heating. This results in

large unsaturated photocurrents at high powers as the Fermi distribu-

tion exceeds that of the heterointerface controlling carrier transport

and rectification.

Although these measurements support previous spectroscopic

measurements that demonstrate inhibited hot carrier thermalization

in perovskites, and hot carrier effects are observed in the operation of

the solar cell, enhanced power conversion efficiency and demonstra-

tion of hot carrier solar cell operation is not realized. While there is

evidence of hot carrier extraction, the carriers cool in the contacts,

resulting in a Voc that is determined by the band gap of the perovskite

absorber rather than the hot carrier distribution.

Notably, this is not a priori a limitation toward a perovskite-based

HCSC; however, due to the robustness of the overall design, it has

proven to be suitable for proof of principle hot carrier effects. To

achieve the realization of a perovskite-based HCSC would require an

architecture designed specifically for energy selective extraction of

the hot carriers and contacts that are degenerate with the hot carrier

distribution for the proposed enhanced Voc.
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