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SUMMARY

Suitable optoelectronic properties of lead halide perovskites make
these materials interesting semiconductors for many applications.
Toxic lead can be substituted by combining monovalent and triva-
lent cations, such as in Cs2AgBiBr6. However, efficiencies of
Cs2AgBiBr6-based photovoltaics are still modest. To elucidate the
loss mechanisms, in this report, we investigate charge dynamics in
Cs2AgBiBr6 films by double-pulse excitation time-resolved micro-
wave conductivity (DPE-TRMC). By exciting the sample with two
laser pulses with identical wavelengths, we found a clear photocon-
ductance enhancement induced by the second pulse even 30 ms
after the first laser pulse. Modeling the DPE-TRMC results, comple-
mented by photoluminescence and transient absorption, we reveal
the presence of deep emissive electron traps, while shallow hole
trapping is responsible for the long-lived transient absorption
signals. These long-lived carriers offer interesting possibilities for
X-ray detectors or photocatalysis. The DPE-TRMC methodology
offers unique insight into the times involved in charge trapping
and depopulation in Cs2AgBiBr6.

INTRODUCTION

Since their discovery as versatile semiconductors for photovoltaic applications, perov-

skite materials, with the general formula ABX3, have been intensively studied. Tuning

of their opto-electronic properties make it possible to reach remarkable power conver-

sion efficiencies, currently topping out at 25.6%,1 in roughly a decade of development.

However, a rising concern regarding the use of lead in the photoactive layer has pushed

research into lead-free alternative candidates. Attempts have been made to substitute

the bivalent Pb2+ with alkaline metals2,3 and homovalent Sn2+ or Ge2+. Unfortunately,

devices made with these elements show lower performances compared to their Pb an-

alogs, and fast degradation.4–7 Nonetheless, impressive efficiencies have been recently

obtained with mixed Pb/Sn-based perovskites, despite the fast oxidation of the metal

into Sn4+.8,9 Thanks to the flexibility of the perovskite structure also double-metal

A2B0B00X6 perovskites can be synthesized. In these materials, the Pb2+ is replaced by a

monovalent, B0, and a trivalent, B00, metal, present in the structure in an alternate fashion.

Among them, Cs2AgBiBr6 is one of the most studied candidates, not only for photovol-

taic applications but also for X-ray detection and photocatalysis.10–15 This material can

be synthetized via solution processes as well as by thermal evaporation.13,16–18 At room

temperature, it is present in its cubic phase, and shown to be thermodynamically more

stable than lead-based perovskites.13,17 However, power conversion efficiencies (PCEs)

of devices based on double-metal perovskites are still below 3%.13,17 The high and
Cell Reports Physical Science 3, 101055, October 19, 2022 ª 2022 The Author(s).
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indirect nature of its band gap, higher density of trap states, and lower charge carrier

mobilities compared to Pb-based perovskite, have been argued as limiting factors of

the performance in devices.19

Recent studies have shown that the strong electron-phonon coupling in Cs2AgBiBr6,

even stronger than in the commonly applied and studied methylammonium lead

iodide (MAPbI3), could lead to self-trapping of the photoexcited charge carriers.20

In Cs2AgBiBr6, self-trapping has been described as result of the formation of po-

larons, color centers, or even possibly self-trapped excitons.20,21 Any of these pro-

cesses could also be linked to the largely shifted and broad photoluminescence

(PL) emission measured from Cs2AgBiBr6 samples.20,21 Furthermore, a recent study

by Wright et al. showed an ultrafast charge carrier trapping process (1 ps timescale)

into localized states.21 In contrast to such ultrafast dynamics in thin films, other

reports have shown the presence of microsecond long-lived photoactive species

by time-resolved photoluminescence (TRPL), transient absorption (TA), and time-

resolved microwave conductivity (TRMC) measurements in powders and crys-

tals.16,22–24 To obtain a more complete model describing the photophysical

processes in Cs2AgBiBr6, an in-depth study of the impact of these long-lived species

on the charge carrier dynamics in Cs2AgBiBr6 is necessary.

This work aims to provide insights into the nature of these states and their influence

on the charge carrier dynamics in Cs2AgBiBr6 thin films. To do so, we investigated

Cs2AgBiBr6 thin films by means of TRPL, TA measurements, and double-pulse exci-

tation-time-resolved microwave conductivity (DPE-TRMC), a new technique whose

working principle is detailed in the experimental procedures. Basically, in DPE-

TRMC the sample is illuminated by two laser pulses arriving with a short time delay.

By comparing the photoconductance traces induced by the second pulse in the

presence and absence of the first pulse, we are able to examine the effect of the

long-lived species on the charge carrier dynamics. For these experiments, we

used identical excitation wavelengths for both laser pulses but varying intensities

and delay times. Wemodeled the results introducing a comprehensivemodel, which

accounts for the free carrier generation yield, localization of free carriers, electron

trapping by color centers, and shallow trap states for holes. The iterative analysis

of the DPE-TRMC experiments with different intensities and delay times reveals

the presence of a high concentration of both electron (1015 cm�3) and hole

(1016 cm�3) trap states. In addition, we show that both carriers are trapped

on sub-nanosecond timescales, while their depopulation occurs over tens of micro-

seconds. Furthermore, we observe a higher mobility for holes compared to elec-

trons, which amount to 5 and 0.01 cm2/(Vs), respectively, in agreement with

the imbalance in their effective masses.15,25 Localization of holes causes an effective

loss in mobility for the holes, dropping to approximately 1.7 cm2/(Vs), while no effect

can be discerned for the electrons. Knowing these kinetic parameters allows us to

predict the charge carrier dynamics under AM 1.5, explaining the solar cell perfor-

mance. Our newly developed DPE-TRMC methodology gives direct insight into

the timescales involved with population and depopulation of the various trap states

in Cs2AgBiBr6, essential for the design of more efficient devices.
RESULTS AND DISCUSSION

Perovskite synthesis and characterization

Cs2AgBiBr6 thin films of approximately 150 nm were prepared by spin-coating a

0.5-M solution of the precursor powders in DMSO onto a quartz (for TRPL and

TRMC) or borosilicate (for TA) substrate, as detailed in Note S1. We confirmed the
2 Cell Reports Physical Science 3, 101055, October 19, 2022



Figure 1. Cs2AgBiBr6 double-metal perovskite

(A and B) (A) General A2B
0B00X6 perovskite structure, where purple and gray indicate the B0 and B00

ions and respective octahedra. In (B), the fraction of absorbed light (FA in purple) and

photoluminescence (PL in pink) spectra are shown for the Cs2AgBiBr6 analyzed in this study. The

excitation wavelengths for the main DPE-TRMC experiments are indicated by the black arrows.

ll
OPEN ACCESSArticle
formation of the desired cubic phase, whose structure is schematically depicted in

Figure 1A by X-ray diffraction measurements (Note S2 and Figure S1A). Scanning

electron microscopy (SEM) imaging (Note S2 and Figure S1B) revealed a smooth

and homogeneous coverage of the substrate, with grain sizes varying from 100

to 400 nm. From absorption measurements we found an indirect and a direct

band gap at 2.57 and 3.05 eV, respectively, in line with previously reported

values.20,26 The fraction of absorbed light, FA, and PL are shown in Figure 1B in pur-

ple (left axis) and pink (right axis), respectively. Transmission and reflection spectra

as well as temperature-dependent absorption and PL are provided in Note S3 and

Figures S2 and S3, respectively. The large Stokes shift observed for the PL has

been associated with the radiative emission of electrons in color centers back to

the valence band. Color centers are optically active anionic vacancies that are

formed in Cs2AgBiBr6 under common synthesis conditions.27,28
DPE-TRMC

The DPE-TRMC results for 445–445 nm double excitation (above the band-gap exci-

tation) are shown in Figure 2A. The red TRMC trace in the upper panel corresponds

to the photoconductance trace, DG1, generated using a single laser pulse at t = 0

with intensity I1. The orange trace, labeled withDG2, is induced by a single excitation

at a delay time, tD= 500 ns with intensity I2. Both types of excitations were performed

at 445 nm (2.79 eV). As the excitation intensities of I1 and I2 are very close, the

recorded DG1 and DG2 traces present similar kinetics and magnitudes. Since the

photoconductivity of a material, DG, is proportional to the number of charge carriers

and their mobilities, the observed rapid decay of the signal indicates swift recombi-

nation and/or immobilization of charge carriers. The measured lifetimes are in line

with what has been previously reported regarding the fast trapping and recombina-

tion in Cs2AgBiBr6 perovskites.21,23,29 Figure 2A shows, in green, the DPE-TRMC

signal, DGDPE induced by excitation using two subsequent laser pulses with a delay

of 500 ns. The DGDPE signal shows how both laser pulses lead to two distinct signals.

Interestingly, the second photoconductance signal in the DGDPE trace is clearly

larger than DG2, although identical laser intensities are used. The difference is

even more clear after subtracting DG1 and DG2 from DGDPE, as shown in blue in

the lower part of panel A and denoted as DGChange. A sizable increment of the signal

of approximately 10% induced by the second laser pulse is observed in the specific

case of Figure 2A. This procedure has been repeated for multiple delay times, and

the results (DGChange) are plotted as a function of different delay times in Figure 2B.
Cell Reports Physical Science 3, 101055, October 19, 2022 3



Figure 2. DPE-TRMC measurements

(A–F) (A) Cs2AgBiBr6 upon 445–445 nm double-pulsed excitation, (C) Cs2AgBiBr6 upon 550–550 nm pulsed excitation, and (E) MAPbI3 upon 650–650 nm

pulsed excitation. The red lines correspond to the traces obtained by the first pulse excitation only, the orange from the second, and the green a

combination of the 2. The blue traces, DGChange, are the DPE-TRMC signals corrected for both first and second excitations. (B, D, and F) Corrected DPE-

TRMC signals obtained at different delay times ranging from 0 ns to 30 ms for Cs2AgBiBr6 and MAPbI3. Cs2AgBiBr6 measurements have been performed

using 1.4 3 1013 photons/cm2 per pulse at 445 nm and 1.2 3 1014 photons/cm2 at 550 nm, while a lower intensity of 2.6 3 1012 photons/cm2 per pulse has

been used for MAPbI3.
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From here, we can conclude that the presence of the first laser pulse leads to an

enhancement of the photoconductance generated by the second pulse even up

to delay times of 30 ms. Note that this enhanced photoconductance is not related

to a rise in photoinduced absorption, since TA measurements display a strong

bleach at 445 nm. Instead, it seems that the increase is due to non-mobile photo-

physical products, that are still present 30 ms after the first laser pulse.
4 Cell Reports Physical Science 3, 101055, October 19, 2022
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The above measurements are conducted in a resonant microwave cell, which has

a response time of 18 ns. To further investigate the photoconductance enhancement

at short delay times (tD = 50–100 ns), we have also performed DPE-TRMC in a non-

resonant TRMC cell, which has a response time of approximately 1 ns. The results,

presented in Note S4 and Figure S4A, show how the positive effect of the first pulse

on the photoconductance at short delay times is counteracted by a negative

‘‘bleaching’’ of the TRMC signal. Similar to TA measurements, a bleaching of the

TRMC signal could be due to a reduced charge carrier population in the band

edge states for the second excitation. Furthermore, the excess charges induced

by the first pulse will lead to an enhancement of second-order recombination

processes, which would lower the magnitude of the DPE-TRMC signal at short delay

times.

To investigate whether the enhancement is related to a specific excitation wave-

length, we also performed DPE-TRMC experiments exciting close to the band

edges, at 550–550 nm (note that here, I2 is almost two times larger than I1). The re-

sults are shown in Figures 2C and 2D. Despite the fact that the signal heights of DG1,

DG2, DGDPE, and DGChange are much smaller due to the reduced optical absorption,

remarkable similarities with those obtained at 445–445 nm are found. Although we

cannot completely exclude some band tail absorption by the indirect band gap, the

presence of a substantial PL intensity at 550 nm wavelength suggests that excitation

at this wavelength can be related to the excitation of electrons to the optically active

color centers. This optical process leads to the presence of mobile holes in the

valence band, obviously giving rise to similar photophysical products as for excita-

tions at 445 nm, explaining the similar observations for our DPE-TRMC experiments.

In sharp contrast to Cs2AgBiBr6, we observed negative DGChange signals for other

perovskites, such as methylammonium lead iodide (MAPbI3). A direct comparison

between Cs2AgBiBr6 and MAPbI3 can be made by comparing Figure 2A with 2e

for a 500-ns delay time, and 2b with 2f for a complete overview of the DGChange sig-

nals as a function of varying delay times. From Figure 2F, it is evident there is a clear

match of the single-pulse photoconductance decay and the decreasing trend of the

maxima of the DGChange signals. We link this behavior to the decreased charge car-

rier population in the band edge states and enhanced second-order recombination.

This behavior can be observed for >1 ms, after which the DGChange signal is

completely reduced to zero. This means that for longer tD values, the second excita-

tion leads to identical results in both single and DPE modes. Similar results are ob-

tained for the triple cation, lead halide perovskites as shown in Note S5 and Fig-

ure S5. Although the charge carrier decay times are much slower than that of

MAPbI3, we observe negative DGChange signals independent of the delay time.

Most important, this is not the case for Cs2AgBiBr6; even after tens of microseconds

after the microwave signal of the first pulse, the DGDPE signal induced by the second

laser pulse is higher than DG2 only. To highlight the unicity of these results in

Cs2AgBiBr6, we performed additional measurements on a sample containing a small

fraction of antimony, namely Cs2AgBi0.8Sb0.2Br6. The characterization and DPE-

TRMC results can be found in Note S6 and Figure S6. As for MAPbI3, the DGChange

of Cs2AgBi0.8Sb0.2Br6 is negative at all of the investigated delay times, and the max-

ima of theDGChange as a function of the delay times follow the decay trend of theDG2

signal without a first pulse.

Modeling

Multiple phenomena could be responsible for an enhanced photoconductance dur-

ing a DPE-TRMC experiment, such as (1) an increased absorption, (2) release of
Cell Reports Physical Science 3, 101055, October 19, 2022 5



Scheme 1. Schematic representation of the main kinetic processes and rate constants included in

the TRMC and DPE-TRMC modeling

4G0 represents the charge carrier generation term. Following generation, sub-nanosecond

localization occurs, the effects of which can be mainly observed on the holes. This process

proceeds with a specific rate constant, kloc (blue). Electrons can be trapped into deep trap states,

the so-called color centers (CCs), and from there recombine with holes in the valence band (green

process). Trapped holes can either recombine with free electrons (orange process) or escape from

shallow trapping by thermal excitation (purple arrow). Second-order band-to-band recombination

is shown in black.
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trapped electrons/holes, (3) increase in the temperature of the Cs2AgBiBr6 layer,

and/or (4) a higher yield of free mobile carriers due to the partial saturation of trap

states by the first laser pulse. The first hypothesis (i.e., an increased absorption) is

invalidated by the observation that the optical absorption is reduced (i.e., bleached)

at 445 nm by TAmeasurements on Cs2AgBiBr6.
30 A release of trapped carriers by the

second pulse could also lead to an enhancement of the photoconductance in a DPE-

TRMC measurement. We disprove this hypothesis by performing DPE-TRMC mea-

surements with a first excitation at 445 nm (above the band gap), followed by an

intense 600 nm (below the band gap) pulse. Since deep traps have energy levels

within the band gap of the material (i.e., broad PL is observed between 500 and

700 nm), a second 600-nm excitation should provide sufficient energy to release

trapped carriers. If de-trapping would occur, the DGDPE signal would be expected

to show changes in magnitude (increase) and in decay kinetics due to the presence

of a higher concentration of mobile carriers. However, we did not observe evidence

of such a process, as shown in Note S4 and Figure S4B. Here, DGChange is equal to

zero at all delay times, indicating that no release of trapped carriers was induced

by the second 600-nm laser pulse. As such, the DPE-TRMC trace is identical to the

sum ofDG1 andDG2 traces. Furthermore, we can exclude an increase in temperature

as a possible explanation for the enhanced photoconductance as demonstrated in

the supplemental note in Note S7 and Figure S7.

Having excluded options (1), (2) and (3), we postulate a higher yield of free mobile

carriers, due to relatively less trapping within the response time, since the traps

are still populated from the first pulse. To verify this, we modeled the DPE-TRMC

traces, with a kinetic model accounting for fast localization of carriers, electron trap-

ping into color centers, and shallow hole trapping. All of these processes, schemat-

ically represented in Scheme 1, have been separately observed in previous
Table 1. Fitting parameters for the Cs2AgBiBr6 sample analyzed in this study

kloc (s
�1) k2 (cm

3/s) NT,CC (cm�3) kT,CC (cm3/s) kD,CC (cm3/s) NT,h (cm
�3) kT,h (cm

3/s) kD,h (cm
3/s) kS,h (s

�1)

1.0 3 109a 5.0 3 10�11 2.0 3 1015 5.0 3 10�8 6.0 3 10�9 1.2 3 1016 6.5 3 10�7 9.0 3 10�11 5.0 3 105

aAt the highest intensity of I1, a 3-times higher localization rate is used.

6 Cell Reports Physical Science 3, 101055, October 19, 2022
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studies.20,21,23 We used a set of coupled differential equations (Equations 1, 2, 3, 4,

and 5) to model the concentration of carriers in the different states. Namely, ne is the

time-dependent electron concentration in the conduction band, nh,deloc and nh,loc
represent the hole concentrations before and after localization, and nT,CC and nT,h
are the electron and hole concentrations in their corresponding trap states. Electron

localization has been excluded since it led to no effective change in either mobility or

decay kinetics. The charge carrier generation term, G’, accounts for the intensity, I,

and the temporal profile of the laser pulse. Since the exciton binding energy in

Cs2AgBiBr6 is appreciable,15 the excitation intensities were corrected for the free

carrier generation yield, 4 (i.e., the number of free carriers over the total number

of excitations). As further discussed and detailed in the supplemental information,

this yield has been derived from the fittings to the experimental data points and

related to the exciton binding energy with the help of the Saha model. In the

following discussion, G0
1 is used as generation term of DG1, G0

2 for DG2, and G0
1+ 2

for DGDPE. As shown in Scheme 1, the trapping and de-trapping rate constants

are kT and kD, respectively, while the localization rate constant is kloc. Lastly, kS,h is

the de-trapping rate constant accounting for the release of holes back into the

valence band. To facilitate the visualization, the same color scheme adopted for

the processes in Scheme 1 is used in the equations:

dne

dt
= 4G0 � k2neðnh;deloc + nh;locÞ � kT ;CCðNT ;CC � nT ;CCÞne � kD;hnT ;hne

(Equation 1)
dnh;deloc

dt
= 4G0 � klocnh;deloc � k2neðnh;deloc + nh;locÞ � kT ;hðNT ;h � nT ;hÞnh;deloc

(Equation 2)
dnh;loc

dt
= klocnh;deloc � k2neðnh;deloc + nh;locÞ � kD;CCnT ;CCnh;loc + kS;hnT ;h (Equation 3)
dnT ;CC

dt
= kT ;CCðNT ;CC � nT ;CCÞne � kD;CCnT ;CCnh;loc (Equation 4)
dnT ;h

dt
= kT ;hðNT ;h � nT ;hÞnh;deloc � kD;hnT ;hne � kS;hnT ;h (Equation 5)

For the fitting of the DPE-TRMC signals, we multiplied the calculated concentration

curves with their mobility values, m, according to

DG = ebL
�
neme + nh;delocmh;deloc + nh;locmh;loc

�
(Equation 6)

where e is the elementary charge, b is a waveguide geometrical factor, and L is the

sample thickness. On the basis of the different electron and hole effective masses in

Cs2AgBiBr6, a major hole contribution to the DG signal magnitude is expected.15

A hole mobility of 5 cm2/(Vs) was estimated from the model for the non-localized

holes, quickly reducing to 1.7 cm2/(Vs), in agreement with the sub-nanosecond

process reported by Wright et al.,21 while the electron mobility is very low, approx-

imately 0.01 cm2/(Vs). Despite the negligible contribution of the electrons to the

photoconductance signal (as per Equation 6), their concentration has a strong

impact on the observed decay kinetics.

The profiles G0
1, G

0
2 and G0

1+ 2 for G’ in Equations 1 and 2 have been constructed on

the basis of the temporal profile and intensities, I1 and I2, of both laser pulses. The

corresponding yields 4 of free carrier generation are calculated taking into account

the intensity of each laser pulse. Moreover, in case of G0
1+ 2, 42 has been determined
Cell Reports Physical Science 3, 101055, October 19, 2022 7



Figure 3. Experimental DPE-TRMC traces (solid lines) and corresponding fits (dashed lines) of

Cs2AgBiBr6
(A and B) In (A), DPE-TRMC traces at variable I1 and constant I2 with a fixed of tD=100 ns are

shown. In (B), traces are given for fixed laser intensities, but at tD = 600 ns and at tD = 3 ms at I2 of

2 3 1016 cm �3.
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accounting for the number of free carriers present at tD after the first excitation. The

kinetic parameters have been determined by iteratively fitting the DGDPE traces

recorded for a large variety of experiments with different intensities and delay times.

Ultimately, the model is able to fit the DPE-TRMC traces accurately using the corre-

sponding G0
1+ 2 generation profile, as shown in Figure 3. The fitting parameters are

reported in Table 1. In Figure 3A, tD has been set to 100 ns, at which delay we

recorded the maximum enhancement in photoconductance (see Figure 2B). Here,

the intensity of the first pulse, I1, has been varied from 0 to 1017 charges/cm3, while

the intensity of the second pulse, I2, is kept constant. As is clear from Figure 3A, the

higher I1, the larger the absolute rise in photoconductance upon the second pulse.

Furthermore, the magnitude of the enhancement decreases over time, as shown in

Figure 3B for tD = 600 ns and tD = 3 ms. Also, this aspect is included in our model as

clearly shown by the overlap between DPE-TRMC traces and our fits. For complete-

ness, we also show the TRMC traces using only a single laser pulse and

corresponding fits using the same model, showing decent overlap in Note S8 and

Figure S8. Thus, variation in delay time as well as variation in intensity as presented

in Figure 3 confirm the validity of our kinetic model, which clearly captures the main

kinetic processes in Cs2AgBiBr6. From the time-dependent concentrations of the

carriers in the different states (as described by Equations 1, 2, 3, 4, and 5), and

reported in Note S8 and Figure S9), we can draw some important conclusions. First,

as expected, the delocalized holes do not play a relevant role in the observed photo-

conductance, as they disappear within the response time of our measurements.

Nonetheless, their presence in the modeling is necessary, as hole trapping com-

petes with the localization process. Second, in contrast to the fast localization and

trapping, the de-trapping of both electrons and holes extends into the microsecond

regime. As shown in Note S8 and Figure S9B, both carriers remain trapped for

several microseconds after excitation. In conclusion, the slow de-trapping of local-

ized carriers in Cs2AgBiBr6 is the reason that, in a double-pulse experiment, the

second pulse yields a larger signal than in the absence of the first pulse. The fact

that the DPE-TRMC measurements on MAPbI3 show an opposite sign for DGChange,

independent of the delay time, implies that population of trap states induced by the

first pulse is not prevailing.

In previous TRMC studies we have reported the presence of relatively high concen-

trations of trap states (1016–1017 cm�3) for both electrons and holes.23,29 With our

new model and iterative analysis of the DPE-TRMC traces at different intensities

and delay times, we are now able to quantify these concentrations more accurately
8 Cell Reports Physical Science 3, 101055, October 19, 2022



Figure 4. Intensity-dependent DPE-TRMC enhancement

Plot of the I2 normalized maximum DGCor values versus excitation density, n induced by I2. The

vertical axis is a measure of the 4Sm product. The intensity of the first pulse increases from red

(I1 = 0) to blue (I1 = 4 3 1011 photons/cm2 pulse). The delay time was kept constant at tD = 100 ns.

The dashed lines have been simulated for different I1 over a broader range of I2. We note that the

lowest I1 and I2 experimental points (i.e., red and orange), at n = 6 3 1015 cm�3, are affected by poor

signal-to-noise ratio. For this reason, the specific point at I1 = 0 is not shown in the graph.
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and, more important, obtain insights regarding the depopulation times. To quantify

the trap densities in more detail, we performed DPE-TRMC measurements with

various intensities of the first and second pulse but keeping tD constant at 100 ns.

To study the changes induced by the first pulse on the second excitation, we sub-

tracted DG1, from the DGDPE signal.

DGCor = DGDPE � DG1 (Equation 7)

Next, the maximum values of DGCor were normalized for the incident intensity of the

second laser pulse, I2, yielding the product of the free carrier generation yield, 4, and

the sum of electron and hole mobilities, Sm, according to

4
X

m =
DGCor ;MAX

ebI2FA
; (Equation 8)

and these values are plotted in Figure 4. From Figure 4, we can observe that with

I1 = 0, the intensity normalized photoconductance maxima initially increase with

higher I2, showing a maximum at I2 = 7 3 1016 cm�3, followed by a decrease. We

have previously observed such behavior, and this was explained by a dominant

trap filling process at low photon fluences, while at higher intensities, higher order

recombination prevails.29 Adding to this, it must be noted that the yield of free car-

rier generation, 4, is strongly intensity dependent. As shown in Note S9 and

Figure S10B, for exciton bindings energies in the range of 100–200 meV, 4 can

decrease more than a factor of 4 in the intensity range analyzed.

By stepwise increasing I1 up to 2 3 1017 cm�3 and keeping tD = 100 ns, the trap filling

process gradually disappears. The 4Sm values obtained for maximum I1 follow themore

commonly observed intensity-dependent behavior we reported for several lead-con-

taining perovskite thin films, (i.e., lower values with higher intensities due to enhanced

higher order recombination during the response time of our measurements).31 Since

holes are the major contributors to the observed photoconductance signals, we

conclude that the first laser pulse leads to the rapid population of hole traps. The higher

the occupation level of these states, the higher the increase in the second laser pulse.

The highest product of 4Sm is approximately 0.35 cm2/(Vs) (as visible from the blue

points in Figure 4). Since the hole mobility was found to amount to 1.7 cm2/(Vs), this
Cell Reports Physical Science 3, 101055, October 19, 2022 9



Figure 5. Comparison with TRPL and TA

(A) Comparison of the experimental (red) and simulated (black and green) TRPL signals. The

simulation has been done using the same kinetic parameters derived from DPE-TRMC

measurements at an excitation intensity of approximately 4 3 1016 cm�3.

(B) Normalized DPE-TRMC DGChange,MAX/DG2,MAX (blue), transient absorption (green), and open

cell TRMC (black) traces. The DPE-TRMC results have been normalized, accounting for the

bleaching effect at tD = 0 ns.

ll
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translates into a free carrier generation yield of approximately 24% at room temperature

at the lowest intensity of I2. As shown inNote S9 and Figure S10A, this implies an exciton

binding energy of approximately 120–130 meV, in the range of previously reported

values.15,32,33 However, it is important to highlight that during the fitting procedure,

both the mobility and 4 values have been treated as variables. The found values were

obtained only after iterative fittings with different laser intensities and delay times, as

described in the above discussion.

Verification with time-resolved PL and TA

To corroborate our observations and kinetic model, additional TRPL measurements

were performed using a TRPL system using an excitation wavelength of 405 nm

(red trace in Figure 5A). In agreement with previous studies, a fast initial decay

with a long-lived tail is observed.22 We simulated the TRPL signal, applying our ki-

netic model with the rate constants mentioned in Table 1 and using a G’ profile

that represents the laser pulse with 80 ps full width at half-maximum (FWHM) and in-

tensity used for the TRPL measurements. The simulations have been performed ac-

counting for second-order band-to-band recombination and emission from color

centers. The normalized results are shown in Figure 5A. As can be seen, the simula-

tion reveals the presence of a fast initial decay that originates from the recombination

of free electrons with delocalized holes (black). However, based on the similarities in

decay kinetics on longer timescales and relative magnitudes of the simulated inten-

sities (see Note S10 and Figure S11), both second-order recombination and trap-as-

sisted recombination are expected to contribute to the observed long-living TRPL

signals.

Moreover, we performed TA measurements and compared the decay kinetics of

the TA signal with the DPE-TRMC results. In previous work, we performed a comple-

mentary TA/TRMC analysis that revealed the pathways leading to mobility losses in

Cs2AgBiBr6.
30 In the present study, we focus on the charge carrier dynamics and life-

times revealed by the two techniques. Following a similar procedure as in the anal-

ysis of TA absorption data, we normalized the maxima of DGChange by the photocon-

ductance maxima of DG2. The normalized DPE-TRMC trend at different delay times

(blue dots, cavity), the single-pulse TRMC trace (black line, open cell) and TA data

(green line) are shown in Figure 5B. Furthermore, we accounted for the ‘‘bleaching’’

effect on the DPE-TRMC signal at tD = 0 ns. Most interestingly, the lifetime of the TA
10 Cell Reports Physical Science 3, 101055, October 19, 2022



Table 2. Simulation results of the percentage contributions of the localization, second-order

recombination, and trapping processes under continuous illumination. The saturation

percentages of the electrons, NT,CC, and holes, NT,h, trap states are also reported.

0.01 suns 0.1 suns 0.5 suns 1 sun 10 suns

Second order, % 0.001 0.001 0.002 0.002 0.003

e� trapping, % >99.99 >99.99 >99.99 >99.99 >99.99

NT,CC saturation, % 0.80 1.93 2.68 3.32 6.73

h+ localization, % 27.78 27.79 27.81 27.86 27.90

h+ trapping, % 72.22 72.21 72.19 72.14 72.10

NT,h saturation, % 0.02 0.08 0.14 0.20 0.61
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signal matches the data of the DPE-TRMC results very well. Hence, we conclude that

the long-lived trapped charges are responsible for the observed TA and DPE-TRMC

signals. Since the mobile carriers are rapidly lost, the microsecond lifetimes can only

originate by the slow release of holes from trap states close to the valence band

(purple process in Scheme 1 proceeding with a rate constant of 1 3 105 s�1).

Accounting for the thermodynamic stability of the different defect states in

Cs2AgBiBr6 reported in theoretical studies,27,28 we speculate that the observed

behavior can be caused by either silver vacancies (VAg) and/or silver-bismuth anti-

sites (AgBi). The fact that the same trend is not observed on partial substitution of

Bi with Sb can be related to a change in electronic structure and defect stability

induced by the substitution.
Extrapolation to solar light

Lastly, by substituting G’ in Equations 1 and 2 with a continuous illumination profile

corresponding to AM 1.5, we can extrapolate the charge carrier concentrations on

solar illumination.34 For the calculations, the spectral photon flux has been corrected

for the fraction of absorbed light for the Cs2AgBiBr6 thin film (details can be found in

Note S11 and Figure S12). The time-dependent charge carrier concentrations

on continuous illumination are reported in Note S11 and Figure S13. A detailed anal-

ysis of the processes over a broad range of intensities (i.e., 0.01–10 suns) reveals that

upon continuous illumination, almost all of the electrons (>99.9%) decay via trap-as-

sisted recombination. This results in extremely low free electron densities once the

equilibrium is reached (see Note S11 and Figure S13). The evident dominance

of trap-assisted electron recombination over the second order process during

continuous illumination further supports the hypothesis that color center emission

is responsible for the steady-state PL spectral features. For the positive charge car-

riers, the localization process is in competition with shallow trapping, yielding to a

relatively low percentage of localized but mobile holes (approximately 28%), while

the majority is rapidly trapped (approximately 72%). The relative contribution per-

centages are summarized in Table 2 at different illumination conditions. This analysis

also reveals that under AM 1.5 or even 10 suns, both electron and hole trap states in

Cs2AgBiBr6 do not saturate at all, despite the fact that charges remain trapped for

long periods. The immobilization and loss of carriers via trap-assisted recombination

is strongly detrimental for the performance of photovoltaic devices. However, long-

lived charges in surface states may be beneficial for other applications such as pho-

tocatalysis or lasing.

To conclude, in this study we have performed extensive time-resolved measure-

ments to reveal the complex charge carrier dynamics in Cs2AgBiBr6 thin films. We

developed a new method, DPE-TRMC. By exciting the sample with two laser pulses,

we obtain unprecedented detailed information regarding charge trapping and the
Cell Reports Physical Science 3, 101055, October 19, 2022 11
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corresponding depopulation process in Cs2AgBiBr6. Although single-pulse TRMC

experiments show that all mobile charges decay within 50 ns, we found that the sec-

ond pulse led to an enhanced photoconductance up to 30 ms after the first pulse.

Interestingly, this effect is only present when the energy of the second pulse exceeds

the band gap, meaning that this enhanced photoconductance is not related to trap

release. Instead, we attribute the relatively higher photoconductivity from the

second pulse to a higher yield of free charges, occurring as long as traps are popu-

lated from the first pulse. By using an intense first pulse, complete saturation of the

trap states can be accomplished, yielding maximal enhancement. For MAPbI3,

the opposite behavior is observed, demonstrating that population of trap states

by the first pulse is not prevailing, and other factors such as second-order recombi-

nation dominates. By varying wavelengths, intensities, and delay times, we obtain a

full picture of the (de-)population kinetics of defects in Cs2AgBiBr6. On analysis of all

of the data, a kinetic model is proposed to effectively capture the complex dynamics

of photoexcited charges in the films. From the corresponding signal height, we

derived a yield of 0.24, which concurs with an exciton binding energy of 120–130

meV. We found that electrons are rapidly trapped in color centers. Radiative emis-

sion of electrons from these color centers contributes to long-lived emission in

agreement with the TRPL results. In line with TA observations, we conclude that

holes are predominantly trapped in shallow states from which they release over

many microseconds. The trap-assisted recombination, effectively depleting the con-

centration of electrons in the conduction band, combined with the low hole mobility

(1.7 cm2/(Vs)) and shallow trapping, is expected to be a major drawback of

Cs2AgBiBr6 in photovoltaic devices. Despite these limitations, the long-lived charge

carriers in Cs2AgBiBr6 as observed in this work can offer a suitable, lead-free alterna-

tive for other applications, such as X-ray detectors or photocatalysis.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Dr.Ir. Tom J. Savnije: t.j.savenije@tudelft.nl.

Materials availability

The actual measured samples have partially degraded; however, detailed protocols

for sample preparation are available.

Data and code availability

The most relevant data have been reported in the document and in the supple-

mental information. Additional data (different intensities and excitation wave-

lengths) and raw file are available on request.

Characterization

In this study, we performed DPE-TRMC measurements to investigate charge carrier

dynamics in Cs2AgBiBr6 thin films. This technique, analogous to the TRMC that we

previously applied in several studies, some of which on Cs2AgBiBr6,
23,29 relies on

the interaction of the photoexcited carriers with microwaves. As a result of photoex-

citation, free charge carriers will be generated inside the material. The interaction of

such free carriers with microwaves leads to a reduction in the microwave power.

The normalized power charge can be converted into a photoconductance signal

given as:31

DPðtÞ
P

= � KDGðtÞ (Equation 9)
12 Cell Reports Physical Science 3, 101055, October 19, 2022
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Scheme 2. Schematic representation of microwave conductance setup for single-pulse TRMC

(only 1 laser active), and DPE-TRMC (with 2 lasers)

The lasers are simultaneously exciting the samples from the same direction with the help of a

semitransparent mirror.

ll
OPEN ACCESSArticle
In Equation 9, P represents the microwave power, K is a predetermined sensitivity

factor, and DG is the change in photoconductance. While ordinary TRMC is carried

out with a single laser pulse, DPE-TRMC makes use of two laser pulses, delayed by

means of a digital delay generator. The temporal (3.5 ns FWHM) and spatial shape of

both laser pulses are very similar. A schematic representation of the setup is shown in

Scheme 2. The delay times, tD, can be varied from 0 ns to >30 ms. DPE-TRMC pro-

vides unique insight into how photoexcited species generated by the first pulse

affect the yield and dynamics of carriers induced by the second pulse.

Complementarily, TAmeasurements were performed using an EOSmultichannel pump

probe TA spectrometer (Ultrafast Systems LLC). The third harmonic (355 nm) of a

Nd:YAG laser (1,064 nm, 650 ps FWHM pulse duration, 1 kHZ) was used as the excita-

tion source. Laser pulses with an energy of 4.5 mJ were focused to a spot size of 33 10�4

cm�2, corresponding to a fluence of 2.7 3 1016 photons cm�2 per pulse. The probe

pulse was generated using a LEUKOS super-continuum light source (200–2,400 nm,

200 mW, <1 ns) operating at 2 kHz. The white light is split into a probe and a reference

beam, which is used to correct for fluctuations in the probe intensity. The reference and

probe beam transmission spectra are both detected using a fiberoptics coupled multi-

channel spectrometer with a complementary metal oxide semiconductor (CMOS)

sensor (spectral resolution of 1.5 nm).

Time-resolved PL has been performed with an Edinburgh Instrument LifeSpec-ps

spectrometer. The sample was excited at 404 nm by a Hamamatsu C8898 pico-

second pulsed laser diode (repetition frequency 200 kHz, intensity 6 3 1011 pho-

tons/cm2).
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