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Abstract

We explore the application of excitation correlation spectroscopy to detect nonlinear
photophysical dynamics in two distinct semiconductor classes through time-integrated
photoluminescence and photocurrent measurements. In this experiment, two variably
delayed femtosecond pulses excite the semiconductor, and the time-integrated photo-
luminescence or photocurrent component arising from the nonlinear dynamics of the
populations induced by each pulse is measured as a function of inter-pulse delay by
phase-sensitive detection with a lock-in amplifier. We focus on two limiting materi-
als systems with contrasting optical properties: a prototypical lead-halide perovskite
(LHP) solar cell, in which primary photoexcitations are charge photocarriers, and a
single-component organic-semiconductor diode, which features Frenkel excitons as pri-
mary photoexcitations. The photoexcitation dynamics perceived by the two detection
schemes in these contrasting systems are distinct. Nonlinear-dynamic contributions in
the photoluminescence detection scheme arise from contributions to radiative recom-
bination in both materials systems, while photocurrent arises directly in the LHP but
indirectly following exciton dissociation in the organic system. Consequently, the basic
photophysics of the two systems are reflected differently when comparing measurements
with the two detection schemes. Our results indicate that photoluminescence detec-
tion in the LHP system provides valuable information about trap-assisted and Auger
recombination processes, but that these processes are convoluted in a non-trivial way
in the photocurrent response and are therefore difficult to differentiate. In contrast,
the organic-semiconductor system exhibits more directly correlated responses in the
nonlinear photoluminescence and photocurrent measurements, as charge carriers are
secondary excitations only generated through exciton dissociation processes. We pro-
pose that bimolecular annihilation pathways mainly contribute to the generation of
charge carriers in single-component organic semiconductor devices. Overall, our work
highlights the utility of excitation correlation spectroscopy in modern semiconductor
materials research, particularly in the analysis of nonlinear photophysical processes,

which are deterministic for their electronic and optical properties.



Introduction

Probing photoexcitation dynamics is a cornerstone of materials characterization in optoelec-
tronics. Photoexcitations may undergo radiative recombination, defect trapping/detrapping,
and high-order processes such as bimolecular and Auger recombination, among others. These
recombination dynamics often give rise to a nonlinear response with respect to photoexcita-
tion density, and in turn, they can be determined by resolving time-dependent populations.
Researchers commonly probe the nonlinear response using intensity-dependent (i) steady-
state photoluminescence and photocurrent experiments, in which a deviation of the signal
S(I) from a linear response, S(I) oc I* is observed,! (ii) time-resolved photoluminescence®
or (iii) transient absorption spectroscopies.*® However, delimiting the distinct nonlinear
regimes can be ambiguous between these techniques, and may become complex as the sys-
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tem’s components increase. Originally described by von der Linde and Rosen,
correlation (EC) spectroscopy provides the means to characterize the nonlinear response
with great sensitivity as it is based on double amplitude modulation and phase-sensitive
detection. In addition, it maps the time evolution of nonlinear contributions. In EC spec-
troscopy, we amplitude-modulate two replica ultrafast pulses at frequencies £2; and €25, such
that demodulating at a reference frequency |21 + €| using lock-in detection isolates the
nonlinear component. EC spectroscopy has been widely used to characterize the carrier life-
times of several inorganic semiconductors.” ¥ Despite its utility, neither the organic nor the
lead halide perovskite (LHP) semiconductor community uses it as a routine technique. Only
recently, Srimath Kandada et al. employed it to describe the defect density and energetic
depth in CH;NH;PbBr, thin films and CsPbBr; nanocrystals.** The Moran group presented
a variation of the EC spectroscopy, utilizing a tunable narrow excitation wavelength to char-
acterize layered perovskite quantum-well structures.*>*" We have previously implemented
ECPL to describe defect states in mix-halide mix-cation metal halide perovskites. &4

In this article, we implement EC spectroscopy with both photoluminescence (PL) and

photocurrent (PC) detection to characterize the nonlinear response of two photodiodes, a



LHP in a solar cell, and an organic semiconductor single-component vertical diode. We
describe in detail the interpretation of EC signatures using simplified kinetic recombination
models that exemplify the class of nonlinear dynamics in these materials systems. First, we
discuss the typical photophysical processes that result in ECS signals for the case of LHP.
We show that trap-assisted and Auger recombination dominate the nonlinear response of
LHP devices in PL detection (ECPL) at low and high fluence, respectively. In PC detec-
tion (ECPC) the nonlinear components are due to bimolecular and Auger recombination,
however, these contributions cannot be easily distinguished with this detection scheme. We
also describe the photophysical scenario of the organic semiconductor diode leading to ECS
signal. In this case, where the primary excitation is a Frenkel exciton, and charge carriers
are not directly injected, ECPL and ECPC provide complementary information about the

population evolution of excitons and charges.

Results
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Figure 1: Schematic representation of the excitation correlation measurement. The photo-
luminescence signal is measured using a photodiode and the photocurrent is processed by
a current amplifier. Both signals are sent to the lock-in amplifier, which demodulates the
input signal at the fundamental of the two amplitude modulation reference waveforms with
frequencies 2; and €25, and at the sideband €2, + €25.



Nonlinear dynamics in lead-halide perovskites

We prepared inverted devices with a mixed-cation mixed-halide perovskite of composition
FA( 53Cs0 17Pb(I, 45Bry ;5)5 referred to in the text as Cs17Brl5, where FA™ refers to the
formamidinium cation. Fig. S1(a), in Supplementary Material, shows the linear absorption
and PL spectra of a Cs17Br15 film on ITO/MeO-2PACz. Our supplementary material and
previous work™ provide further details on the device structure and characterization. Briefly,
these films and fabrication procedures yield performance of around 15.90% power conversion
efficiency for the best devices. The external quantum efficiency (EQE) measurement is
shown in Fig. S2 in Supplementary Material. We emphasize that we perform both ECPL
and ECPC on completed device stacks, with typical PL quantum yields in the range of
0.8%. To perform ECPL and ECPC, we excite the sample with a 220 fs pulse with an energy
of 2.638eV and variable fluence between 1 and 40 uJ cm™2. A schematic representation of
the EC experiment is represented in Fig. |1, and more details about our implementation are
described in the appendix.

Because metal-halide hybrid perovskites are direct bandgap semiconductors, their re-
combination kinetics involve photocarriers undergoing second-order (bimolecular) radiative
recombination of electrons and holes, pseudo-first order radiative recombination of photo-
generated minority carriers with the majority carriers, first-order deep-trap assisted non-
radiative recombination, and third-order Auger recombination.??*2 These terms are well
described by equations [I], [2] and [3| where B is the bimolecular rate constant, -, the carrier
trapping rate constant, <, the trap recombination rate constant, and ya,g., the Auger re-
combination rate constant. Additionally, N; and n; correspond to empty and occupied trap
sites. The generation of electrons and holes is assumed to be direct, then their generation
populations are considered as initial conditions when solving the differential equations. Note
that we do not take into account non-geminate association and dissociation of excitons ex-

plicitly since it does not add a distinct recombination order, and additionally, excitons are
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Figure 2: Excitation correlation spectroscopy measurement of a prototypical Cs17Br15 de-
vice. (a) PL detected and (b) PC detected nonlinear response. In both cases, the pump
wavelength was 470 nm, and the fluence range is indicated in the false color axis.

not generated, nor stable at room temperature.23
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A distinct model assuming shallow donors has been used to describe CH;NH,PbBr,, ™ where
shallow traps dope the semiconductor. Based on this model, we expect to observe positive
subnanosecond dynamics due to fast trapping in shallow traps, accompanied by an increase
in the ECPL response as the excitation fluence increases. However, this model does not
apply to the Cs17Br15 devices in our study, as discussed below. The ECPL and ECPC
measurements are shown in Fig. [2a) and Fig. 2(b), respectively. The time traces show the

percentage of the nonlinear signal recovery as we scan the delay between the two pulses,



the symmetry between the negative and positive delays indicates that the pulses had a
comparable intensity. For the ECPL, At low fluence, we observe a nonlinear response with
slow dynamics. The magnitude of the nonlinear response decreases as the fluence increases
until it changes sign at the highest fluences. We rule out the shallow donor model as these
experimental signatures do not match the model’s prediction that Kandada et al. described
in Ref [14. The ECPL signal in Fig (a), shows two distinct regimes: at low fluence, a
slow positive trace, and at high fluence, a fast negative nonlinearity. In contrast, the ECPC
response, shown in Fig. (b), shows only negative contributions, with no change in the
sign of the signal as the fluence increases. To rationalize the information provided by each
technique, we interpret the EC measurements of LHPs in terms of the recombination model.
Equations and |3| do not have an analytical solution. However, by making a series of
assumptions described below we can understand the contributions of the specific processes

to the nonlinear photoluminescence and photocurrent.

Trap-Assisted Recombination

We follow the assumptions made by previous works on trap-assisted recombination.24

Specifically, we assume that we are working at low excitation density, such that Auger
recombination does not dominate and can be neglected. Additionally, in materials with low
PL quantum yield, as is the case for LHPs, nonradiative trap-assisted pathways typically
dominate the carrier recombination such that Bnp < +;/N;n. Consequently, there is an

approximate solution for the electron and hole densities, which reads as:

n(t) = n(0) exp(=Nit), (4)

p(t) = p(0) exp(—7y,mt). (5)

We will discuss first the case of ECPL. The detected PL is defined in equation [6] The

temporal function describing carriers generated by each pulse is assumed to be a delta



function. We then split the integral describing the total PL intensity in two: one term
considering the carriers photoexcited before the second pulse and another one with carriers
photoexcited after the second pulse. Here, ni(t) and p;(t) correspond to the evolution of
the carriers according to equations after the first pulse arrives, the initial conditions
are simply the carriers generated by the first pulse, n1(0) = p1(0) = ng. na(t) and po(t)
correspond to the evolution of the carriers after the second pulse. These carrier densities are
described with the same expression but with distinct initial conditions, ny(0) = ng + n1(7)

and py(0) = no + p1(7), as we need to consider residual carriers generated by the first pulse.

ITotal P, X /OT nq (t)pl (t)dt + /Oo ng(t — T)pg(t — T)dt (6)

After integrating equation@ and subtracting the individual pulse contributions (2n2), we ob-
tain the nonlinear component of the photoluminescence intensity (Iypy) given in equation .
Note that the nonlinear term has a positive value, as expected since trap-filling results in a
reduction of non-radiative decay pathways. We note that under these assumptions the Iypy,
follows the same decay as conventional time-resolved experiments. Experimentally, in the
ECPL measurements at low fluence shown in Fig. (a), we observe a slow decay rate, which
is not entirely captured in the time window of the experiment. This is consistent with equa-
tion [7] as the typical values for carriers’ lifetimes in LHPs are between the nanosecond and
microsecond range. The supplementary material shows the time-resolved photoluminescence

experiments in Fig. S3.
Inpr o< (exp(=7eViT) + exp(—y,mT)) - (7)

We performed a similar analysis for the case of photocurrent detection. The signal mea-
sured is defined by equation We ignore the spatial distribution of the carriers and the
extraction of carriers for the sake of simplicity. These assumptions affect the magnitude

of the nonlinear signal. We interpret the nonlinear photocurrent arising from carriers’ in-



teractions. The time-resolved PL (see Fig S3) indicates that the recombination kinetics in
open-circuit and short-circuit conditions are very similar. Therefore, we justify using the
same photophysical scenarios to interpret ECPL and ECPC. It is worth remembering that
in ECPC the time resolution arises from the delay between the pulse delays instead of from
the carrier device extraction. Consequently, we only need the device charge extraction to be

faster than the modulation frequency, which is the case by several orders of magnitude.

Tt pe /0 " (ma(t) + pr(6)) dt + / (ot — 1)+ palt — 7)) dt @)

Under the assumption that trap-assisted recombination dominates at low fluences, the inte-
grands correspond to the monoexponential decay equations . This is a linear function with
the excitation density, therefore the nonlinear photocurrent is zero. Trap-assisted recombina-
tion does not result in a nonlinear PC response, making ECPC insensitive to traps. However,
in the experimental ECPC measurements in Fig. (b), the nonlinear component at low flu-
ence is not zero, and it has a negative value. Therefore, as discussed below, higher-order
processes such as bimolecular recombination and Auger recombination must be responsible

for the observed nonlinear photocurrent.

Bimolecular Recombination

We now consider the case where bimolecular recombination is the dominant recombination
pathway. In the Supplementary Material, we show that if Bnp > ~,N;n, then the ECPL
response is zero. This approach of ignoring completely the monomolecular recombination
does not give an expression for ECPC as the integrals diverge. To attain an approximate
analytical expression for the ECPC response, we assume that both bimolecular recombi-
nation, B, and monomolecular trapping, v = 7:(N; — n;), are present. Also, we assume
that holes and electrons have similar trapping rates such that n =~ p. This scenario is de-

scribed by equation [0} and the corresponding solution for the population evolution is shown



in equation [T0}
d
d_Ttl = —Bn? —yn. (9)
noy/B
(no +v/B) exp(yt) — ng

n(t) = (10)

After integrating equation 8| and subtracting the individual pulses contribution (4ny), we
obtain an expression (equation that describes the nonlinear photocurrent, Iypc, where
a = ngB/vy. Note that in the limiting cases where there is no bimolecular recombination
(B = 0), the nonlinear contribution to PC is zero, and at a long delay (7), the expression also
goes to zero as the pulses do not overlap in time. Consequently, we can conclude that the
nonlinear photocurrent arises from bimolecular recombination and not from carrier trapping,

but the time evolution follows the carrier trapping dynamics.

2 _ 2 _
Iupe o In (1 _ M) O exp(=9T) (11)

(1+a)? (1+a)?

According to equation [I1] the nonlinear PC must have a negative sign, congruent with the
experimental results shown in Fig. (b) The ECPC measurements, similarly to ECPL, show
slow time dynamics, which is expected as they both follow the time evolution of the carrier
population. Additionally, note that in this scenario, the ratio between the bimolecular
recombination and the carrier trapping rates dictates the magnitude of the nonlinear PC
component.

We have neglected the spatial aspect of the carrier dynamics, which is relevant as we
excite the sample in a small area of the sample. Carrier dynamics simulations considering
carrier diffusion, carrier trapping, and bimolecular recombination, have been carried out
by Zhou et al*? for perovskite quantum wells. They observe negative decaying nonlinear
photocurrent at longer times, congruent with the slow traces shown in Fig. (b) So far, we
have rationalized the slow dynamics and the sign of the ECPL and ECPC response at low

fluences. Experimentally, as we increase the fluence, we observe a change in sign in the ECPL
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signal (Fig. 2(a)), while the ECPC response increases in magnitude but remains negative.
As the fluence increases, Auger recombination becomes more significant and dominates the
recombination kinetics. We will now rationalize the effect of Auger recombination in the

nonlinear photoluminescence and photocurrent.

Auger Recombination

We next consider the scenario in which the carrier recombination is dominated by Auger scat-
tering, a third-order process that occurs at high carrier density. Again, assuming that p =~ n
holds in the high-fluence regime, we describe the kinetics using the rate equation The so-
lution of this equation is presented in equation |13, Here, « corresponds to the monomolecular

recombination rate constant, and A corresponds to the Auger recombination rate constant.

d
d_Z = —yn — An®. (12)

/A
"= \/<1 A =1 )

In this particular case, the expressions for the nonlinear photoluminescence and photocur-
rent are more complex to evaluate than in the previous scenarios. In the Supplementary
Information, we show that both the photoluminescence and photocurrent exhibit negative
nonlinear components due to Auger recombination. This negative contribution explains the
fluence-dependent features that we observe for both ECPL and ECPC. In ECPL, when we
transition from a trap-dominated recombination scenario with a positive nonlinear compo-
nent to an Auger-recombination-dominated scenario with a negative nonlinear component, a
change of sign is expected. This transition is not expected in ECPC, as both recombination
processes (bimolecular and Auger recombination) that result in nonlinear signals lead to
negative nonlinear components, making it difficult to distinguish between the two scenarios.
Additionally, we note that the ECPL experiments, Fig. (a), show subnanosecond dynamics

at the highest fluence (i.e. the sharp decay around zero time delay). We assign these fast

11



features to a large population of carriers recombining through Auger pathways at early times.

Summary of nonlinear dynamics in lead halide perovskites

In summary, we have described the nonlinear responses caused by the distinct photophysical
processes for both photoluminescence and photocurrent. We highlight the possibility of dis-
tinguishing between trap-assisted and Auger-dominated recombination regimes employing
ECPL, as the contributions to the nonlinear response have opposite signs. The excitation
density at which the ECPL signal changes sign indicates a change in the dominant process,
which is related to the number of traps, meaning that ECPL is a good technique to char-
acterize trap densities in LHPs. On the other hand, in ECPC, the nonlinear signal arising
from bimolecular recombination and Auger recombination have the same sign (negative),
monomolecular recombination by itself does not result in a nonlinear signal. Therefore,
ECPC does not provide as rich information about trap density as ECPL since the signa-

[H9 explores the

tures are convoluted and difficult to isolate. Recent work by Zhou et a
implementation of a similar experimental setup to characterize carrier diffusion, this idea
is not expanded in this work as large time scales (tens of nanoseconds), that exceed our

implementation capabilities, are needed.

Nonlinear dynamics in organic semiconductors

In organic semiconductors, the primary photoexcitation is a neutral exciton. Charge carriers
are generated after the dissociation of the exciton, which can occur through several mecha-
nisms in the neat semiconductor. One such mechanism is the formation of an intermediate
charge transfer state prior to charge separation,?” although the precise mechanism for this
process is not clear and is certainly not trivial. Another mechanism for exciton dissociation
is to overcome the exciton binding energy by promoting the exciton to a higher energy ex-

cited state, S;. This can be achieved by coherent two-step photo-excitation pathways using
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femtosecond-pulse excitation, described as an excitation from Sy to S; and subsequently from
Sy to S. The process generates a high-energy state prone to relaxation to charged excita-
tions (polarons) and triplet-excitons.#*%7 Alternatively, the S state can be reached through
energy transfer between excitons in a process known as exciton-exciton annihilation,#-20-2%
this is the mechanism proposed for this work, as discussed below.

The two detection methods used in the EC spectroscopy presented here are each sensitive
to different excited-state species produced optically in organic semiconductors. While the
charge carriers were both the emissive species and the PC-detected species in lead-halide
perovskites, excitons and charges can be observed individually in the neat ITIC-4F devices
studied here. Excitons correspond to the detected emissive species (Fig. S1(b)in Supple-
mental Material), and charges, arising from subsequent exciton dissociation, result in the
detected PC. The ECPL experiment then provides insights into the processes leading to ex-
citon recombination, while ECPC provides information on those resulting in charge-carrier
generation. In this work, we assess the photophysical processes occurring in neat I'TIC-4F.
We prepared a single component device with an architecture ITO/ZnO/ITIC-4F /MoO,/Ag,
and measured both ECPL and ECPC. The absorption and PL emission spectra of ITIC-4F
are shown in Fig. S1(b) in Supplemental Material. Further details about the device prepa-

ration are presented in the Supplementary Material. The pump pulse used for these EC

spectroscopy experiments has an energy of 1.823eV.

Nonlinear photoluminescence

Consider the simple model in equation where the monomolecular rate v incorporates all
monomolecular processes, including radiative and non-radiative relaxation pathways, and
is the bimolecular exciton annihilation rate. This model is mathematically equivalent to the
equation [9] discussed for LHPs. As shown above, equation [I4] can be solved analytically and

leads to the expression for the nonlinear photoluminescence shown in equation [I5 We define
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Figure 3: Excitation correlation spectroscopy measurement of a ITIC-4F device. (a) Photo-
luminescence detected and (b) photocurrent detected nonlinear photocarrier dynamics. The
pump wavelength was 680 nm, and the fluence range is represented by the false color axis.

a = nof/v equivalently.

d exc
Tcllt = =Y Nexec — B n?i:):c‘ (14)
a? exp(—~T1)
I ~n{l— ————2|. 1
NPL Il( 1+ a) ) (15)

Fig. a) shows the experimental ECPL response for a range of fluences between 1 and
100 p1J em™2. It can be observed that the magnitude of the nonlinear response increases with
fluence as expected since exciton-exciton annihilation becomes more significant as the exci-
ton density increases. By fitting the measured traces to equation we extracted a value
of monomolecular recombination rate of (6.3 & 0.5) x 10?s™!. We extract the bimolecular
rate using the experimental setup discussed by Riley et al. in Ref. [3land obtained a value of
(1.040.2) x 1072 cm?®s~!, similar to those reported previously in the literature.” A summary
of the analysis and fitted data are shown in Supplementary Material. In the experimental

configuration of Ref. [3, the material is excited with a single pulse whose amplitude is mod-
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ulated by a mechanical chopper. The bimolecular exciton-exciton rate was obtained after
analyzing the fluence dependence of photoluminescence intensity.

In this section, by using a simple model including monomolecular and exciton-exciton re-
combination, we show that ECPL follows the excitons population time evolution through the
nonlinear photoluminescence generated in organic semiconducting materials. More complex
scenarios involving coexisting excitonic species have been analyzed previously. ¥ In those
cases, the additional exciton dynamics afflict the spectral integrated response, as the one
measured in our work. Spectrally resolving the signal is necessary to distinguish nonlinear

dynamics from distinct emissive species with similar emission energy.

Nonlinear photocurrent

To interpret the photocurrent response in organic semiconductors, we will focus on a simple
model for charge carrier population dynamics described by equation In this model, the
photocarriers are generated through the function G(¢) which depends on the photophysical
process that results in charges. We acknowledge that the generation of photocarriers in neat
organic semiconductors, and a complete description of their dynamics, is a complex problem
and that multiple techniques are needed to provide a robust physical picture. However, in
this work, we focus on the contributions that ECS can bring to the field, and thus we provide
our hypothesis of the photophysical scenario in this materials class.

In our simplified model, we assume that the dynamics of electron and hole carriers
are comparable, which is very likely as the system is not doped. Additionally, vp is the
monomolecular decay rate of the carriers and vp is the non-geminate recombination rate.
Note that equation [16] is similar to equations [9] and [14, From this, we can deduce that the
nonlinear photocurrent (ECPC) will have a negative sign due to the non-geminate recom-
bination experienced by the carriers and that the time trace will follow the carrier’s time

evolution. In this case, however, we need to consider a time-dependent generation term. We
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Figure 4: Normalized nonlinear response. (a) Photoluminescence detected and (b) pho-
tocurrent detected signal.

cannot assume it to be a delta function. This makes an analytical solution challenging.

dne/h .

o = G = nem —p nen: (16)

Experimentally, in the ECPC response, shown in Figs. [B[(b) and [d|(b), we observe a “rising”
feature. We interpret this feature as the generation time of charge carriers. Note that as the
incident fluence increases, the generation rate increases as well. Based on this experimental
observation we discuss possible generation mechanisms below.

Consider the case of a charge carrier being generated through a two-step excitation, as has
been proposed for several polymeric materials.#262729 For this case, since the photocarriers
are directly pumped, the generation function is G(t) o d§(t). We can discard this as the
dominant mechanism as we expect it to manifest, in the ECPC, as a maximum in the
absolute signal when the two pulses temporally overlap. Instead, experimentally we observe
a minimum. A similar experiment as the one presented here probed the two-step excitation

pathway and observed that the response follows the exciton decay dynamics.2? At high
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fluences, they observed a “rise” time interpreted as a fast relaxation from a hot vibrational
state S7 to S; followed by a subsequent excitation from S; to S,. The rise time that
we observed is too long to correspond to any relaxation time which is usually in the sub-
picosecond time scale.*”

Other possible mechanisms are charge generation after bimolecular exciton-exciton anni-
hilation“® and a recently proposed monomolecular exciton dissociation.®” In both cases, the
generation rates will depend on the population of the excitons. In the bimolecular exciton-
exciton annihilation pathway, the generation function would be proportional to the square
of the exciton population, G(t) o n(t)®. While for monomolecular exciton dissociation, the
generation rate is proportional to the exciton population, G(t) o n(t). Notice in Fig. [3(b),
further exemplified in Fig. (b), that the “rise” of the nonlinear response is dependent on
the excitation density. Since excitons population evolution n(t) depends on the excitation
density, both mechanisms show the same trend to become faster as the fluence increases.
However, since we observed experimentally a more dramatic effect in the photocurrent de-
tection scheme than in the photoluminescence scheme, shown in Fig. [d, we hypothesize that
the dominant generation mechanism is bimolecular annihilation of the exciton population.

Furthermore, the charge lifetime observed in ECPC (Fig.[3(b)) is considerably longer than
the exciton lifetime (Fig. [3(a)). We cannot quantify it as it is outside of the instrument’s
temporal window. As the fluence increases, we observe that the decay of the charge becomes
more significant, indicating that the bimolecular recombination of carriers becomes more
important as expected from the simple model presented above. Finally, we acknowledge
that there are other causes of nonlinear photocurrent that were not discussed in this work,
e.g., the current limitation due to the external resistance series.®! We tried to minimize these

effects by performing the measurements at a low fluence range.
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Summary of nonlinear dynamics in organic semiconductors

We have shown how ECPL can be used to extract photophysical parameters like monomolec-
ular and bimolecular decay rate constants. In the ECPC experiments we interpret the ”ris-
ing” features around zero time delay as the time-dependent generation of charge carriers,
which becomes faster with increasing fluence. We suggest that charge carriers are generated
through bimolecular annihilation pathways. Since the fluence dependence of the generation
time might originate from a second-order charge generation process, G(t) « n?. Other mech-
anisms could also be involved, however, due to the strong photoluminescence nonlinearity
observed, we expect bimolecular exciton-exciton annihilation to be the dominant pathway to-
ward charge generation. To further clarify the complete photophysical scenario, systematic
experiments using complementary techniques (e.g. transient absorption and time-resolved

photoluminescence spectroscopies) are needed and recommended as future endeavors.

Discussion

In this work, we presented two scenarios in which the nonlinear PL. and PC detection schemes
provide distinct and complementary information. In the case of lead-halide perovskites, the
same excited-state species contribute to both the nonlinear PL and PC. Therefore via ECPL
and ECPC, we follow the population of the same species; however, this species leads to
distinct nonlinear responses in each of the physical observables. This offers the possibility
to selectively study photophysical processes experienced by the excited species based on
the detection scheme. For example, we showed that while ECPL shows a response due to
trap-assisted recombination, the ECPC is insensitive to traps themselves. The magnitude of
ECPC, instead, is given by bimolecular recombination, a process to which ECPL is insensi-
tive. As mentioned above, Zhou et al.X” have taken advantage of this to characterize carrier
diffusion in layered perovskites using photocurrent detection.

For the case of organic semiconductors, we probe exclusively the excitons that recombine
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radiatively or those that dissociate and generate charge carriers, with each detection scheme,
photoluminescence, and photocurrent respectively. In that sense, the work presented here
adds to the existing toolbox of ultrafast photoluminescence and photocurrent techniques, %42
with the additional feature that the magnitude of the response can be used to describe
the rates responsible for the nonlinearities. In this material, both ECPL and ECPC have
negative nonlinear responses which are directly related to the exciton-exciton bimolecular
annihilation rate and the charge carrier bimolecular recombination respectively. As the
excitonic scenarios become complex, the magnitude of the nonlinear signal provides insight
into nonlinear processes occurring on the ultrafast scale hidden to steady-state measurements
or that appear convoluted in time-resolved techniques.

As mentioned in the Introduction, recent reports describe a variation of the ECS probe,
utilizing a tunable narrow excitation wavelength to characterize layered perovskite quantum-
well structures.*> We note that in their interpretation there is ambiguity in the distinction
between the incoherent and coherent contributions to the nonlinear response. The measured
spectra are interpreted as 2D excitation spectra, but we highlight that there is no well-defined
phase resolution in the excitation-pulse wavepackets, and the measurements are thus purely
incoherent as in the work presented here. This incoherent response arises from the depen-
dence of the physical observable on the intensity of the excitation due to the population
evolution (e.g., trap recombination and exciton-exciton recombination), rather than a co-
herent nonlinear response as in coherent multidimensional spectroscopies.?*3% We also note
that these 2D measurements that implement phase modulation may also contain incoherent
contributions due to nonlinear population dynamics picked up by the phase demodulation
detection scheme.*” ! We thus underline the difference between the technique presented in
this article and 2D coherent excitation. Earlier, ECS-like experiments have been interpreted
using Feynmann diagrams."?% We emphasize that this is not precise, since Feynmann di-
agrams indicate optical transitions among states and their coherent correlation but do not

include the interactions among their populations. This imprecision is addressed in recent
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literature recognizing recombination dynamics as the only origin of the measured nonlin-
earity.*? Due to their distinct origin, they provide distinct information. While 2D coherent
excitation experiments provide information regarding dephasing rates and coherent corre-
lations between excited states, the ECS experiments provide information uniquely about
population mixing. In this work, we expand on the signal-generation mechanisms associ-

LEOALELSI oy work adds

ated with population mixing. Together with previous examples;
another tool to the modern semiconductor community for the characterization of nonlinear

photophysical processes.

Conclusion

We have observed and rationalized the main nonlinear signatures in the photoluminescence
and photocurrent of lead-halide perovskite and organic semiconductor devices. For the case
of LHPs, the ECPL has nonlinear components due to trap-assisted and Auger recombination
with opposite behavior, sublinear and supralinear. The fluence dependence of ECPL pro-
vides rich information about defect density, ultrafast dynamics, and Auger recombination.
Meanwhile, in ECPC, the nonlinear signature originates from bimolecular and Auger recom-
bination, both of which are supralinear processes. In ECPC, the nonlinear contributions are
convoluted and difficult to distinguish. In organic semiconductors, we describe ECPL as a
sensitive technique for determining exciton-annihilation rates. On the other hand, ECPC
represents a valuable tool to study charge generation through photo-excitation. The experi-
mental data suggest that ECPC can follow the population dynamics of free charges including
their generation dynamics. Additionally, from the rise time observed in ECPC, we hypoth-
esize that bimolecular annihilation corresponds to a significant pathway for charge carrier
generation.

We expect EC spectroscopy to have an impact, particularly in the field of organic elec-

tronics, where it can shine further insight into the physical nature of excited states and the
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generation mechanisms leading to charge carriers. Besides the case of study of single compo-
nent materials, mixed systems with complex fluence-dependent photophysical processes will
also benefit from EC spectroscopy. For example, in recent studies of perovskite-sensitized
TTA-UC, the intensity dependence of photoluminescence shows an interplay of processes
with distinct nonlinearities” which could be better resolved by EC spectroscopy as well as

their time-resolved dynamics.

Appendix

Excitation Correlation Spectroscopy

In our implementation, 1030 nm, ~220 fs pulses are generated in an ultrafast laser system at a
100 kHz repetition rate (PHAROS Model PH1-20-0200-02-10, Light Conversion). A portion
of the laser beam is sent into a commercial optical parametric amplifier (ORPHEUS, Light
Conversion). The pulse trains are then split 50/50 by a beam splitter cube, where one of the
beams is directed to a motorized linear stage (LTS300, Thorlabs), allowing for control of the
delay between the two pulses. Each pulse is modulated with a chopper at the frequencies of
373 and 199 Hz, respectively, and the pulses are then focused onto the sample with a 100 mm
focal length lens. The total integrated response and the nonlinear component are obtained
simultaneously by demodulating both the fundamental and the sum of the modulation fre-
quency. Photoluminescence detection (ECPL): The emitted PL is filtered with a long-pass
filter to get rid of the pump, and then it is focused into a photoreceiver (New Focus 2031
PR) connected to a lock-in amplifier (HF2LI, Zurich Instruments). Photocurrent detection
(ECPC): The device is connected to a Zurich Instruments HF2TA Current Amplifier used
to convert the current output of the sample device to voltage, as well as to supply an ex-
ternal bias to the device. The current amplifier is connected to a lock-in amplifier (HF2LI,

Zurich Instruments). The photocurrent measurements presented here were acquired with no
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external applied bias.

Signal recovery from lock-in amplifier

Additionally, in this appendix, we expand on the experimental details for measuring the non-
linear component utilizing double modulation lock-in detection. The intention is to provide
two examples of nonlinear photophysics processes recovered through double demodulation
and to bring attention to the fiendish experimental details. We follow reference [9l for the
case of trap-assisted recombination. We define the generation rate to take into account the

repetition rate and S(¢,w) to be a square wave to mimic the chopper.

G(t,w) = gS(t,w) > 8(t — ntyep) (17)
Remember that the square wave function that alternates between 0 and 1 is given as:

S(t,w)

Qis' (2n+ 1wt + 0) (18)

Tz (2n+1)

[\:)I)—l
)

Consider the cases where the reference signal, with which the signal is demodulated,
corresponds to a sine function or a square wave. Also, we will ignore the phase as this can

be easily set experimentally.

Trap-assisted recombination

We take v = v,.N, = ny and both pulses to have the same intensity. Then, using the
equations we integrate fg "” Bn(t)p(t)dt which corresponds to the response of the detector.
Since t,., is much longer than the carrier lifetime we integrate from zero to infinity instead

and obtain the intensity:
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S(t,wy) + S(t,ws)
2

+ S(t,w1)S(t,wo)e 7 . (19)

I(t, wy,ws) x

All the constants were grouped with the response of the detector.

We mimic the demodulation of the lock-in amplifier by multiplying the signal by:

sin((2n + 1)wt)
Spes(t,w) AZ CES (20)

Then we average over a long time such that oscillating components vanish. Then the

intensity recovery for each modulation frequency is:

Ui > 53 ﬁ (1+e7). (21)
Am B
(Imoa(w1)) o1 = (Imod(w2)) L1 16 (1+e). (22)

Note that part of the mixed term is recovered in the single modulation since (S(t,w)) =

1/2. Now, we expand the mixed term to:

i=0 n=0 (2n + 1)
4 ZOO sin((2n 4 1)wit) sin((2m + 1)wsot)
2 n,m=0 (2n+1) 2m+1) %)

After we demodulate at the sum frequency w; + ws and average a long time. The only

terms that survive come from the last sum, when n and m are the same. Then:

(S(t,w1)S(t,w2)Spes(t,wi + ws)) Z RS Ae. (24)

Note that demodulating using a sine function recovers only the n = 0 coefficient of the
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Fourier series.

(Imod(w1 + wa)) Ly < Aee 7. (25)

Bimolecular Annihilation

We choose the delay between the pulses to be zero for simplicity. From the equation above,

the total photoluminescence detected is:

I7otal PL OC / n(t)dt o< In [1 +n; A } . (26)
0 Versf

We define n; = g(S(t,w;) + S(t,ws)). Then, we do a second-order Taylor expansion, and

a = gya/Vess-
2

~ a(S(t,wr) + S(t,ws)) — %(5@, w) + S(t, ws))2. (27)

Remember that the square wave is an idempotent function.
= a(S(t,wi) + S(t, ws)) (1 - %) — a28(t,w1)S(t, ws). (28)

Then after demodulating with a square function, we obtained:

(oa()) 1 = (a(2)) 1 ox 2 (1 ). (20)
(Imoa(w1 + w2)) pr ox —Aea?®, (30)
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1 Experimental details:

1.0.1 ECPC discussion. Perovskite solar cell case

To ensure collection of the ECPC signal, all current transients should be completed
at a speed faster than the lock-in modulation used. The response time of a solar cell
under pulsed illumination is computed as:

tR = \/t%rift + 2fZDiffusion + t%%C (S]')

Where tp,s: is the charge collection time for charges in the depleted region of
the junction, ¢p;ffusion is the collection time for charge carriers in the undepleted
region, and trc is the response time induced by the combination of the diode and
the circuit. For a perovskite solar cell of about 1 cm?
times are significantly faster than tgc. The response time measured can therefore be
approximated as:

area, the intrinsic response

tr = tre (52)
Where tge = 2.2 RC, where R is the sum of the diode series and amplifier input
resistances, and C is the sum of the solar cell junction and stray capacitances. In
our system R = 502, the input resistance of the amplifier, and C ~ 100 nF, the
capacitance of the solar cell junction (assuming 1 nF/mm? area capacitance and 1
cm? area). Therefore tpc &~ 10 us (10% Hz), and the system response remains orders

of magnitude faster than the fastest of the chopper frequencies detected by the system
Sll + 522 = 572 Hz.

1.1 Sample details
1.1.1 Perovskite solar cell devices

For the perovskite solar cell devices, we prepared inverted devices with a mixed-cation
mixed-halide perovskite of composition FA( g3Cs(y 17Pb(I) g5Br() 15)3 (denoted as
Cs17Br15) and device architecture ITO/MeO-2PACz/Cs17Br15/C60/BCP/Ag. The
Patterned ITO glass substrates were thoroughly cleaned by sonicating them in water
(with 2 % Micro-90 detergent), deionized water, acetone, isopropanol(IPA) for 10
mins, respectively, followed by plasma cleaning for 5 mins. 1 mmol/L of MeO-2PACz
solution was used for spin-coating on top of ITO substrates with 3000 rpm for 30s,
which was then annealed at 100°C for 10 min. The perovskite with a concentration
of 1.2 M (dissolved in DMF:DMSO = 4:1 in volume ratio) layer was spin-coated at
4000 rpm for 60s. Chlorobenzene (CB) antisolvent was dropped on top when 35s
remained. The perovskite films were annealed at 100 degrees for 30s and 150 °C for
10 min. After spin-coating the perovskite layer, 30 nm Cgn and 5 nm bathocuproine
(BCP) were thermally evaporated, followed by 100 nm of Ag. We measured the
current density-voltage (J-V) curves of the devices using a Keithley 2400 source meter
under 1 Sun illumination (AM 1.5G, 100 mW /cm?2) in a nitrogen glovebox. The light
source was calibrated with a filtered KG3 silicon reference solar cell. The J-V curves
were recorded in the range of -0.1-1.2 V with a step of 0.02 V. The solar cell devices
were masked with a metal aperture (0.0453 cm2) to define the active area.

1.1.2  Organic single component device

The organic semiconductor devices were prepared using the non-fullerene acceptor
large molecule ITIC-4F with an architecture ITO/ZnO/ITIC-4F /MoO3/Ag. A 10
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Figure S1: Absorbance and PL for (a) Cs17Brl5 half-stack device (ITO/MeO-
2PACz/Cs17Brl5) and (b) ITIC-4F samples.

nm layer of ZnO was spincoated from 70 gL of 0.1 M ZnO nanoparticles in 2-
methoxyethanol at 3000 rpm for 45 seconds. After spincoating, this layer was dried
at 120° C for 10 minutes and brought to room temperature on the cooling hotplate.
The active layer had a thickness of 85 nm, spincoated from 60 uL of an 8 mg/mL
ITIC-4F solution in chloroform at 800 rpm for 55 seconds. MoOg was deposited by
evaporation at a rate of 0.1 A/s with an ultimate thickness of 5 nm. A 100 nm layer
of Ag was deposited by evaporation at a rate of 1 A/ S.
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Figure S3: Time-resolved photoluminescence measurement of Cs17Brl5 device in
open and short circuit conditions.
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1.2 Some simple models
1.2.1 Trap-assisted recombination:

ECPC:
n(t) =n(0) exp(—vNit) and p(t) = p(0) exp(—7,nst).

PCruat / na(t) + py()dt + / no(t) + pa(t')dt
0 T

PClotar < / n(0) exp(—; Nit) + p(0) exp(—v,nt)dt
0

+ / " (n(7) + n(0)) exp(—Nit) + (p(r) + p(0)) exp(—a it ) .

This is the same as
PCtotal X 2”(2) + 2[)8

1.2.2 Bimolecular recombination:

If Bnp >> v,INyn equations 1, 2 and 3 from the main text simplify to:

dn
== G(t) - Bn?
7 (t) — Bn
2
o 2 o
d —
1+ Bnot " T {1+ Bnot)?

P Lt o / n2(t)dt + / n3(t — 7)dt
0 T

= 5 (L=n(n) + 5 (1+n(r)) = 2ng

(S5)

(S7)

(S8)

(59)

(S10)

The total photoluminescence corresponds to the contribution of the individual

pulses. The expressions diverge in the case of photocurrent detection.

1.2.3 Auger recombination:
ECPL. Considering 7 = 0 still can be understood analytically.

di
d—;L = —yn — An’.

_ /A
"= \/u /A1

Integrated PL:

o0 1 ol v+ niA
PL dt 1+ ———|In{ ——"
(no) ox /0 eyt — (1+~/ngA) 1" > ( M 'fL%A) ! ( v

The nonlinear PL

PL, = PL(2no) — 2PL(ng)

S5

(S11)

(S12)

(S13)

(S14)



In the case where Auger recombination dominates ——= — 0 then:
0

2 2
PL, =1 (M) o (M) (815)
0 0
2 2
v* + dngAy
=1 1
! (72 +2nf Ay + ngA? (316)

The previous expression is negative if = < 1/2, which is true based on our pre-
0
vious assumptions.

ECPC. We simplify to a steady state case due to the complex showing the sign of
the signal. yn << An3. Then the nonlinear signal is clearly negative.

MG A S17
dt
21/3 -9 G1/3
PCy = % (S18)
1.3 Fitting procedures
1.3.1 Quasi-Steady
Solving equation 14 one obtains:
n(t) = n0y/5 (S19)

(no +7/B) exp(yt) — no

Since we are excited with a single pulse then the total photoluminescence measure
is just the integral of the expression above, where R groups the photodiode response
and the sample radiative response.

_ * noy/ B 1 0 n
Tr = R/ (o +77B) exp(rt) —mg — B (1 0A/7) (520)

By measuring a fluence dependence of the Ipy/ng we can extract the ratio /v
and from the previously determined « we isolated the 3.

1.00 O Exp ]
\% _—— Fit
) Lo i
£0.8 oY
c N
8 A
c ~
= 0.6 o< E
€ T~
£ =
S E~-ﬂ
=2 I~
0.4 bt = T
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0.2t ]
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Figure S4: Caption
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1.3.2 ECPL

The fits using Equation 15 are displayed in Figure S5, where the fit parameters
required are shown in Table 1. The measurement at fluence 1.0 pJ/cm? is shown here
for demonstration purposes but the fit parameters are ignored due to the signal being
dominated by noise.

—— 81.0 uJicm? —2}—— 64.4 uJicm?
| - it | - it

S
< q- -
p
[
5 L -
[
< ob— 5111 udliem? —2-—— 40.6 puJicm? —2—— 32.3 pJicm?
--— fit --= fit --— fit
Coo 0wy Py oy T I T B B
0 0 o
S
€ 4k -1 -1
P )
a
S b - -
o
< ol —— 256 pJicm? —2—— 16.2 pJicm? 2 —— 10.2 pJiem?

| - fit --= it | --- fit

S
p )
[
)
o
< o —— 5.1 picm? —2—— 3.2 ullcm? —2F—— 1.0 uicm?
--— fit --= fit --= fit
Co 0wy Py ey by Py by by )y )y
-600 -300 0 300 600 -600 -300 0 300 600 -600 -300 0 300 600
Time Delay (ps) Time Delay (ps) Time Delay (ps)

Figure S5: Fits (red dashed line) using equation 14 in the main article.

1.3.3 ECPC

We fit only the right arm of the respective time traces. For the three lowest fluences we
consider either a single or a double rising exponential, which is sufficient to describe
the dynamics. We assign no physical value to the double exponential other than to
report an average rise time. As the fluence increases a decay in the signal can be
observed and then we incorporate a single exponential. A general expression is shown
in equation 521.

f(t) = A(1 — Bexp(—t/7m1) — Cexp(—t/Tm)) + D exp(—t/74) (S21)

We also note that in figure 3.b, at the highest fluences the decay is very small and
therefore the estimation of the lifetime is not reliable. Instead we focus on analysing
the rise time constants. The results of the fits are summarized in table 2
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Figure S6: Fitting to a single rising exponential of the ECPC response of ITIC-4F
for the three lowest fluences.

Table 1: Summary of the extracted photophysical parameters for ITIC-4F from the
ECPL presented in figure ?7.a of the main text.

Fluence (pJ cm™?) a Ypim (1072 cm3 ps~1)  offset (%)
3 0.0097 £ 0.0005 22+ 3 0
5 0.0111 £ 0.0004 16 £1 0
10 0.0171 £ 0.0003 12+1 -0.1
16 0.0235 £ 0.0002 11 £ 0.2 -0.1
25 0.0292 £ 0.0002 84 £0.1 -0.1
32 0.0318 £ 0.0002 73£0.1 -0.1
40 0.0357 £ 0.0002 6.6 £ 0.1 -0.1
51 0.0343 £ 0.0002 5.0 £ 0.1 -0.1
64 0.0401 +£ 0.0002 4.6 £0.1 -0.2
81 0.0434 £ 0.0002 4.0+0.1 -0.2
102 0.0453 £ 0.0003 3.3+0.0 -0.2
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Table 2: Summary of the extracted photophysical parameters for ITIC-4F from the
ECPC measurements (figure 2.b of the main text).

Fluence (uJ em™) 71 (ps)  Tvo (PS)  Tawg (DS)

3 113 £ 4 - 113 £ 4
5 102 + 4 - 102 £ 4
10 91 £ 2 - 91 £ 2
16 84+2 11+£2 56=+2
25 1204 13£2 66+4
32 196 £10 18 =4 89 +£10
40 1385 13£1 62+£5
51 70 £ 4 942 37T+ 4
64 975 11+1 40%£5
81 66 £ 5 8§12 30 £5
102 11 £5 6+2 2245
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