
ll
OPEN ACCESS
Article
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SUMMARY

Colloidal quantum wells (CQWs) provide an appealing platform to
achieve emissive many-body correlations for novel optoelectronic
devices, given that they act as hosts for strong carrier Coulomb in-
teractions and present suppressed Auger recombination. However,
the demonstrated high-order excitonic emission in CQWs requires
ultrafast pumping with high excitation levels and can only be spec-
trally resolved at the single-particle level under cryogenic condi-
tions. Here, through systematic investigation using static power-
dependent emission spectroscopy and transient carrier dynamics,
we show that Cu-doped CdSe CQWs exhibit continuous-wave-
pumped high-order excitonic emission at room temperature with a
large binding energy of�64 meV. We attribute this unique behavior
to dopant excitons in which the ultralong lifetime and the highly
localized wavefunction facilitate the formation of many-body corre-
lations. The spectrally resolved high-order excitonic emission gener-
ated at power levels compatible with solar irradiation and electrical
injection might pave the way for novel solution-processed solid-
state devices.
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INTRODUCTION

Many-body correlations studies (or the higher-order correlated excitonic state)

comprise a fascinating topic that has attracted decades of experimental and theoret-

ical investigations due to its high technical relevance to optoelectronic and quantum

information applications.1,2 For instance, biexcitons (excitonic molecules) are bene-

ficial for both optical gain performance (i.e., biexcitons provide a four-energy-level

scheme to achieve low-threshold lasing)3 and entangled photon pair generation

(i.e., the cascade emission of a biexciton automatically generates a polarization-en-

tangled photon pair)4,5; While the spin of the extra charge in a trion (the charged

exciton) can essentially be utilized as a natural two-level quantum system for the

novel design of quantum information devices (including quantum repeaters, quan-

tum switches, and quantum memories).6–8 Colloidal quantum wells (CQWs) have

attracted tremendous interest in this regard thanks to their strong exciton

center-of-mass localization,9,10 giant exciton oscillator strength,11–13 and reduced

dielectric screening.14–16 These advantages lead to ultra-stable excitonic com-

plexes, providing a promising platform for the investigation of many-body correla-

tions. Although substantial efforts (e.g., engineering the wavefunction, confinement

potential, or material compositions)3,6,17–21 have been made to harvest the trion/

biexciton emission for potential applications, all reported demonstrations still

require high excitation levels with an ultrashort pulsed laser; and, most annoyingly,
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the many-body correlated emission band is largely overlapped with the exciton

emission profile, which only allows for spectrally resolved emission at the single-par-

ticle level under cryogenic conditions.3,6,19,20

In this work, we propose that ‘‘dopant excitons’’ in Cu-doped CdSe CQWs have great

potential to resolve the above-mentioned challenges. The long-lived trapped excitons

permit several orders ofmagnitude enhancement in their density comparedwith short-

lived band-edge excitons under the same continuous-wave (CW) excitation,22,23

rendering the many-body correlations much more efficiently to form. Meanwhile, trap-

ped excitons have highly localized wavefunctions with well-defined energy levels

pinned at the Cu+/Cu2+ redox potential.24 The interaction strength (or the binding en-

ergy) is greatly enhanced when trapped excitons are correlated with band-edge car-

riers/excitons,25 possibly resulting in the spectrally resolvable emission lines at room

temperature. To verify this conjecture, we have investigated both the static emission

properties and the transient carrier dynamics of Cu-doped CdSe CQWs. CW-pumped

and well-resolved many-body correlations at room temperature have been unambig-

uously identified by two following fingerprint-like features. Static results reveal that a

new emission line appears under CWexcitation above�10W/cm2with a giant binding

energy of �64 meV and the intensity quadratically scaling with the pump intensity.

Transient measurements confirm that the newly excited species exhibit delayed and

accelerated recombination dynamics compared with the band-edge excitons, which

radiatively recombine via stimulated emission (SE). Our works now push the realization

conditions for emissivemany-body correlations to very practical levels suitable for solar

irradiation or direct electrical injection.

RESULTS AND DISCUSSION

Cu-doped colloidal CdSe quantum wells

The 4.5 monolayers (4.5 ML, 5 Cd, and 4 Se layers) Cu-doped CdSe CQWs studied

here are prepared according to the existing recipe26–29 with optimized procedures

to achieve highly efficient and reproducible synthesis (details of the modified recipe

are described in Note S1). The average number of copper dopants per CQW,

<NCu>, is determined by inductively coupled plasma mass spectrometry (ICP-MS,

see details in experimental procedures).27 For the following experiments, CQWs

with <NCu> = �40 Cu (i.e., corresponding to 0.23% Cu atomic percentage) and a

quantum yield of �60% are investigated. Figure 1A shows the transmission electron

microscopy (TEM) image of the Cu-doped CQWs, which have an approximately rect-

angular shape with uniform size distribution. Typical static absorption and photolu-

minescence (PL) spectra of Cu-doped CQWs under UV illumination are shown in Fig-

ure 1B. The absorption spectrum (the blue curve) of Cu-doped CQWs remains nearly

unchanged compared with undoped CdSe CQWs3,16: two apparent excitonic fea-

tures associated with electron to heavy-hole (�512 nm) and electron to light-hole

(�480 nm) transitions are observed. While the PL spectrum (the black curve) of

Cu-doped CQWs is composed of band-edge emission (BE) (shaded in green) and

Cu-related emission (CE) (shaded in red). BE is centered at�514 nm with a full-width

at half-maximum (FWHM) of�40 meV, which is not affected by copper dopants (i.e.,

similar to undoped CQWs), while CE peaks at �700 nm with a very large FWHM of

�350 meV. It is well-known that the broad emission linewidth arises from a wide dis-

tribution of the copper energy levels and strong electron-phonon coupling rather

than size/doping inhomogeneity within an ensemble of Cu-doped CdSe CQWs,

as detailed previously.30–34

The emission mechanism of Cu-doped CQWs is illustrated in Figure 1C. After exci-

tation, copper dopants irreversibly localize the photo-generated holes in the valance
2 Cell Reports Physical Science 3, 101049, September 21, 2022



Figure 1. Cu-doped CdSe colloidal quantum wells

(A) Transmission electron microscopy image of Cu-doped CdSe colloidal quantum wells (CQWs).

(B) Absorption and PL spectrum of Cu-doped CQWs in hexane under xenon lamp illumination; the

green-colored region indicates the band-edge emission (BE) and the red-colored region indicates

the copper-related emission (CE).

(C) Schematic of carrier dynamics in the Cu-doped CQWs with photoexcitation. After capturing a

valance band hole (process 1), Cu+ is changed to Cu2+, activating the CE through recombining with

a CB electron (process 3).
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band of the CdSe CQW host (Cu+ is promoted to Cu2+), while the electrons mostly

reside at the conduction band (CB) edge.29,35 Thereafter, dopant excitons (formed

between the captured hole in copper sites and the electron resident at the CB

edge) recombine radiatively, resulting in the CE band.24,28 Being aware of the attrac-

tive features carried by dopant excitons as described below, we realize that Cu-

doped CdSe CQWs could be an ideal system to demonstrate the emissive many-

body correlations: (1) due to the reduced electron-hole wavefunction overlap,24,27,30

dopant excitons exhibit a lifetime (�450 ns, see Figure S1) that is several orders of

magnitude longer than the band-edge exciton (�290 ps, see Figure S2); therefore,

the steady-state density of trapped excitons can be much higher than that of band-

edge excitons for CW excitation based on the steady-state kinetic equationN = P3

t (where N is the exciton density, P is the exciton generation factor, and t is the

recombination lifetime)5,22; (2) dopant excitons have localized wave functions with

energy levels roughly pinned at the Cu+/Cu2+ redox potential.24,35 This strong

spatial confinement greatly enhances the Coulomb correlation effect when CB elec-

trons or band-edge excitons diffusively approach dopant excitons, resulting in a

high formation rate and large binding energy.s

Static evidence of emissive many-body correlations

We have investigated the PL of Cu-doped CQWs under CW excitation with different

intensities at room temperature (see Figures 2A and 2B). With low excitation inten-

sity (<6 W/cm2, the bottom spectrum in Figure 2B), the BE shows a single symmetric

peak at�514 nm, which is the typical single exciton emission observed in 4 ML CdSe

CQWs. With gradually increased excitation intensity, a new emission feature ap-

pears at the low energy side (peaking at �528 nm) and the intensity of this new
Cell Reports Physical Science 3, 101049, September 21, 2022 3



Figure 2. PL spectra of Cu-doped CQWs at room temperature with varied CW excitation intensities

(A) Normalized BE map of Cu-doped CdSe CQWs under different excitation intensities. The white dashed lines indicate different excitation intensities,

and the ordered numbers correspond to the BE spectra in (B).

(B) BE spectra recorded for different excitation intensities. Black dots: experimental data; green line: the fitting of exciton emission; blue line: the fitting

of biexciton emission; red line: the overall fitting.

(C) The wavelength of the maximum BE intensity as a function of the excitation intensity. Beyond �10 W/cm2, the emission intensity peaked at �528 nm,

which exceeds that of the exciton emission, which peaked at �514 nm.

(D) The logarithmic plot of integrated intensities for the emission band peaked at 514 nm (green squares) and 528 nm (blue circles) as a function of the

excitation intensities. The green and blue solid lines are the power-law fittings. Please note that the integrated intensities for each emission band are

normalized.
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feature grows much faster than that of exciton emission at 514 nm (see Video S1).

Beyond the excitation intensity of�10W/cm2, the new feature emerges as the stron-

gest emission channel (see Figure 2C, the maximum intensity of BE shifts from 514 to

528 nm with higher excitation intensity). As for the origin of this emerged emission

band in Cu-doped CQWs, we can easily exclude the possibility of inhomogeneous

doping or aggregation (i.e., stacking) in the solid-state film. First, enormous works

on doped CQWs have demonstrated that transition metal ions (e.g., Cu+, Mn2+,

Ag+, Hg2+) induced by a chemical doping process are located uniformly inside

each host CQW by substitution host cations.30–35 Our previous works have conduct-

ed energy-dispersive X-ray spectroscopy mapping, which clearly shows the homo-

geneous doping of Cu atoms within the core CQWs.27,29 Second, the stacking of

CQWs will result in a significant quenching of the BE emission due to the exciton

hopping (i.e., the homo-nonresonant energy transfer among the stacking) boosted

the hole-trapping process18,28,36 and the observation of similar emission behavior in

solutions has further ruled out the role of energy transfer in long-range stacked

CQWs (see Figure S3). Most importantly, the threshold behavior and a faster-

increasing rate strongly suggest that the emerged emission feature is generated

from the radiative recombination of newly excited species distinct from excitons.

Since the intensity scaling is often used as a unique criterion to identify many-body cor-

relations,5,22,37 we have fitted BE with two separately symmetric profiles using the

Voigt function3,38 to spectrally separate the 514 and 528 nm emission features (as

shown in Figure 2B). The fitting profiles are in good agreement with the experimental

spectra at various excitation intensities. Figure 2D presents the excitation intensity

dependence of these two features, which can be described adequately by the po-

wer-law equation5,37: Iemission f Iexcitation
k. The exciton emission at 514 nm exhibits a

slightly sublinear fluence dependence (k = 0.91), due to the hole capturing process

from host CQWs to Cu+ sites.28,30 In contrast, the integrated intensity of the emerged

low-energy emission displays a super-linear growth with the excitation intensity (k =

1.68). Compared with the emission of the exciton species at�514 nm, which increases

nearly linearly with laser intensity, the quadratic intensity dependence (1.68/0.91 =

1.85) strongly suggests that the emission peak at�528 nm is arising from a second-or-

der excitonic state.5,22,37 For the nature of this high-order excitonic state, we can safely

rule out the possibilities of biexcitons being composed of two dopant excitons due to

the negative binding energy requirement22,23 and trions/biexcitons being composed

of pure band-edge carriers due to the ultralow steady-state density at 10 W/cm2 (a

kinetic model is presented in Note S2 to describe the biexciton and trion formation

processes). It is worth mentioning that, at this stage, we cannot pinpoint whether

the second-order excitonic emission is originating from a dopant trion (i.e., the

Coulomb bounding between a dopant exciton and an electron in the CB of the

CdSe host) or a dopant biexciton (i.e., the Coulomb bounding between a dopant

exciton and a band-edge exciton) because the formation of both requires the excita-

tion of two components, each exhibiting a concentration growing linearly with the

excitation intensity. Nonetheless, we posit that time-correlated single-photon count-

ing39 or circular emission polarization in magnetic field19 could help to reveal the con-

stituent of the observedmany-body correlations in Cu-doped CQWs, which is beyond

the scope of this work. It is worth mentioning that we have also checked the thermal

stability of observed many-body correlations in Cu-doped CdSe CQWs at the excita-

tion intensity of 10W/cm2 and temperature-dependent emission spectra further verify

the extracted binding energy (see details in Figure S4).

Meanwhile, we should emphasize that this observation constitutes the first demon-

stration of CW-pumped emissivemany-body correlations in the colloidal nanocrystal
Cell Reports Physical Science 3, 101049, September 21, 2022 5



ll
OPEN ACCESS Article
family. It also shows the possibility of distinguishably harvesting emitted photons

from the high-order excitonic state in colloidal semiconductors with the status of

solid-state films at ambient conditions. Specifically, the excitation intensity of

�10 W/cm2 is at least three orders of magnitude lower than the value in typical

colloidal nanocrystals employing pulsed laser excitation.3,6 Such an ultralow

excitation intensity can be directly compared with the electron density injection in

state-of-the-art DC-driven, electroluminescent colloidal nanocrystal-based light-

emitting diodes (10 W/cm2 correspond to an electrical DC density of approximately

5 A/cm2 and the injected current density is already up to 18 A/cm2 in Klimov’s

works40) and matches the power density of concentrated solar irradiance (the inten-

sity of a focused sunlight spot can be easily above 50 W/cm2).41 In parallel, the ex-

tracted binding energy with a value of �64 meV (see the binding energy calculation

in experimental procedures) is 2-fold of that observed in undoped CdSe CQWs (see

PL spectra of undoped CdSe CQWs in Figure S5).3,6,19,20 It is also higher than that of

inorganic colloidal perovskites4 and comparable with the values measured in mono-

layer transition metal dichalcogenides,5,22,42 which further renders the potential of

Cu-doped CQWs for practical device applications.

Dynamic evidence of emissive many-body correlations

To further validate the emissive many-body correlations, we have investigated the

carrier dynamics in Cu-doped CQWs. First, we conduct time-resolved emission mea-

surements with varying excitation fluences (see experimental details in experimental

procedures). As shown in the bottom panel of Figure 3A, a narrow PL spectrum is

observed with a low excitation fluence (0.4 mJ/cm2), and the emission peak (the hott-

est spot in the 2D contour map) is located at �514 nm. However, at a higher fluence

(40 mJ/cm2, see the top panel of Figure 3A), the emission spectrum becomes much

broader and the peak shifts to the wavelength at �528 nm, consistent with the

observation in CW excited steady-state emission spectra. Following the white and

red dashed lines in Figure 3A, we compare the emission decay trace at wavelengths

of 514 and 528 nm. With low fluences in which the biexciton emission is absent (see

Figure 3B), the dynamics at 514 and 528 nm are almost identical (single-decay pro-

cess with a similar lifetime of �234 G 14 and �245 G 36 ps for 514 and 528 nm,

respectively). In contrast, with a higher fluence of 40 mJ/cm2 (see Figure 3C), the

emission channel located at 528 nm displays a faster recombination rate with a life-

time of 127 G 16 ps, while the lifetime of the emission channel located at 514 nm is

still 203 G 18 ps. Besides the accelerated recombination dynamics, we have also

noticed that, at 40 mJ/cm2, the onset of the emission line peaked at 528 nm and is

slightly delayed compared with the excitonic emission at 514 nm, which again sug-

gests that the new emission band is originating from high-order excitonic states

(e.g., the delayed emission onset from biexcitons or trions is usually observed in

bulk or high-quality quantum wells, where many-body correlations are formed by

combining multiple carriers).3,43,44

It is widely established that high-order excitonic states (e.g., trions or biexctions) can

generate SE signals in the pump-probe experiment due to fulfilment of the popula-

tion inversion condition.45–47 Therefore, another dynamic evidence to support the

assignment of high-order excitonic states is the observation of optical gain at high

excitation fluence in transient-absorption measurements (see experimental proced-

ures for details). In Figure 4, we focus on the change in absorbance DA at a wave-

length range near 528 nm with a excitation fluence of 40 mJ/cm2 (a colored map

across the full wavelength range, which also shows the heavy and light exciton

bleaching, is provided in Figure S6). As expected, we observe a weak absorption

bleach due to the MLCBCT process (the sub-band gap copper-to-CB charge transfer
6 Cell Reports Physical Science 3, 101049, September 21, 2022



Figure 3. Time-resolved emission spectrum of Cu-doped CQWs

(A) Streak camera images of Cu-doped CdSe CQWs under excitation of 100 fs pulsed laser. Top

panel: at high excitation fluence (40 mJ/cm2) in which high-order excitonic emission is observed.

Bottom panel: at low excitation fluence (0.4 mJ/cm2) in which only BE is observed. The red dashed

line is located at 514 nm and the white dashed line is located at 528 nm.

(B) Decay traces probed at 514 and 528 nm and corresponding fitting curves when the excitation

fluence is 0.4 mJ/cm2. 514 nm (measurement, blue squares; fitting, black solid line), 528 nm

(measurement, red circles; fitting, black solid line).

(C) Decay traces probed at 514 and 528 nm and corresponding fitting curves when the excitation

fluence is 40 mJ/cm2; the same color and shape coding for data as in (B).
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process and details of this transition can be found in the works of Gamelin and co-

workers30,35) in the DA spectra of Cu-doped CQWs, which covers the whole spec-

trum beyond the red side of the positive photo-induced absorption (PIA) band

(see the top panel of Figures 4A and 4B). This weak absorption bleach exhibits nearly

invariant dynamics within themeasured time window (>3 ns), which is consistent with

the slow recombination rate between CB electrons and copper-trapped holes (life-

time: �450 ns; see Figure S1). Notably, after several picoseconds delay, we unam-

biguously observe the appearance of a strong negative signal (the saturated red

region in the top panel of Figure 4A) peaked at�528 nm below the PIA band. Please

note that this negative band at 528 nm cannot be observed in undoped CdSe CQWs

at the same excitation level (see the comparison between Cu-doped and doped

samples in Figure S6). We here assign the emerged negative signal around

528 nm to an SE process related to more than one exciton in a CQW because of

the following reasons: (1) the strong negative signal neither corresponds to any reso-

nant transition features in the host CQWs nor the MLCBCT process; (2) the strong

negative signal shows a delayed formation and only appears after several picosec-

onds (see Figure 4B) with respect to the excitonic and the MLCBCT bleaching

band; (3) the negative signal can only be observed with high pump fluence (see

the DA in Cu-doped CdSe CQWs with different pump fluences in Figure S7), and

the energy location exactly matches our biexciton emission spectra. Please note
Cell Reports Physical Science 3, 101049, September 21, 2022 7



Figure 4. Transient absorption spectra of Cu-doped CdSe CQWs; excitation laser: 100 fs at

400 nm

(A) Top panel: 2D transient absorption change (DA) images of Cu-doped CdSe CQWs. The

measurement is obtained at a fluence of 40 mJ/cm2. Bottom panel: 2D transient absorption (A)

images of Cu-doped CdSe CQWs at a fluence of 40 mJ/cm2. The red color-coded region indicates

the stimulated emission (A < 0) around 528 nm.

(B) DA spectra as a function of the wavelength at different delay times with a fluence of 40 mJ/cm2.

The negative band around 528 nm exhibits a delayed formation.

(C) Time-resolved A spectra (probed at 528 nm) with different fluences. At a fluence of 40 mJ/cm2,

the gain can last over a period of >200 ps. The inset shows the dynamics of –A at a fluence of

40 mJ/cm2, which yields a lifetime of 187 G 5 ps.
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that the reason for optical gain detected in pump-probe experiments from the solu-

tion of Cu-doped CQWs is that photons produced by SE are identical (phase, en-

ergy, and momentum) to the probe photons, different from those produced by

spontaneous emission.45

The optical gain from high-order excitonic states is further verified by the absolute

absorbance A(l,t) = DA(l,t)+A0(l), where A0(l) is the linear absorption with the

same measurement condition.46 The bottom panel of Figure 4A presents the color

map of absolute absorbance at a pump fluence of 40 mJ/cm2, which codes the pos-

itive absorbance with blue color and gain (A<0) with red color. The optical gain re-

gion agrees very well with the biexciton emission resolved in previous parts (dashed

black rectangle) and can last more than 100 ps. The dynamics of SE under different

pump fluences probed at the wavelength of 528 nm are shown in Figure 4C. Initially,

no gain can be achieved with low fluence. With increasing fluence, the value of A

turns negative after the initial short-lived positive feature caused by hot carriers41

and an excitation threshold of �20 mJ/cm2 is extracted. Significant amplification is

observed at a pump fluence of 40 mJ/cm2 with a minimum absorbance value of

�2.8 mOD and the optical gain relaxation can be fitted to a biexponential decay.

Please note that, besides the fast component with a lifetime of 8.67 G 0.2 ps, which

is possibly due to the nonradiative Auger effect,21 the slow decay component with a
8 Cell Reports Physical Science 3, 101049, September 21, 2022
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lifetime of �187 G 5 ps matches well with the emission decay probed at 528 nm

(�128 G 17 ps in Figure 3C), confirming again the existence of emissive high-order

excitonic states in Cu-doped CdSe CQWs.5,44 Furthermore, it is worth mentioning

that, with Cu-doped CQWs embedded in the Fabry-Pérot cavity, we have also suc-

cessfully demonstrated lasing from the observed many-body correlations.48

In summary, we have demonstrated spectrally resolved, CW-pumped high-order

excitonic emission in Cu-doped CdSe CQWs at room temperature, which is verified

by the quadratic scaling with excitation of static emission intensity and the transient

photophysical properties of many-body correlations. The presence of dopant exci-

tons with ultralong lifetime and highly localized wavefunctions enables the efficient

formation of many-body correlations with enhanced binding energy. We emphasize

that the observed binding energy is up to 2-fold of those reported in other colloidal

nanocrystals, and the demonstration of CW-pumped high-order excitonic emission

stands out. The pumping level at �10 W/cm2 matches the power density of concen-

trated sunlight and correspond to an electrical density of �5 A/cm2, a level that

could be attained in state-of-the-art DC-driven, light-emitting diodes with the

colloidal nanomaterials. Thus, this work suggests that Cu-doped CQWs offer unique

prospects for the design of novel solution-processable solid-state devices.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Cuong Dang (hcdang@ntu.edu.sg).

Materials availability

The materials in this study will be made available upon reasonable request.

Data and code availability

The published article and its supplemental information include all data generated or

analyzed during this study.

Estimation of the Cu atomic level

With ICP-MS we estimated Cu atomic levels with respect to cadmium and selenium.

The average dimensions of our 4 ML cCu-doped CdSe CQWs measured by TEM

microscopy are (40.3 G 1.6) 3 (17.3 G 2.9) 3 1.2 nm, which suggests �17,430 cad-

mium and�13,695 selenium atoms in one CQW. Therefore, using ICP-MS measure-

ments, we can estimate Cu atoms per CQW.

CW pumping PL spectroscopy

The CW excitation PL study was performed with a diode laser (Cobolt 06-MLD; exci-

tation wavelength: 405 nm) and a fiber-coupled ANDOR spectrometer (monochro-

mator: Andor Shamrock 303i, CCD: Andor iDus 401). Samples were drop-cast on a

glass substrate for both room- and low-temperature measurements. The measure-

ments were conducted in a surface emission geometry to avoid the spectra shift

caused by reabsorption. The excitation spot radius is 50 mm, produced by a

plano-concave lens with a focal length of 75 mm. For the low-temperature CW PL

measurements, samples were cooled with a closed-cycle helium cryostat.

Calculation of the biexciton binding energy based on emission spectra

The biexciton binding energy is defined as the energy difference between biexciton

states and two free excitons: Dbiex = 2Eex � Ebiex, where Dbiex is the biexciton binding
Cell Reports Physical Science 3, 101049, September 21, 2022 9
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energy, and Eex and Ebiex are the energies of the excitons and biexcitons, respectively.

Considering that the radiative recombination of one biexciton will generate one

exciton and emit one photon: Ebiex = Eex + hnxx = hnx + hnxx (hnx and hnxx are the

photon energies of exciton and biexciton emission, respectively). Thus, one can calcu-

late the biexciton binding energy (Dbiex) based on the spectra shift: Dbiex = hnx � hnxx.
Time-resolved PL measurement

Time-resolved PL (trPL) measurements were performed using a streak camera from

Optronics. The 400-nm pump laser pulses for trPL were generated by a 1,000 Hz

regenerative amplifier (Coherent Libra). The beam from the regenerative amplifier

has a center wavelength at 800 nm, a pulse width of around 150 fs, and was seeded

by a mode-locked Ti-sapphire oscillator (Coherent Vitesse, 80 MHz). A 400-nm

pump laser was obtained by frequency doubling the 800-nm fundamental regener-

ative amplifier output using a BBO crystal. All measurements were performed in the

solid film at room temperature under ambient air (53% G 2% humidity) conditions.
Transient absorption spectroscopy

Transient absorption (TA) spectroscopy was performed using a Helios setup (Ultra-

fast Systems) and in transmission mode with chirp correction. The white light contin-

uum probe beam (in the range of 400–800 nm) was generated from a 3-mm sapphire

crystal using 800-nm pulses from the regenerative amplifier, as described in the trPL

measurement. The pump beam spot size is �0.5 mm. The probe beam passing

through the sample was collected using a detector for UV-vis (CMOS sensor). All

measurements were performed at room temperature in solution (hexane).
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