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[-III-VI quantum dots are potential candidates for light-emitting and light-harvesting applications due to their
heavy-metal-free composition and chemical tunability. Despite their potential, the investigation of intrinsic
exciton and excitonic many-body dynamics has often been complicated because of their extensive defect energy
landscape. Here, we investigate bright band-gap-emitting AgInS, quantum dots of sizes ranging from ~4 to
7 nm using femtosecond pump-probe spectroscopy to link quantum confinement to exciton formation and
many-body interactions. The exciton formation time is governed by inter-valence-band hole relaxation. This
increases by more than a factor of 4 with decreasing quantum dot size, reflecting size-dependent exciton-phonon
scattering efficiency. By temporally correlating hole relaxation with induced absorption dynamics, we identify
different exciton-to-biexciton transitions originating from different exciton states. Excitation-fluence-dependent
measurements reveal a biexciton decay time that scales with the quantum dot volume. Smaller quantum dots
show fast decay of <100 ps, primarily governed by exciton-exciton annihilation. In larger quantum dots, the
biexciton lifetime exceeds 400 ps, indicating reduced annihilation efficiency. Complementary streak-camera
photoluminescence experiments provide direct spectroscopic evidence that these long-lived biexcitons are
partially emissive. Collectively, we report an in-depth ultrafast-optical study yielding fundamental insights into
the complex landscape of exciton formation and biexciton physics, which advances the understanding of intrinsic
optical processes in AgInS, quantum dots among I-1II-VI materials.
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I. INTRODUCTION

Environmentally friendly, narrow-emitting I-III-VI quan-
tum dots (QDs), in particular colloidal AgInS, QDs, are
gaining popularity as a promising alternative to the well-
established heavy-metal-containing Pb- and Cd-based QDs
[1-8]. They excel due to their low toxicity, remarkable stabil-
ity, flexible chemical composition, and broadly tunable optical
properties. In contrast, both Pb and Cd are listed as restricted
substances under the European Union’s RoHS directive, con-
straining their use in commercial devices. This makes I-III-VI
QDs especially interesting for optoelectronic applications,
such as light-emitting devices (LEDs), wide color gamut dis-
play technologies, biological imaging and sensing, as well as
energy harvesting applications.
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In general, QDs are zero-dimensional (0D) nanocrystals,
where quantum confinement arises when their radius is com-
parable to the exciton Bohr radius. Depending on the size
of the QD, confinement leads to discrete states through the
quantization of the center-of-mass motion of weakly confined
Wannier-Mott excitons or the separate quantization of indi-
vidual electrons and holes in the strong confinement limit [9].
The discretization of electronic states gives rise to the phonon
bottleneck, where carrier-phonon scattering is inefficient not
only because the available phonon energies mismatch the
spacing between quantized levels, but also due to a strongly
suppressed spatial overlap between excitons (or electron/hole)
and phonon wave functions [10,11]. In strongly confined sys-
tems, however, the Coulomb exchange interaction between
electrons and holes enables efficient energy transfer between
them [12—14]. This results in rapid carrier relaxation, thereby
bypassing the phonon bottleneck.

Importantly, pronounced excitonic effects in QDs result in
biexciton formation through many-body interactions [15-19].
Biexcitons originate from the Coulomb interaction between
two excitons, leading to the formation of a bound two-exciton
state. The interaction strength is thereby characterized by the
biexciton binding energy, which is reported in the range of
tens to hundreds meV for Cd- and Pb-based QDs, depending
on their size [19-25]. Pioneering work by Klimov et al.,
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among others, provided fundamental insights into such exci-
tonic many-body interactions [26]. This includes, e.g., the size
dependence of three-body Auger recombination, two-body
exciton-exciton annihilation (EEA), and biexciton transitions.
For instance, biexciton emission is enhanced in CdSe QDs
with a giant shell exhibiting biexciton decay times in the
ns regime [27]. Consequently, nonradiative many-body in-
teractions are suppressed. In contrast, biexciton lifetimes in
Pb-halide perovskite QDs are below 100 ps [23,25,28,29].
These fast biexciton decay times originate from efficient
nonradiative excitonic many-body interactions. Such an un-
derstanding of biexcitons, EEA, and Auger recombination
processes in QDs is crucial for designing efficient LEDs and
lasing materials.

In I-III-VI QDs, intrinsic excitonic many-body interac-
tions remain largely unexplored compared to well-established
QD systems, where, e.g., scaling relationships have served
as foundational references for the field [26]. This is mainly
because point defects can trap charge carriers on subpicosec-
ond timescales [30]. For example, Debnath et al. reported
probe-induced biexcitons associated with a pump-generated
high-energy exciton and a probe-induced exciton trapped at
an antisite-defect state in broad-emitting Cu-In-S- and Ag-
In-S-based QDs [31,32]. Furthermore, trap-assisted Auger
recombination in defect-emitting CulnS, QDs was examined,
involving a free electron and a trapped hole at a Cu vacancy
[33]. For CulnS, QDs with sizes ranging from 2.8 to 3.4 nm,
all showing broad emission, Auger recombination was ob-
served on the timescale of 10-23 ps [34]. Similarly, an optical
study on broad-emitting CulnSe, QDs showed size-dependent
Auger recombination times of 73, 85, and 130 ps for QDs of
4.5, 6.2, and 9.2 nm, respectively [35]. Recent advances in
defect control in Ag-In-S-based QDs have shown that careful
surface engineering can suppress such trap states and enable
free-exciton emission with narrow photoluminescence (PL)
[4,5]. As reported by our group, defect management not only
improves optical quality but also reveals the intrinsic excitonic
nature of I-III-VI QDs [30]. This provides a platform to study
their fundamental photophysics, which are determined by the
electronic structure. Unlike the degenerate valence-band max-
imum (VBM) of traditional II-VI or III-V semiconductors,
Ag-based I-III-VI compounds exhibit an isolated upper va-
lence band that is split from the lower bands [30,36]. This
splitting originates from their noncubic unit cells, where the
anisotropic crystalline field lifts the valence-band degener-
acy. As a result, excitons can be optically formed at these
distinct band-edge states. The resulting excitonic many-body
interactions arising from the split valence-band structure may
create a complex landscape of transitions that remains poorly
understood.

In this study, we investigate narrow free-exciton-emitting
AgInS,; QDs with PL quantum yields (PLQYs) of up to
56%. By tuning the QD size, the emission color is varied
from green to red, allowing us to establish a sizing curve
for AgInS, semiconductors and enabling the exploration
of ultrafast-optical processes that depend on the degree of
confinement. Ultrafast transient transmission spectroscopy re-
veals the dynamics of hole relaxation and exciton formation,
showing a pronounced size dependence. Smaller QDs show
delayed hole relaxation times due to reduced exciton-phonon

scattering efficiency. We further probe and identify exciton-
exciton interactions through induced-absorption transitions
from excitons to biexcitons arising from different valence-
band states. Utilizing fluence-dependent pump-probe mea-
surements, we determine lifetimes ranging from 70 to 495
ps from small to large QDs and establish a scaling law for
biexciton decay in AgInS; QDs. The longer biexciton lifetime
in larger QDs suggests emissive biexcitons. This is corrob-
orated by excitation-fluence-dependent streak measurements,
where a blue shift in the PL spectrum on the timescale
of the biexciton decay is observed. These findings uncover
the intrinsic exciton and biexciton dynamics in narrow free-
exciton-emitting I-III-VI QDs, overcoming defect-trapping
effects and establishing systematic scaling relationships that
address a longstanding research gap, thereby advancing un-
derstanding beyond II-VI and III-V systems.

II. RESULTS AND DISCUSSION

We synthesize AgInS, QDs of five different sizes us-
ing a modified procedure reported by us previously (see the
Methods section for details on synthesis) [30]. Representative
scanning transmission electron microscopy in high-angle an-
nular dark-field (STEM-HAADF) images in Fig. 1(a) show
highly crystalline QDs with a lattice fringe distance of 0.35
nm, consistent with the AgInS, chalcopyrite structure. STEM-
HAADF images on a larger scale are depicted in Fig. S1 in
the Supplemental Material (SM) [37]. Using x-ray diffraction
(XRD), we confirm that the QDs crystallize in the tetragonal
AgInS; phase [Fig. 1(b) and Fig. S2 in the SM [37]). The QD
sizes are determined by small-angle x-ray scattering (SAXS,
Fig. S3 in the SM [37]), yielding diameters in the range of
4.4-7 nm, which is in good agreement with the crystalline
sizes determined from the Debye-Scherrer analysis of XRD
data.

Figure 1(c) shows the absorption and PL spectra of the
different-sized QDs. At shorter photon wavelengths, the ab-
sorbance increases continuously, indicating a quasicontinuum
of closely spaced excitonic states that arise from quantization
of the center-of-mass motion and different band states. Below
the quasicontinuum, the absorption spectra display two exci-
ton transitions, X1 and X2. Earlier, we presented that these
excitonic transitions originate from electron states derived
from the conduction-band minimum (CBM) and hole states
derived from the two uppermost VBMs [30]. A schematic il-
lustration of the band structure of AgInS; is shown in Fig. 1(d)
(left). In the quantum-confined system, the k-space dispersion
is lost [9]. Accordingly, these continua evolve into discrete
levels associated with the corresponding excitons [Fig. 1(d),
right]. Interestingly, the holes in the two uppermost valence
bands exhibit comparable confinement behavior [30]. As a
result, the energy separation between X1 and X2 in our QDs
remains nearly constant (~ 160 meV) under quantum con-
finement (Fig. S4 in the SM [37]). This X1-X2 splitting is
consistent with electroreflectance measurements on AglnS,
bulk crystals [38]. Notably, the transition from a k-space
dispersed to a discrete electronic system occurs smoothly
and depends on the degree of quantum confinement. The PL
spectra exhibit narrow emissions, attributed to free-exciton
recombination, with PLQYs ranging from 31% to 56%. For
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FIG. 1. (a) Representative STEM-HAADF images of 6.2 nm AglnS, QDs. (b) A representative XRD pattern of the smallest 4.4 nm AglnS,
QDs. (c) Absorption and PL spectra of different-sized AgInS, QDs, ranging from 4.4 to 7 nm in diameter, with PLQY values up to 56%. The
inset shows a cuvette image of the corresponding AgInS, QDs under UV-light illumination. (d) On the left side, a schematic representation of
the band structure of AgInS, [30], consisting of three upper valence bands and a conduction band, is shown. The exciton transitions X1 and
X2 are depicted, associated with two valence-band maxima. On the right side, the excitons are presented in the two-particle picture without
dispersion for the quantum-confined system. (e) Energy dependence of the exciton X1 on the diameter of the AgInS, QDs, including the

exciton Bohr radius.

QDs of size 4.4 and 4.7 nm, a weak, additional broad emission
appears on the long-wavelength side, owing to the presence of
point defects, likely due to the higher surface-to-volume ratio
[39]. Figure 1(e) shows the QD size-dependent shift of the
exciton state X1 in a sizing curve. Exciton X1 blueshifts with
decreasing QD size, consistent with the quantum confinement
effect. The data points are fitted using the confinement in a
spherical potential model E(d) = W’ /[2u(d /2)2] + Evuks
with p being the reduced effective mass and d being the
diameter of the QDs and E,x denoting the bulk band gap [9].
From the fit, we obtain a bulk band gap of 1.88 eV in close
agreement with the experimentally obtained 1.86 eV [38].
Further, we deduce the reduced effective mass u = 0.24my,
with mg being the free-electron mass, in good agreement with
values reported from DFT calculations [30,40,41]. From this
parameter, we determine the exciton Bohr diameter, indicated
by the arrow in Fig. 1(e). All QD sizes are larger than the
exciton Bohr diameter, confirming that the system lies in
the weak-confinement regime. Notably, for strongly confined
nanocrystals, the confinement energy can scale with an ex-
ponent deviating from 2, which can further be influenced by
shell-related transitions and defects [42—44]. However, for the
free-exciton-emitting core-only QDs in the weak-confinement
regime (being relevant here), the effective-mass description
with a quadratic dependence is appropriate.

Femtosecond pump-probe spectroscopy is employed to
investigate the transient changes in the intrinsic excitonic tran-
sitions of the different-sized AgInS, QDs. Figure 2(a) shows
representative differential transmission (DT) spectra for 4.7
nm QDs at various delay times under low excitation fluence
(average number of excitations: (N) = 0.1 at 400 nm pump).
Three distinct spectral features are observed, including two

positive signals and one negative signal, which are indicated
by the colored shaded regions in Fig. 2(a). We observe equiva-
lent spectral features for the other sizes (4.4,5.7, 6.2, and 7 nm
QDs shown in Figs. S8A, S9A, S10A, and S11A, respectively,
in the SM Sec. IT A [37]). The two positive DT features coin-
cide spectrally with the excitonic transitions X1 and X2 in the
corresponding linear absorption spectrum and are therefore
attributed to bleaching signals due to state filling of X1 and X2
[45]. The negative feature on the long-wavelength side of the
X1 bleach corresponds to an exciton-to-biexciton absorption,
arising from exciton-exciton Coulomb interaction involving
X1[16,19]. In this process, the pump pulse creates a single ex-
citon that interacts with a probe-generated exciton X1 to form
a bound biexciton state (XX). The biexciton energy (Exx)
is reduced relative to the sum of two single-exciton energies
(2Ex) by the biexciton binding energy (Exx = 2Ex — Ep xx),
resulting in the redshifted induced-absorption feature.

In the following, we demonstrate that inter-valence-band
hole relaxation is delayed with decreasing QD size, due to
reduced exciton-phonon scattering efficiency in smaller QDs.
The temporal evolution of the X1 and X2 bleach amplitudes
for 4.7 nm QDs is shown in Fig. 2B. Evidently, transient X2
rises faster than X1, which is composed of two distinct rise
components. First, a fast <200 fs process is attributed to the
population of the band-edge electron state. Second, a slower
component corresponds to inter-valence-band hole relaxation
between the two lowest hole states (X2 — X1). In this pro-
cess, the DT signal at X2 does not decay significantly because
the excited electron continues to occupy the conduction-band
state. On the long-time scale, both X1 and X2 transients
display identical decays (Fig. S5A in the SM [37]) governed
by the depopulation of electrons, consistent with our previous
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FIG. 2. (a) DT spectra at various delay times upon 400 nm excitation of 4.7 nm AgInS, QDs. In the shaded areas, state-filling of exciton
X1 and X2, as well as the biexciton induced absorption, are shown. For reference, the steady-state absorption is shown in black. (b) Transients
of bleach X2 (524 nm) and X1 (565 nm) in blue and green, respectively. In black, we present the difference between them, yielding the hole
relaxation time t,0e. The signals are not affected by chirp artifacts, as evidenced in Fig. S6 in the SM [37]. (c) Logarithmic scale plot of hole
relaxation times and QD volume. The inset shows a scheme of the inter-valence-band hole relaxation. (d) The biexciton-induced absorption
transients at 588 nm for 4.7 nm QDs. (e) Model transients for exciton X1 bleach in green, induced absorption in brown, and the induced
absorption in dashed gray without bleach spectral overlap, compensating the negative signal.

report [30]. The hole relaxation time 7y, is obtained by sub-
tracting the X1 from the X2 bleach transient, yielding 7o =
(0.78 £ 0.04) ps for 4.7 nm QDs from a monoexponential
fit (Fig. S5C in the SM [37]). The relaxation pathways are
depicted in the inset of Fig. 2(c) within the framework of the
bulk one-particle picture. In this representation, photoexcited
electrons and holes cool via intraband scattering toward the
CBM and the VBM of the respective bands. Holes that cool
into the lower VBM subsequently relax via inter-valence-band
scattering to the upper VBM on a timescale of ty,qje. Translated
to our quantum-confined system, these processes correspond
to sequential exciton formation. Intraband cooling involves
electrons and holes scattering among discrete states derived
from the conduction band and lower valence bands, which
eventually form exciton X2. Hole relaxation between states
derived from the two uppermost valence bands corresponds
to the inter-valence-band scattering, leading to the creation of
exciton X1.

In a prior study on broad-emitting AgInS, QDs [46], two
DT bleaching signals were reported, with the lower-energy
feature exhibiting a delayed rise relative to the higher-energy
one. While these observations were interpreted within a

theoretical framework developed for strongly confined
CulnS, QDs [47], the AgInS; QDs investigated here operate
in the weak-confinement regime and exhibit narrow free-
exciton emission with high PLQY. Accordingly, we describe
the optical transitions within the framework of the AgInS,
bulk band structure, where the valence bands are intrinsically
split due to crystal-field effects, and attribute the delayed rise
to inter-valence-band hole relaxation. Building on this picture,
we systematically investigate the size dependence of the hole
relaxation.

Across all sizes, we observe a fast rise in exciton X2 bleach
and two rise components for exciton X1, equivalent to the
findings in 4.7 nm QDs (SM Sec. IT A [37]). Interestingly,
inter-valence-band hole relaxation exhibits a pronounced size
dependence, with a faster relaxation in larger QDs, as shown
in Fig. 2(c). Over the investigated size range, this trend can
be described empirically by Tpee o V™02 corresponding
to a nearly inverse volume dependence of the hole relaxation
time. We emphasize that this relation serves as a qualita-
tive parametrization of the observed trend, since the size
dependence of the exciton-phonon scattering rate does not
generally follow a universal analytic scaling with QD size
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[10]. The accelerated hole relaxation in larger QDs is not
due to a size-dependent X1-X2 energy-phonon mismatch,
owing to the similar X1-X2 splitting across all QD sizes (Fig.
S4 in the SM [37]). Instead, it can be understood within
phonon-scattering theory for confined systems [10,11], where
increased state dispersion in larger QDs enhances exciton-
phonon scattering efficiency. Within this picture, the slight
deviation from a linear trend on the log-log scale observed
in our data most likely reflects the crossover between two size
limits. For larger QDs, the electronic structure progressively
approaches the bulk limit, and the hole relaxation time is ex-
pected to saturate rather than continue decreasing indefinitely.
Conversely, in smaller QDs, relatively stronger confinement
enhances the discretization of the electronic states and reduces
exciton-phonon scattering efficiency, resulting in a more rapid
increase in the hole relaxation time. Such a trend stands in
contrast to the Coulomb-mediated relaxation via energy trans-
fer observed in III-V and II-VI QD systems, where electron
states associated with small effective masses are sparsely
distributed, while hole states with large effective masses are
more densely spaced [12]. In such systems, a high-energy
electron can efficiently transfer its excess energy to the hole,
typically leading to faster relaxation as QD size decreases,
which is opposite to our observation [14,48]. Once X2 is
formed, the electron has already occupied the band-edge state.
For the hole to relax via energy transfer, the energetic dis-
tance between X2 and X1 (~ 160 meV) would need to match
the spacing between confined electron levels. This is highly
unlikely in AgInS, QDs, given their small effective electron
mass and the resulting widely spaced energy levels. The re-
maining hole must therefore relax via a phonon-mediated
process to form X1. A qualitatively similar size-dependent
carrier-relaxation slowdown has been shown for strongly
confined FASnl; QDs [49]. Using their reported sizes and
relaxation times, a scaling of Tge X V29 can be inferred.
This stronger size dependence may be associated with the
stronger confinement and the large electronic energy spacing
of ~300 meV in FASnI;.

We now reveal biexciton transitions, induced by exciton
X1, by temporally correlating the biexciton signal evolution
with the hole relaxation. The corresponding transient at XX
is depicted in Fig. 2(d) for 4.7 nm QDs. The signal initially
rises negatively, then decays and turns positive. Importantly,
the decay of this negative feature matches the hole relaxation
dynamics shown in Fig. 2(b), highlighting that the temporal
evolution of this feature is governed by hole relaxation, which
is consistently observed in all QD sizes (Fig. S5B and SM
Sec. ITA [37]). We therefore conclude that the biexciton-
induced absorption originates predominantly from the X2 —
X2X1 transition [19,50]. As the hole relaxes from X2 to X1,
the biexciton-induced absorption to X1X1 spectrally overlaps
with the bleach of X1, resulting in a net positive X1X1 signal.
We model the transients in Fig. 2(e) to visualize the negative
signal decay of the induced absorption amplitude (X2X1 —
X1XT1). While induced absorption to X1X1 persists as long
as exciton X1 remains populated [24], the rising positive
X1 bleach compensates for the negative induced X1X1
absorption [19].

Our assignment differs from earlier DT studies on broad-
emitting AgInS, QDs, where carrier dynamics involve
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FIG. 3. Illustration of different exciton levels (X1, X2, and
higher-energy exciton Xn), and biexciton levels (X1X1 and X2X1) in
AgInS; QDs. The pump- and probe-induced transitions are depicted
by blue and brown arrows, respectively. The biexciton levels are
reduced by the biexciton binding energy (E, xx), relative to the sum
of the two individual exciton levels.

sub-band-gap defect states [32,51]. Specifically, an induced
absorption feature has been attributed to a probe-induced
biexciton originating from antisite defect levels [32]. On the
contrary, we observe a direct temporal correlation between the
intrinsic hole relaxation and the XX signal consistently across
all QD sizes, suggesting an intrinsic excitonic origin of the
induced absorption feature. Furthermore, the amplitude of the
induced absorption scales with excitation fluence and persists
at long pump-probe delay times (>2000 ps with (N) ~ 1.7,
Fig. S7 in the SM [37]), consistent with biexciton-induced
absorption rather than a defect-related origin.

We estimate the biexciton binding energy from Gaussian
decomposition of the DT spectra for different-sized QDs (SM
Sec. I A [37]). These binding energies correspond to the
X2X1 biexciton and range from 62 to 118 meV, indicating
a general tendency toward larger values with decreasing QD
size. For the X1X1 biexciton, a comparable binding energy
is expected as the exciton states involve the same CBM. A
larger biexciton binding energy in smaller QDs arises from a
stronger spatial overlap of the exciton wavefunctions, which
enhances the Coulomb interaction and thus increases the
biexciton binding energy [15,16]. In comparison, confined
excitons in Pb-halide perovskites are reported to exhibit a
biexciton binding energy of 11-100 meV and in CdSe of up
to 33 meV [21,23,25,28].

The overall excited-state dynamics are summarized
schematically in Fig. 3, which depicts the single and biex-
citon levels. The latter are reduced by the biexciton binding
energy compared to the sum of the two individual exciton
energies. Following excitation by the pump pulse, high-energy
excitons rapidly scatter to the X2 state (composed of elec-
trons derived from the CBM and holes derived from the
lower VBM), from which the probe induces the X2 — X2X1
biexciton transition. As the hole relaxes to the lowest state,
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FIG. 4. (a),(b) DT decay curves of 4.7 nm QDs (a) and 6.2 nm QDs

(b) for various (N) at the exciton X1 bleach [Panel (a), 565 nm; panel

(b), 602 nm] upon 400 nm excitation. The transients are normalized at delay times >2500 ps. The schematic in the inset shows the transition

from a biexciton to an exciton via biexciton decay. (c) The isolated aver:
QDs in brown and 6.2 nm QDs in orange, yielding the biexciton decay ti

aged biexciton decay from (a) and (b) in logarithmic scale for 4.7 nm
me txx. (d) Logarithmic-scale plot of size-dependent biexciton decay.

The inset depicts the logarithmic-scale plot for the absorption cross section at 400 nm.

exciton X1 (composed of band-edge electrons and holes) is
formed, and the population of X2 is depleted. Consequently,
the X2X1 transition vanishes, and biexciton formation shifts
to the X1 — X1XI1 transition. We note that transitions from
higher-energy excitons Xn and X2 to higher biexciton states
such as X2X2 and XnX2 are also possible, as indicated by
the weak negative signal below exciton X2 in Fig. 2(a) at
very early delay times (<50 fs). In addition, formation of the
X1X2 biexciton from exciton X1 may occur. However, these
transitions predominantly overlap spectrally with the state-
filling signals of excitons X2 and X1. These results establish a
detailed understanding of the size-dependent sequential exci-
ton relaxation and biexciton-formation pathways, highlighting
the role of confinement in governing hole relaxation times in
AglnS, QDs.

To understand multiexciton decay processes, we perform
fluence-dependent DT measurements on the different-sized
AgInS, QDs. Figures 4(a) and 4(b) show representative
bleach transients of exciton X1 for 4.7 and 6.2 nm QDs,
respectively, at various excitation fluences. The excitation flu-
ences correspond to different average excitation numbers per
dot ({N)), determined by Poisson statistics (Figs. S12D and
S13D in the SM [37]). The decay traces in Figs. 4(a) and 4(b)
are normalized at delay times >2500 ps. For both QD sizes,
the transients show identical late-time behavior across exci-
tation fluences, independent of the initial excitation density.
Thus, we attribute this regime to single-exciton decay. At early
delay times, however, additional decay components emerge
due to multiexciton interactions. Notably, the multiexciton
decay in the 6.2 nm QDs [Fig. 4(b)] is slower than in the
smaller 4.7 nm QDs [Fig. 4(a)]. To isolate the multiexciton

contribution, we subtract the single-exciton response obtained
under low-fluence excitation. The resulting transients display
monoexponential decay curves with similar decay dynamics
across (N) (Figs. S12C and S13C in the SM [37]), confirming
that the multiexciton dynamics are dominated by a biexciton
decay. Figure 4(c) combines these results, showing average
biexciton decay times of (98 & 3) ps for 4.7 nm QDs and (426
4 15) ps for 6.2 nm QDs. To evaluate the biexciton lifetime
across the full-size series, we plot the extracted biexciton life-
times in Fig. 4(d) (see SM Sec. II B for more details [37]). The
biexciton decay time scales as txx o« V!°0! with QD vol-
ume (V), revealing a strong size dependence of the biexciton
decay, which is consistent with trends reported for intrinsic
biexciton recombination in established QD systems [26,29].
This behavior indicates a reduced efficiency of nonradiative
biexciton recombination in larger QDs, leading to longer
decay times. In contrast, trap-assisted Auger recombination
exhibits a characteristic sub-linear volume dependence (T
V967y[52]. The inset of Fig. 4(d) shows a nearly linear volume
scaling of the absorption cross-section (o o< VO%01) at 400
nm. This result indicates that AglnS, QDs possess a light
absorption efficiency comparable to that of well-established
Pb- and Cd-based QD systems at 400 nm (3.1 eV) [28,53].
The smaller AgInS, QDs exhibit decay times compara-
ble to those of 11 nm Pb-halide perovskite QDs and 5 nm
CdSe QDs [23,25,28]. In such OD systems, nonradiative EEA
between coulombically bound excitons or Auger recombina-
tion involving uncorrelated carriers, respectively, dominate
the biexciton decay dynamics. In the former, one exciton
recombines nonradiatively and transfers its energy to a second
exciton, promoting it to a higher-lying state [53]. In the latter,
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FIG. 5. (a) PL spectra of 6.2 nm QDs, temporally averaged over the first 400 ps at various (N). (b) PL decay curves, normalized at decay
times >2500 ps at different excitation scenarios. The initial fast decay is schematically represented in the inset by a biexciton-to-exciton
decay. (c) The extracted averaged biexciton decay for different curves in (b) in a logarithmic scale, revealing the biexciton decay time txx. (d)
Temporally averaged PL spectra at the biexciton-dominated regime PL1 in red and at the single exciton regime PL2 in blue for (N) &~ 0.8. The
blue spectrum PL2 is scaled by a factor of 4. (e) The difference of PL1 and PL2 from (d) in black, its Gaussian fit in red, and the steady-state
PL spectrum in blue. The biexciton binding energy E, xx is presented. (f) Schematic of the competing decay mechanisms: Nonradiative
exciton-exciton annihilation on the left and radiative biexciton-to-exciton decay on the right.

the recombining electron-hole pair transfers its energy to a
third carrier [26]. Accordingly, stronger quantum confinement
in smaller AgInS, QDs enhances exciton-exciton overlap and
additionally relaxes momentum conservation, leading to ef-
ficient nonradiative EEA. On the contrary, in larger AgInS,
QDs, the exciton wave functions are comparably more delo-
calized, and momentum conservation increasingly restricts the
annihilation process [26]. Consequently, EEA is less efficient,
resulting in a longer biexciton decay time. The relatively long
lifetime in this case raises the question of whether the decay
is purely nonradiative or contains a radiative component.

To clarify the involvement of biexciton emission, we per-
form intensity-dependent PL lifetime measurements on large
6.2 nm AgInS, QDs using a streak camera. Figure 5(a) shows
the intensity-dependent PL spectra, temporally averaged over
the first 400 ps, which display a narrow emission linewidth.
The spectrally integrated PL decays are presented in Fig. 5(b)
for various (N) (determined by Poisson statistics, Fig. S17
in the SM [37]). As in the pump-probe measurements, the
traces converge at long decays (>2500 ps), indicating single-
exciton recombination, while additional fast components
appear at early times. Subtracting the single-exciton contribu-
tion isolates a faster decay, which is mono-exponential across
excitation fluences (Fig. S18C in the SM [37]). The averaged
decay [Fig. 5(c)] yields a time constant of (397 + 8) ps,
matching the biexciton lifetime determined from pump-probe

spectroscopy. Hence, the time-resolved PL dynamics are gov-
erned by biexciton and single-exciton decays.

To investigate spectral signatures of the emission, we com-
pare the PL spectrum within the biexciton-dominated regime
(temporally averaged within <300 ps, PL1) with that of the
single-exciton regime (temporally averaged within 4.5-5.2
ns, PL2) in Fig. 5(d). Surprisingly, the PL1 is redshifted
relative to PL2, revealing biexciton emission (X1X1 — X1),
which has not been reported previously in the I-III-VI QD
material class. Due to the biexciton binding energy, the
biexciton emission (PL1) occurs at longer photon wave-
lengths than the single-exciton emission (PL2). Importantly,
at lower excitation fluences, we do not observe this spectral
shift (Fig. S19 in the SM [37]), consistent with biexciton
emission appearing only under high-fluence excitation. To
estimate the biexciton binding energy from our streak mea-
surements, we qualitatively isolate the biexciton contribution
by subtracting spectrum PL2 from PL1 and compare the re-
sult with the steady-state PL [Fig. 5(e)] [23,54]. From this
difference, a biexciton binding energy of Ep xx = (57 £5)
meV is derived, in good agreement with the value obtained
from pump-probe experiments (Eg xx = 62 £ 15 meV). Fig-
ure 5(f) schematically summarizes the competing processes
of EEA and biexciton emission. In larger 6.2 nm QDs,
the reduced annihilation probability, stemming from weaker
confinement of excitons, permits partial radiative biexciton
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emission. On the other hand, fast biexciton decay is dominated
by non-radiative EEA in smaller QDs.

III. CONCLUSIONS

In this work, we systematically study bright, narrow green-
to-red-emitting AgInS, QDs with emission efficiencies up to
56%. By tuning the QD size, we deduce a sizing curve and
optically explore exciton and biexciton dynamics, as well as
exciton-exciton interactions across all sizes, that depend on
the degree of confinement. We find that the inter-valence-band
hole relaxation involving exciton X2 and X1 accelerates with
increasing QD size. Our results reveal the complex land-
scape of exciton-to-biexciton transitions, demonstrating that
the biexciton signal originates from the X2 — X2X1 transi-
tion before hole relaxation completes to form X1. Biexciton
dynamics are systematically investigated, revealing that the
biexciton decay time scales with QD size. The short sub-100
ps biexciton lifetime in smaller QDs is primarily governed
by rapid EEA, whereas in larger QDs, the annihilation rate
decreases and radiative biexciton emission emerges under

high fluence excitation. Together, these ultrafast spectroscopic
measurements establish a detailed, fundamental picture of
exciton and biexciton dynamics in I-III-VI QDs, providing
insights relevant to the design of next-generation QD-based
light-emitting and energy-harvesting devices.
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