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We investigate the ultrafast dynamics of exciton formation in (Ga,In)As quantum wells using optical pump–
terahertz probe spectroscopy, complemented by time-resolved photoluminescence. Terahertz spectroscopy
directly probes intraexcitonic transitions and thus, in principle, distinguishes between unbound electron-hole
plasma and Coulomb-bound exciton populations. At low excitation densities, this separation is effective: the
Drude response of the electron-hole plasma remains spectrally distinct from narrow intraexcitonic resonances.
However, at higher excitation densities, spectral broadening and overlap obscure this distinction.

Following low-density nonresonant excitation, we initially observe a pure Drude-like plasma response that
gradually transitions into an intraexcitonic resonance. In contrast, at higher excitation densities, conventional
analysis based on the Drude-Lorentz model suggests questionably high exciton fractions up to 32% immediately
after excitation. It remains uncertain whether these fractions represent genuine instantaneous exciton formation
or arise from spectral overlap and analytical ambiguity. To resolve this, we introduce a differential probing
technique utilizing exciton ionization induced by strong THz fields. By comparing responses obtained at high and
low THz field strengths, we isolate the exciton contribution from the pure plasma contributions. This approach
reveals intrinsic exciton formation dynamics governed by two characteristic timescales: a fast component in the
vicinity of 10 ps and a slower process around 250 ps. Notably, these timescales remain largely independent of
excitation density, contrasting sharply with the strong density dependence suggested by conventional methods.

Our results establish a robust method to disentangle exciton and plasma dynamics, providing clearer insight
into exciton formation under nonresonant excitation in semiconductor quantum wells.

DOI: 10.1103/jb2l-zrc3

I. INTRODUCTION

The widespread availability of pulsed and ultrafast laser
systems has spurred vast research efforts to identify quasipar-
ticle dynamics in condensed matter systems, such as studying
charge carriers in semiconductors and their heterostructures
[1–3]. Among these, the formation dynamics of excitons, i.e.,
a quasiparticle many-body state consisting of an electron and a
hole stabilized by Coulomb attraction, has often been contro-
versially discussed [4,5]. The prominent spectral features in
the vicinity of the band-gap energy associated with excitons
dominate the linear optical response in many high-quality
semiconductors, ranging from bulk inorganic compound ma-
terials or organic semiconductors to quantum structures and
novel materials including two-dimensional (2D) materials and
layered van der Waals heterostructures. Traditionally, exci-
tons and their dynamics have been investigated primarily
by time-resolved photoluminescence (TRPL) spectroscopy
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[6–12]. However, photoluminescence spectroscopy inherently
accesses only bright excitons, i.e., those with a center-of-mass
momentum close to zero. This limits its ability to capture
the entire exciton population and complicates the interpreta-
tion of formation dynamics [5,13]. Consequently, the reported
exciton formation times extracted from TRPL spectroscopy
on GaAs-based quantum well structures vary by more than
one order of magnitude from less than 20 ps [6,7,9–11] to
more than 200 ps [4,14]. Later, stringent theoretical analysis
has revealed that the sources of emission at the 1s exci-
ton energy are not limited to exciton population decay [15].
Subsequently, these theoretical findings have been substan-
tiated experimentally [16,17]. Optical pump–terahertz probe
(OPTP) spectroscopy has since been proposed as a more
direct and unambiguous method to investigate exciton for-
mation [5,18,19]. THz pulses directly probe intraexcitonic
transitions and provide distinct signatures of Coulomb-bound
excitons, such as the 1s − 2p absorption resonance, which
are absent in the Drude-like response of unbound electron-
hole plasmas. Moreover, terahertz spectroscopy is sensitive
to excitons of any center-of-mass momentum, making it
a versatile tool for tracking exciton populations [5,19–21].
However, despite these methodological advantages, OPTP
spectroscopy has not provided a consistent picture of the
exciton formation dynamics in GaAs-based quantum wells
after nonresonant excitation. Reported results span a broad
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range: some studies observe relatively slow exciton formation
over several-hundred picoseconds [17,22], while others report
ultrafast formation, with up to 40% of the exciton population
emerging within just a few picoseconds [20,23], and yet others
report intermediate timescales [24].

In this work, we introduce a different approach to dis-
entangle Coulomb-bound exciton and unbound electron-hole
plasma contributions in time-resolved THz spectroscopy
of high-quality (Ga,In)As/GaAs multiple quantum wells
(MQWs) after nonresonant excitation. By systematically
varying the field strength of the probing THz pulse, we exploit
field-induced exciton ionization at high THz fields to selec-
tively switch off the excitonic response and compare these
measurements with low-field conditions that preserve the ex-
citon population. This differential probing technique isolates
the exciton response from the plasma background, even at
high excitation densities, where, in conventional analysis,
spectral overlap typically obscures the distinction between
excitons and free carriers.

Using this method, we uncover intrinsic exciton forma-
tion dynamics governed by two distinct timescales: a fast
component of approximately 10 ps and a slower process of
about ∼250 ps, both largely independent of excitation den-
sity. Our results resolve longstanding ambiguities related to
apparently instantaneous exciton formation reported in earlier
OPTP studies and establish a robust framework for probing
ultrafast exciton formation dynamics in semiconductor quan-
tum structures.

II. EXPERIMENTAL DETAILS

The samples under investigation are (Ga,In)As MQW
structures grown by metal organic vapor phase epitaxy on a
GaAs substrate. The primary MQW structure (1) consists of
50 periods of 1.35 nm GaAs, 8.65 nm (Ga,In)As, 1.35 nm
GaAs, and 8.65 nm Ga(As,P); In and P concentrations are
9.5% and 22%, respectively; details of the sample structure
are given elsewhere [25]. The second sample (2) also consists
of 50 periods of different layer widths: 4.6 nm GaAs, 7.6 nm
(Ga,In)As, 4.6 nm GaAs, and 19.4 nm Ga(As,P); the In and
P concentrations are 5.8% and 5.3%, respectively [22]. All
experiments are performed under cryogenic conditions at a
lattice temperature of 6 K to minimize broadening and phonon
scattering. The OPTP setup utilizes a 5 kHz repetition rate
regenerative amplifier that generates 50 fs pulses centered at
800 nm. These pulses are split into two paths using a beam
splitter. One part drives an optical parametric amplifier that
generates the optical pump at a central wavelength of about
850 nm. After the light has passed a delay line, a grating pulse
shaper finely adjusts the pulse to the desired wavelength and
spectral width before exciting the sample. The second part of
the regenerative-amplifier output is divided by another beam
splitter. The largest part of the pulse is directed through a
second delay line to a large-aperture GaAs antenna which de-
livers single-cycle THz pulses. An ellipsoidal mirror focuses
the THz pulses onto the sample where they spatially overlap
with the optical pump beam. Another ellipsoid relays the
transmitted THz pulse onto a 500-µm-thick ZnTe crystal. The
THz beam path is continuously purged with dry nitrogen gas
to prevent spurious spectral signatures related to absorption

by water vapor in the ambient atmosphere. The transient THz
electric field is measured via electro-optic sampling using a
third optical pulse. This configuration probes the sample’s re-
sponse in the energy range of 0.8 to 12.5 meV (0.2–3.0 THz).
We sample 12-ps-long THz time traces and apply a Blackman-
Nutall window function with a 2 ps slope before Fourier
transforming the data into the frequency domain. By measur-
ing the THz waveform of the unexcited sample, E (t ), and its
excitation-induced change, �E (t ), we calculate the complex
dielectric function of the sample [26],

�ε(ω) = 2ic0
√

εr

ωL

(
�E (ω)

E (ω)

)
, (1)

where c0 is the speed of light in vacuum and εr is the dielectric
constant of the material.

TRPL measurements are performed using a typical streak
camera setup in reflection geometry. Excitation is provided
by a Ti:sapphire laser oscillator that emits 100 fs pulses at a
repetition rate of 78 MHz and a center wavelength of 850 nm.
The excitation light is focused on a 40-µm-diameter spot using
a confocal beam path for both excitation and detection. The
emitted PL signal is spectrally dispersed by a spectrograph
equipped with a 122 lines mm grating, while temporal res-
olution is provided by a streak camera with an S20 cathode
featuring an instrument response <1 ps.

III. RESULTS

We excite the sample nonresonantly, i.e., at energies greater
than the 1s exciton resonance, to investigate the exciton for-
mation dynamics. All photon densities are kept comparable
at around 4 × 1012 cm−2, corresponding to 2 × I0. The linear
absorption spectra of the primary and secondary samples are
shown in Figs. 1(a) and 1(b), together with the corresponding
pulses for nonresonant excitation. The sample’s response is
probed by ∼1-ps-long THz pulses for different time delays �t
between the optical pump and the THz probe pulse. The delay
is scanned from −5 ps, i.e., the probe impinges on the sample
before the pump, to 1800 ps after the pump pulse maximum.
The absorption and the change of the dielectric function ex-
clusively show a Drude-like response during the first 3 ps.
This clearly indicates the presence of a purely uncorrelated
electron-hole plasma [cf. Figs. 2(a) and 2(b), top row]. Sub-
sequently, the absorption in the energy range around 7 meV
increases within the next few picoseconds. This is accompa-
nied by an increase in the change of the dielectric function
below 7 meV. Both are indicative of the incipient formation
of an incoherent exciton population. Finally, a characteristic
peak at 7.4 meV develops in the absorption spectrum on a
timescale of several-hundred picoseconds. This resonance is
directly related to the typical zero crossing of a Lorentzian
response in the real part of the dielectric function change
[Figs. 2(a) and 2(b), bottom row]. Both are unambiguous
signatures for the presence of a 1s exciton population. The 1s
exciton population coexists with the remanent electron-hole
plasma that has not yet been converted into an exciton pop-
ulation, as shown by the superimposed Drude response. We
quantify the exciton formation dynamics by a phenomenolog-
ical Drude-Lorentz model reproducing the experimental data.
Fitting the change of the real part of the dielectric function
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FIG. 1. (a) Linear absorption spectrum of sample 1, overlaid with
the excitation pulses used for different excess energies. (b) Absorp-
tion spectrum of sample 2 along with the corresponding excitation
pulse.

�ε(ω) and the change in absorption �α(ω) simultaneously
yields robust results. This model accounts for the two com-
ponents and describes the excitation-induced changes of the
complex dielectric function by the following equation [27,28]:

�ε(ω) = e2

Lε0μ

(
f1s−2pnx

ω2
res − ω2 − iω�hom︸ ︷︷ ︸

I: Intraexcitonic absorption

− n f c

ω2 + iω�︸ ︷︷ ︸
II: Drude response

)
.

(2)

The first part (I) corresponds to the Lorentzian lineshape of
the intraexcitonic 1s − 2p transition. Its oscillator strength is
f1s−2p, the resonance frequency ωres, the exciton sheet density
nx, and the homogeneous linewidth �hom. The second part
(II) describes the Drude response characteristic for unbound
carriers. It includes both the carrier sheet density n f c and
the carrier scattering rate �. Parameters that remain constant
across all fits include the thickness of the sample L, the effec-

tive mass μ, the electron charge e, the vacuum permeability
ε0, and the intraexcitonic oscillator strength f1s−2p. Thus, the
Drude-Lorentz model provides direct access to the density
of Coulomb-bound 1s excitons nx as well as the density
of free charge carriers nfc, i.e., the electron-hole plasma, in
the sample. Shortly after optical excitation, the exciton den-
sity rises rapidly from a pure electron-hole plasma, reaching
approximately 30% to 50% of its maximum value within
40 ps. Around 600 ps after excitation, the exciton density
peaks before gradually decreasing on a nanosecond timescale
due to radiative and nonradiative recombination processes.
A tri-exponential fit to the exciton density extracted at each
time step using the Drude-Lorentz model function quantita-
tively describes the exciton formation and decay dynamics.
The decay is well described by a single exponential term.
However, the rise of exciton density requires two distinct ex-
ponential components to achieve an accurate representation,
indicating the presence of multiple formation timescales. The
extracted exciton densities are shown in Fig. 2(c) along with
the tri-exponential fit. For comparison, a bi-exponential fit is
also included, highlighting the necessity of incorporating both
fast and slow rise components to fully capture the formation
dynamics. The time constants reveal the following three char-
acteristic regimes:

(i) a rapid exciton formation process with a time constant
in the vicinity of 20 ps,

(ii) a significantly slower formation process with a time
constant around 300 ps, and

(iii) a subsequent population decay with a time constant of
about 1.5 ns.

A comparison of the results for the three different opti-
cal excitation energies of 1.445 eV (black), 1.468 eV (red),
and 1.478 eV (blue) reveals a strikingly similar response.
This suggests that the observed exciton formation dynamics
are characteristic of nonresonant excitation conditions that
are not too high in energy above the exciton resonance. The
corresponding excess energies relative to the 1s exciton state
are 14, 37, and 47 meV, respectively. Notably, the excess
energy of 37 meV (1.468 eV excitation energy) is close to the
optical phonon energy in (Ga,In)As of approximately 36 meV.
Several theoretical works have proposed that exciton forma-
tion could be particularly efficient when the carrier excess
energy matches the longitudinal optical (LO) phonon energy,
as LO-phonon emission may provide an efficient channel
for energy relaxation and exciton binding [29–32]. However,
in our experiments, we do not find any clear evidence of
enhanced exciton formation efficiency when the excitation
excess energy coincides with the optical phonon energy. This
observation is consistent with other experimental reports that
found no correlation between exciton formation dynamics and
an excess energy resonant with the LO-phonon energy [7].

The timescales of exciton formation in GaAs-based quan-
tum structures have been extensively debated, with reported
values ranging from less than 20 ps [6,7,9–11] to several-
hundred picoseconds [4,14]. Our results indicate that both
timescales coexist: an initial rapid exciton formation, followed
by a slower secondary process. This dual-process behav-
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FIG. 2. (a) Pump-induced change of the absorption �αL and (b) real part of the dielectric function for delays of 3 ps (top) and 600 ps
(bottom). The corresponding fits are shown as colored lines. The different contributions of free and bound electron-hole pairs are indicated for
a delay of 600 ps. (c) The normalized exciton densities with bi-exponential and tri-exponential fits for the different excitation energies for the
first sample; (d) the normalized exciton density for the control sample.

ior aligns qualitatively with previous observations by Kaindl
et al. in GaAs quantum wells using OPTP spectroscopy
[20,23]. To assess the robustness of this behavior, we repeated
the measurements on a second (Ga,In)As MQW sample
(sample 2), with different indium content and well width. In
Fig. 2(d), we present data from the second sample excited at
an energy of 1.482 eV (corresponding to an excess energy of
16 meV) at a comparable photon density. The exciton forma-
tion dynamics in this sample are similar to those observed in
sample 1, indicating that the dual-component formation pro-
cess is largely independent of specific structural parameters,
provided the exciton binding energy remains similar.

Since TRPL remains a common tool to assess exciton
formation dynamics, we compared TRPL and OPTP mea-
surements directly in Fig. 3 [4,13,33–35]. Under identical
excitation conditions (1.458 eV, 2.75 × I0), the PL signal
reaches its maximum at the exciton resonance (∼1.428 eV)
within the experimental resolution (∼39 ps), consistent with
previous reports [16]. In contrast, the THz response reveals no
evidence of a significant exciton population immediately after
excitation. Instead, the intraexcitonic absorption at 7.4 meV

peaks only after several-hundred picoseconds. This discrep-
ancy arises as the PL emitted at an exciton resonance energy
does not necessarily require a preexisting population of ex-
citons. As established in prior theoretical and experimental
studies [15–17], PL at the exciton resonance can also originate
from a pure electron-hole plasma without the formation of
Coulomb-bound excitons. In contrast, THz absorption near
7 meV directly probes intraexcitonic transitions and thus pro-
vides a more definitive measure of the exciton population.
Consequently, PL dynamics mainly reflect recombination of
the entire carrier ensemble, while THz spectroscopy cap-
tures the actual buildup of Coulomb-bound excitons. As
a result, the photoluminescence dynamics exhibit a much
stronger correlation with the plasma dynamics of the OPTP
spectroscopy than with its exciton formation process. This
is illustrated in Fig. 3(c), where the temporal evolution of
the electron-hole plasma extracted from the OPTP data is
directly compared to the PL from the excitonic resonance.
Apart from an initial PL overshoot caused by scattered ex-
citation light, both signals exhibit nearly identical temporal
dynamics.
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FIG. 3. (a) Optical pump–terahertz probe absorption and (b) time-resolved photoluminescence. An optical pulse with a central energy of
1.458 eV and a density of 2.75 × I0 is applied in both experiments. (c) The integral of the plasma from (a) and the corresponding integrated
PL from (b). The THz data were integrated from 0.5 to 2 meV and the PL data were integrated from 1.426 to 1.429 eV.

We further explore exciton formation for systemati-
cally varied excitation densities using OPTP spectroscopy
since charge-carrier dynamics are highly density dependent
[21,36,37]. Figure 4 presents the pump-induced change in ab-
sorption, �αL, and the real part of the dielectric function for
a pump energy of 1.468 eV at three different photon densities.
While the overall spectral features of the THz response remain
qualitatively similar across excitation densities, increasing
the carrier density leads to markedly broader intraexci-
tonic absorption peaks and flatter dielectric function profiles
[cf. Fig. 4(a)]. These trends are consistent with enhanced
carrier-carrier scattering in a denser environment [27,38]. The
Drude-like plasma response increasingly overlaps with the
spectral range of intraexcitonic transitions for the highest ex-
citation density investigated (1.08 × 1013 photons/cm2). This
renders a clear separation of excitonic and plasma contribu-
tions challenging—even considering the sensitivity of OPTP
spectroscopy. Consequently, the interpretation of the data is
less unambiguous than for lower excitation densities. Ex-
plicitly, the analysis reveals higher exciton fractions almost
instantaneously after excitation, even after carefully restrict-
ing the fitting parameters in the Drude-Lorentz model. For our
data, we chose a maximum width �hom,max of 6 meV and a
minimum resonance energy ωres,min of 4.2 meV. The typical
homogeneous line width �hom,max for low excitation densities
is 2.5 meV and a broadening by a factor of about 2.4 is consid-
erable. For the resonance energy, ωres,min implies a decrease in
exciton binding energy by 53%. We find these barriers to be a
sound choice since they still allow the fits to be in good agree-
ment with the data while inhibiting any pathological values.
Similarly to our results at higher excitation densities, evidence
for an almost instantaneous emergence of a significant exciton
population embedded within the broad Drude response has
also been reported in the literature using OPTP spectroscopy
in GaAs-based quantum structures [20,23]. However, while

they report a quasi-instantaneous formation of a 40% exci-
ton population directly after nonresonant excitation, we only
observe such a quasi-instantaneous formation for higher ex-
citation densities of 5.3 × I0. For lower excitation densities,
our data reveal a finite formation time of tens of picoseconds
before reaching comparable exciton fractions. Consequently,
at lower excitation densities, it takes approximately 30 ps for
the exciton population to build up to levels similar to the
“quasi-instantaneous” exciton population observed at higher
excitation densities. This abrupt transition from a fast exci-
ton formation to a quasi-instantaneous exciton formation at
a specific excitation density prompts several inquiries. First,
what physical mechanism emerging above a certain carrier
density could enable such an apparently instantaneous exci-
ton formation that is absent at lower densities? Second, does
this behavior represent a genuine physical process or is it
an artifact arising from the increasingly complex separation
of excitonic and electron-hole plasma responses at high ex-
citation densities? To validate the latter, a different method
is required to disentangle the contributions of the Drude-like
plasma response and the Lorentzian intraexcitonic transition.
One way to ensure a pure electron-hole plasma is to ionize the
excitons by sufficiently strong THz fields [39–41].

Tuning the pump pulse resonantly to the 1s exciton ab-
sorption line allows for the direct generation of a pure
exciton population. This bypasses the Drude-like response
of an electron-hole plasma, provided that the pump density
is sufficiently below the Mott density [37]. In Fig. 5, we
monitor the pump-induced change of absorption of sample
2 for various THz field strengths. At low THz probe field
strengths, we observe a clean Lorentzian response characteris-
tic of a Coulomb-bound exciton population. As the THz field
increases, the spectrum broadens and develops a Drude-like
component below 4 meV, indicating the coexistence of un-
bound carriers. At the highest applied field of 3577 V/cm, the
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FIG. 4. (a) Experimental THz probe response after optical exci-
tation at 1.468 eV for photon densities of I0, 2 × I0, and 5.3 × I0.
The left column depicts the change in absorption, �αL, and the right
column shows the change of the real part of the dielectric function,
�ε. (b) Comparison of the normalized exciton density for three dif-
ferent excitation densities with an excitation energy of 1.468 eV. The
colored circles represent the exciton density from the Drude-Lorentz
fits, while the solid lines correspond to tri-exponential fits.
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FIG. 5. �αL of sample 2 after resonant excitation for different
field strengths of the probing THz pulse.

response is purely Drude-like, signaling complete ionization
of the exciton population. These observations demonstrate
that by tuning the THz probe field strength, we can effectively
switch between a predominantly excitonic system and a pure
electron-hole plasma.

Using this approach, we investigate exciton formation
dynamics under nonresonant excitation by comparing the
sample response under weak and strong THz probe fields. In
Fig. 6(a), a weak THz field of ∼238 V/cm yields an initial
Drude-like response at 3 ps, which evolves into a Lorentzian
profile at later times—indicative of exciton formation out of
the electron-hole plasma. In contrast, Fig. 6(b) shows the
response under identical excitation conditions, but for a strong
THz field of ∼3577 V/cm. Here, although the early-time
response is again Drude-like, no Lorentzian feature emerges
at later delays because of efficient exciton ionization by the
strong THz field. However, a gradual reduction in the Drude
response reflects ongoing radiative and nonradiative carrier
recombination. To isolate the excitonic contribution, we sub-
tract the strong-field response from the weak-field response.
This procedure removes the response of a pure electron-hole
plasma from the total response of the sample, which may
contain both exciton and plasma contributions. This effec-
tively separates out the exciton dynamics. In the absence of
excitons, this subtraction would ideally yield a flat zero line,
as the two plasma responses cancel each other. However, in
practice, the strong THz field slightly perturbs the carrier
distribution, leading to modifications of the carriers’ effective
mass. This results in a slightly stronger THz absorption es-
pecially at lower energies, arising from an enhanced plasma
response when probing with strong THz pulses. In contrast,
when excitons are present, subtracting the strong-field spec-
trum removes the Drude-like plasma background and unveils a
more distinct intraexcitonic resonance. In addition, a negative
differential absorption emerges at low energies. This negative
signal occurs because the strong THz field ionizes excitons,
thereby increasing the density of unbound carriers which am-
plifies the plasma response. Subtracting this stronger plasma
contribution from the weak-field spectrum results in a net neg-
ative differential signal in the corresponding spectral region.
This behavior is illustrated across all time delays in Fig. 6(c).
Immediately after excitation, the differential absorption signal
between 4.1 and 9.3 meV is essentially zero, indicating the ab-
sence of a Coulomb-bound exciton population. This directly
rules out any instantaneous exciton formation. At lower ener-
gies, a weak negative signal is already present at early delays.
This is attributed to the strong THz field slightly perturbing
the carrier momentum distribution, thereby modifying the
slope of the Drude response and leading to small deviations
from perfect cancellation in the subtraction. With increasing
time delay, a Lorentzian-shaped absorption feature emerges
in the 5–9 meV range, which is characteristic of the intraexci-
tonic 1s − 2p transition. Simultaneously, the plasma response
below ∼2.5 meV becomes increasingly negative. This trend
is expected: the strong THz field ionizes the growing exciton
population, thereby increasing the density of unbound carriers
and enhancing the Drude-like plasma response. The resulting
negative differential signal reflects this excess plasma contri-
bution. To quantitatively assess exciton formation using this
method, we integrate the differential THz absorption in the
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FIG. 6. Pump-induced change of the absorption, �αL, for a photon density of 5.4 × I0 and a probing field strength of (a) 238 V/cm and
(b) 3577 V/cm. (c) Temporal evolution of the differential response between the two probing field strengths.

spectral window from 4.1 to 9.3 meV, where intraexcitonic
transitions dominate. Since the Drude background has been
effectively removed, this integration yields a direct measure
of the exciton oscillator strength at each time delay. Figure 7
shows the normalized exciton oscillator strength as a function
of time for various excitation densities. Interestingly, the data
cannot be well described by a simple bi-exponential model,
similar to our earlier observations. Instead, we apply a tri-
exponential fit to extract formation and decay timescales. In
stark contrast to the apparent density dependence observed in
conventional OPTP data (cf. Fig. 4), the formation dynamics
revealed by this differential method are largely indepen-
dent of excitation density. Across all conditions, we identify
three robust timescales: a fast component around ∼10 ps, a
slower build up around ∼250 ps, and a density-dependent
decay between 1 and 2 ns. These timescales are consistent
with those extracted at lower densities with conventional
OPTP and provide no evidence for a quasi-instantaneous
formation process. Our high-temporal-resolution data thus
challenge previous claims of ultrafast or quasi-instantaneous
exciton formation. Instead, our results support a continuous,
multitimescale formation process that remains largely den-
sity independent across the order-of-magnitude variation in
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FIG. 7. Normalized oscillator strength for the intraexcitonic tran-
sition integrated from 4.1 to 9.3 meV for four excitation densities.

excitation density explored here. It is well established that
at very low excitation densities, exciton formation proceeds
more slowly, consistent with reduced carrier-carrier and
carrier-phonon scattering rates [21]. Conversely, as the excita-
tion density approaches the Mott transition, exciton formation
is suppressed. These observations indicate the existence of
an intermediate density regime—such as the one investigated
here—where exciton formation occurs on comparable, largely
density-independent timescales.

Within this intermediate regime, the slow exciton forma-
tion process on timescales around ∼250 ps, as observed
in numerous experimental OPTP studies for different semi-
conductor systems [19–23], can be consistently attributed
to the well-established phonon-assisted exciton formation
mechanism. In this process, incoherent electron-hole pairs
relax into 1s excitons through acoustic-phonon scattering,
as described in various microscopic and kinetic models
[18,30,32,36,42,43]. The resulting formation times of hun-
dreds of picoseconds reflect the weak coupling strength of
acoustic phonons and the requirement of energy dissipation
for a high conversion of correlations into exciton populations.

The existence of an additional, much faster formation
component on ∼10 ps timescales raises questions about
its microscopic origin. While interactions with LO phonons
have often been invoked as a rapid and efficient exciton
formation mechanism [29–32,44], this explanation appears
inconsistent with our observations. The fast component
shows no dependence on excitation excess energy, and LO-
phonon emission is energetically forbidden for excitation
close to the band edge, yet rapid exciton formation per-
sists even under these conditions. We therefore attribute the
observed ∼10 ps formation dynamics to a geminatelike ex-
citon formation channel [30,45], in which part of the initial
Coulomb correlation between electrons and holes is preserved
immediately after photoexcitation. Following initial carrier
thermalization, a mixed ensemble of uncorrelated carriers and
correlated electron-hole pairs coexists. The correlated pairs
can evolve into an incoherent exciton population on picosec-
ond timescales through Coulomb-mediated scattering, while
the majority of carriers must first build up correlations and
subsequently form excitons via the slower phonon-assisted
pathway. This picture is consistent with the microscopic
theory of exciton formation, in which exciton populations
emerge from the decay of coherent interband polarizations
through Coulomb and carrier-phonon interactions [18,32,43].
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Although pure Coulomb coupling conserves the total energy
of the plasma, higher-order Coulomb scattering processes
enable energy redistribution among charge carriers. In such
events, the binding energy of one correlated pair can be trans-
ferred to other electrons or holes, allowing a limited fraction
of pairs to relax into Coulomb-bound excitonic states without
lattice coupling. Moreover, excitons with large center-of-mass
momenta can form even without significant energy loss since
their kinetic energy largely compensates the exciton binding
energy. These considerations make a correlation-preserving,
Coulomb-driven formation channel on a 10 ps timescale
physically plausible. Further support for this interpretation
comes from the absence of the rapid formation component
in indirect-gap semiconductors such as Si [19], Ge [21], and
Ge quantum wells [46]. In these materials, strong intervalley
phonon scattering transfers charge carriers from the � valley
to side valleys during or shortly after excitation [47–49]. This
intervalley transfer destroys the initial electron-hole Coulomb
correlations that would otherwise support the geminatelike
channel. As a result, only the slow, phonon-assisted exciton
formation on the hundreds-of-picoseconds timescale remains
observable.

The key insight provided by our method is that con-
ventional OPTP spectroscopy alone, particularly at higher
carrier densities, struggles to reliably distinguish between
exciton and plasma contributions. In our case, this always
leads to an overestimation of the exciton components, espe-
cially at early times. We assume that this overestimation of
the exciton fraction with conventional OPTP spectroscopy
has led to misinterpretation of the underlying dynamics
[20,28]. By eliminating the ambiguity between plasma and
exciton responses, our approach provides a consistent and
accurate framework for studying exciton formation. It recon-
ciles previously conflicting results in the literature and offers
a unified picture of many-body dynamics in GaAs-based
quantum well structures across a broad range of excitation
conditions.

IV. CONCLUSION

We investigated the THz response of (Ga,In)As/GaAs mul-
tiple quantum wells following nonresonant optical excitation.
Immediately after excitation, the system exhibits a charac-
teristic Drude-like response from an unbound electron-hole
plasma, which gradually evolves into a finite 1s exciton popu-
lation. Exciton formation proceeds on two distinct timescales:
a fast component within the first few tens of picoseconds and
a slower phase extending over several-hundred picoseconds.
Interestingly, while conventional analyses suggest a strong
dependence of these timescales on excitation density, our
refined methodology reveals that exciton formation dynam-
ics are rather independent of both the excitation density and
excess energy within the investigated range. This conclusion
is enabled by our different approach that systematically com-
pares THz responses at weak and strong probe field strengths.
By exploiting field-induced exciton ionization, we isolate
the pure excitonic signal from the overlapping plasma back-
ground, even at higher excitation densities where traditional
analysis struggles. Our results resolve longstanding ambigu-
ities in the interpretation of time-resolved THz spectroscopy
and establish a robust, broadly applicable framework for dis-
entangling exciton and plasma dynamics. This methodology
offers clear insight into the intrinsic exciton formation process
and is broadly applicable to the study of ultrafast many-body
phenomena in semiconductor quantum structures.
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