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Efficient formation of excitons in a dense electron-hole plasma at room temperature
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Commonly, excitons in semiconductors are regarded as a low-temperature, low carrier density phenomenon,
becoming unstable as the temperature and carrier density increase. Contrary to the common expectation, our
ultrafast conductivity and luminescence measurements in GaInN/GaN quantum wells reveal a highly efficient
formation of radiative excitons from a high-density electron-hole plasma at room temperature, and provide
a quantitative measure of the exciton fraction to reach more than 40% at a total carrier population as high
as ∼1013 cm−2. Driven by the mass action of electrons and holes, this effect is believed to contribute to the
extraordinarily high quantum efficiency of group-III nitride light emitters.
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Room-temperature electronic properties of semiconductors
and semiconductor nanostructures, especially at higher charge
densities, are commonly discussed in terms of single-particle
excitations—free electrons and holes. Many-particle effects,
such as the formation of excitons—electron-hole pairs bound
by their Coulomb interaction—are usually seen as low-
temperature and low-density phenomena.

This is caused by the characteristic energy and length scales,
given by the excitonic binding energy EX

b = μ∗e4/2ε2
�

2 and
Bohr radius aB = ε�

2/μ∗e2, where μ∗ = memh/(me + mh)
is the exciton reduced mass, me and mh are the effective
electron and hole masses, respectively, and ε is the material
static dielectric constant. For most semiconductors, such as
GaAs, EX

b is of the order of a few meV [1], thus a room-
temperature thermal energy of 26 meV is sufficient to render
the Coulomb interaction negligible. In addition to the effect
of thermal energy, many-particle effects such as the screening
of Coulomb interaction by free electrons and holes [2] as well
as Pauli blocking [3] come into play. Consequently, bound
electron-hole states can exist only below the Mott density [4]
N ∼ a−i

B , where i = 3,2,1 is the system dimensionality for
bulk, quantum well (QW), and quantum wire, respectively.
For GaAs with aB = 11 nm, this critical density is about
N ∼ 1018 cm−3 for bulk material or N ∼ 1012 cm−2 for QWs.

At the same time, excitons provide a highly efficient
radiative decay channel for electrons and holes, and efficient
exciton formation would lead to an increase in quantum
efficiency of optoelectronic devices such as light-emitting
diodes (LEDs). Yet, these devices typically operate at injection
densities and temperatures so high that efficient exciton
formation is believed to be impossible.

In this Rapid Communication we show that under condi-
tions typical for wide-gap semiconductors such as used in blue-
green LEDs or lasers, radiative excitons are not only efficiently
formed at high carrier densities approaching the Mott density
and at room temperature, but that exciton formation is in fact
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stimulated by the increase in electron-hole plasma density.
To this end, our results allow one to revisit the traditionally
accepted plasma-exciton phase diagram, where the excitons
dominate at low carrier density and temperature, and an
increase in either parameter leads to exciton dissociation
into a free plasma. For GaInN/GaN QWs we quantitatively
determine the fraction of excitons in a carrier population,
formed in a matter of a few picoseconds, to be more than
40% at carrier densities close to N ∼ 1013 cm−2.

In our experiments we studied the ultrafast dynamics of
the electron-hole plasma and radiative excitons in optically
excited Ga0.8In0.2N/GaN multiple quantum wells (MQWs) at
room temperature. Our samples (wurtzite, grown on c-axis
sapphire by low-pressure metal-organic vapor phase epitaxy)
contained ten GaInN QWs of identical thickness, separated
by 7.2 nm GaN barriers. Three samples were studied with
QW thicknesses Lz of 2.4, 3.6, and 4.8 nm. The MQWs were
excited by 100 fs laser pulses of 400 nm central wavelength,
corresponding to a photon energy of 3.1 eV, sufficient for an
excitation of the electron-hole transition within the GaInN
QWs, but not in the GaN barriers of our samples. We used
a variable pumping fluence up to 0.65 mJ/cm2, leading to a
maximum photoexcited carrier density in the QWs of about
N ≈ 5 × 1012 cm−2 per quantum well.

The electron-hole plasma dynamics in photoexcited
GaInN/GaN MQWs was probed using time-resolved tera-
hertz (THz) spectroscopy (TRTS). Performed in a traditional
normal-incidence transmission configuration, TRTS provides
information about the transient evolution of the high-frequency
in-plane conductivity σ of the photoexcited sample, as free
electrons and holes are strong absorbers of THz radiation,
while neutral excitons interact only weakly with THz waves
[5,6]. For the TRTS photoconductivity measurements single-
cycle THz pulses of approximately 300 fs duration were
used, with their spectrum covering the frequency range ∼0.5–
2.5 THz. The THz frequency-resolved photoconductivity
spectra at all pump-probe time delays are predominantly real
valued, indicative of a conductivity by free charges, and are
spectrally flat over most of the THz probe spectral bandwidth
[7], indicating a sub-20-fs electron momentum scattering
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FIG. 1. (Color online) Time-resolved THz photoconductivity
and photoluminescence intensity at (a) low and (b) high pump fluence.
(c) Simulated free electron-hole and exciton densities after pulsed
excitation for two different absorbed photon densities. The insets
show the experimental results on a longer time scale.

time. Owing to the mostly real-valued, spectrally flat THz
photoconductivity response of the MQWs, the dynamics of
the in-plane free-charge conductivity σ can be obtained by
simply recording the time dependence of the pump-induced
differential transmission at the peak of the THz pulse through
the sample [5,8]. The conductivity dynamics observed in this
work is predominantly that of electrons rather than holes,
owing to a much lighter electron effective mass in GaN,
me = 0.2m0 as opposed to mh = 2.0m0 (m0 is the electron
rest mass) [9]. The time resolution in our TRTS experiments
was about 0.5 ps.

Time-resolved photoluminescence (TRPL) is a comple-
mentary way to study the dynamics of photoexcited electron-
hole pairs. Our TRPL measurements were performed using
a Hamamatsu M6860 streak camera and a Bruker 25015
monochromator, with the PL signal spectrally integrated over
the whole QW emission spectrum. The time resolution in our
TRPL experiments was 2 ps, which allowed us to monitor the
luminescence dynamics in photoexcited GaInN/GaN MQWs
on a time scale similar to the transient conductivity. Our TRTS
and TRPL measurements were performed in two different
laboratories, while keeping the 400 nm laser excitation
fluences very similar for both kinds of measurements.

In Fig. 1 we show typical results of our measurements. In
Figs. 1(a) and 1(b) the dynamics of the THz conductivity σ

and the PL intensity are shown for a MQW with Lz = 2.4 nm,
excited at low and high pump fluence, respectively. For the
low-fluence excitation Fp = 14 μJ/cm2 shown in Fig. 1(a),
the conductivity σ reaches its maximum within ∼1 ps after
photoexcitation. At the same time, the PL signal reaches
its maximum within ∼8 ps. We note that this time scale

is not limited by the 2-ps temporal resolution of our TRPL
measurements. Both the transient conductivity σ and the PL
have slow decay dynamics with typical time constants of
hundreds of picoseconds. The response changes drastically
as the excitation fluence increases. In Fig. 1(b) we show
the photoconductivity and PL dynamics measured at higher
excitation fluences of 0.48 and 0.42 mJ/cm2, respectively. The
TRPL signal still decays relatively slowly, although somewhat
faster than in the case of weaker excitation. At the same time,
the conductivity σ develops a pronounced initial fast decay
component, not present at weaker excitation in Fig. 1(a).
Within this fast decay peak the conductivity is reduced by
as much as ∼40% from its maximum within only ∼10 ps, i.e.,
the strongly photoexcited system rapidly loses its conductivity
while the PL dynamics is not significantly affected. The
conductivity and TRPL data taken at intermediate pump
fluences vary in between, and are presented in Ref. [7] along
with the analysis of the PL spectra. All three samples show
a very similar TRPL and conductivity response, which we
quantitatively summarize later in the text.

The fast initial conductivity decay cannot be attributed
to time-dependent mobility as no large temporal variation
in carrier momentum relaxation time is found [7]. Fast
recombination processes, such as Auger recombination, may
also be ruled out, given the absence of a corresponding fast
decay in the PL. Rather, the PL signal rises on a similar time
scale as the conductivity decays.

While only charged particles, i.e., free electrons and
holes, can contribute to conductivity, both free and bound
carriers (i.e., excitons) can contribute to the luminescence
(see, e.g., Ref. [10]). Importantly, except for the highest carrier
densities, excitons have a much higher radiative recombination
probability than free electrons and holes [11].

Thus, the very fast initial decay of the free-carrier con-
ductivity at stronger photoexcitation, shown in Fig. 1(b),
in conjunction with the delayed rise of the PL, point to a
rapid formation of a neutral exciton phase in the photoexcited
electron-hole plasma, stimulated by the increase in the density
of the plasma itself. The results of a simple model, detailed
below, accounting for the density-dependent interconversion
of free charges and excitons [Fig. 1(c)], capture all key
features of the data: At a low injected plasma density ntot =
0.6 × 1012 cm2 the dynamics of the density of free carriers and
excitons is reminiscent of the dynamics of conductivity and
PL, respectively, observed in the case of weak photoexcitation
[Fig. 1(a)]. For a higher density ntot = 3.0 × 1012 cm2, the
plasma and exciton density dynamics now resemble the
conductivity and PL measurements taken at a higher excitation
fluence [Fig. 1(b)]. In particular, the fast initial decay of the
free electron-hole plasma density, caused by rapid exciton
formation, and a somewhat faster exciton decay are well
reproduced by the calculation.

We summarize the conductivity dynamics in Fig. 2.
Figure 2(a) shows the typical conductivity dynamics for the
MQW with Lz = 2.4 nm, here excited at a pump fluence
of Fp = 0.48 mJ/cm2. Provided that the THz conductivity
signal is proportional to the free-carrier density, the initial
peak signal �σp is a measure of the total carrier density, and
the remaining signal �σp − �σX without the fast component
gives the quasiequilibrium free-carrier density. The fast decay
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FIG. 2. (Color online) (a) A typical measured conductivity decay
dynamics. (b) Exciton population fraction and (c) exciton formation
time extracted from the conductivity signals as shown in (a). The
dependencies in (b) and (c) are not correlated with the QW width,
indicating that exciton formation is a generic material property.

represents the exciton formation and its height is thus a
measure of the exciton density. The amplitudes and decay
times associated with these processes can be readily extracted
from the data assuming a simple phenomenological fit function
[7], as exemplified in Fig. 2(a). Figure 2(b) shows the fluence-
dependent exciton population fraction defined as the ratio
ξ = �σX/�σp for the samples with different QW widths, and
Fig. 2(c) shows exciton formation dynamics [7]. Within the
variation of extracted values, the pump fluence dependency of
both exciton population fractions in the photoexcited electron-
hole plasma and the exciton formation dynamics reveals no
systematic trend with QW width, being similar for all three
samples with QW widths Lz = 2.4, 3.6, and 4.8 nm. As
the excitation fluence increases, the exciton fraction in the
photoexcited electron-hole plasma increases from 5% to 10%
at the weakest excitation to the saturated value of ∼40% at the
strongest pump. At the same time, the exciton formation time
decreases from ∼50 ps down to ∼10 ps.

These experimental observations can be consistently ex-
plained by considering the following picture of exciton
formation from free electrons and holes. The 100 fs laser
pulse primarily creates unbound electron-hole pairs with an
excess energy (with respect to the QW exciton ground state)
of more than 200 meV. These electron-hole pairs are fully
contributing to the THz photoconductivity. However, the
electron-hole pairs also quickly form (free) neutral excitons,
and the exciton formation rate R is nonlinear in the carrier
density: It is proportional to the product of electron and hole
densities R ∝ np. The formation of excitons proceeds until a
quasiequilibrium (given by temperature and carrier densities—
see below) is reached. The free-carrier and exciton population
in this quasiequilibrium state is still subject to radiative and
nonradiative recombination. Only the quasiequilibrium free
carriers contribute to the conductivity at longer times.

On the other hand, the luminescence is largely due to
excitons. Thus the luminescence exhibits no fast initial decay,

but rather a somewhat slower rise, associated with exciton
formation, and a subsequent decay due to recombination [12].
The long-term luminescence decay appears faster than the
conductivity decay as the quasiequilibrium exciton density
is proportional to the product of electron and hole densities.
Thus the exciton luminescence intensity is proportional to the
product of electron and hole densities (as would be free-carrier
luminescence), while the conductivity is a linear function of
the free-carrier densities.

In a quantitative picture, the equilibrium between excitons
and an electron-hole plasma can be approximated by a law of
mass action (Saha equation),

np

x
= C(T ), (1)

with n,p and x being the free-carrier and exciton densities,
respectively. The equilibrium constant in a two-dimensional

system is given by C(T ) = 4πμ∗kT

h2 exp [−EX
b

kT
]. For μ∗ we use

a linear interpolation between GaN (m∗
e = 0.2m0, m∗

h = 2.0m0

[9,13]) and InN (m∗
e = 0.07m0, m∗

h = 0.4m0 [14]).
Employing the fact that the total density of electron-hole

pairs N (free carriers plus excitons) is determined by the
excitation laser pulse, the equilibrium exciton fraction ξ can

be expressed as ξ = 1 − C(T )
2N

(
√

1 + 4N
C(T ) − 1).

Finally, the dynamics of exciton formation including re-
combination can be described by a set of coupled rate equations
(assuming equal electron and hole densities for purely optical
excitation)

dn

dt
= G(t) − c1n

2 + c1C(T )x − recombination terms,(2)

dx

dt
= c1n

2 − c1C(T )x − recombination terms, (3)

where c1 is the formation rate constant for excitons and G(t)
is the generation rate.

The result of a simulation based on these rate equations
is shown in Fig. 1(c). Indeed, just as in the experiment, at a
higher injection level the plasma density exhibits a fast initial
decay due to exciton formation, followed by a slower one due
to recombination. The exciton density shows a relatively slow
rise corresponding to the fast free-carrier decay. Later on, the
exciton density also exhibits a slow decay, but following the
square of the free-carrier density.

In order to further test the validity of our simple model,
we compare the measured and calculated exciton population
fraction ξ . In Fig. 3 we plot the value of ξ for the sample
with Lz = 2.4 nm [same as in Fig. 2(b)] as a function of
the photoexcited free-carrier density. The carrier densities
have been determined from the experimental pump fluence
following Ref. [12] and taking into account the excitonic
enhancement of absorption [15,16].

In the same figure, the calculations for the exciton popu-
lation fraction based on the law of mass action [Eq. (1)] as
well as calculations for a correlated many-body system [7] are
shown. These calculations consider in-well screening of the
polarization field by photogenerated carriers [17–19], include
a field-dependent exciton binding energy [20], and take into
account carrier redistribution in a polarized MQW structure,
giving rise to carrier-density-dependent spatial separation of
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FIG. 3. (Color online) Exciton population fraction extracted
from the THz conductivity measurements as a function of carrier
density for the 2.4 nm sample (symbols), compared to calculations
based on the law of mass action (lines). The solid line represents
the full MQW calculation, and the dashed line is without free-carrier
screening of the Coulomb interaction. The dotted line is for a single
polarized QW and the dashed-dotted line is for a simple rectangular
QW.

electrons and holes within the whole MQW structure (Fig. 3,
dashed line), as well as including many-particle effects [4,21–
23] (Fig. 3, solid line). For comparison, Fig. 3 also shows
the result of the calculation based on the law of mass action
alone, performed for simple structures—a single polarized QW
(dotted line), and a field-free, rectangular QW (dashed-dotted
line).

As one can see from Fig. 3, the experimental results show
that, even at room temperature, an exciton fraction of almost
50% is obtained in QWs, particularly at rather high carrier
densities. The calculation for the cases of single QWs based on
the law of mass action Eq. (1) (dotted and dashed-dotted lines
in Fig. 3) appears to be a reasonably good approximation as it
indeed shows a growing population fraction of excitons as the
carrier density increases, while somewhat overestimating the
value of ξ . Nevertheless, even such a simplified model captures
all the essential physics, namely, the increase in exciton
fraction with increasing plasma density. When the details of the
Ga0.8In0.2N/GaN MQW band structure are included, leading
to partial carrier separation to the top and bottom QWs [7],
the agreement between the data and the model is fairly decent,
in particular, reproducing the thresholdlike behavior of the
exciton population fraction at densities around 3 × 1011 cm−2

(dashed line in Fig. 3).
We note that the exciton fraction obtained using the full

many-body calculation [7] (solid line in Fig. 3) significantly
underestimates the experimental values, for the following
reason. As these calculations are based on a pure two-

dimensional (2D) model considering only a single subband,
a relatively large phase space volume is occupied at a given
carrier density. In reality, several subbands need to be taken into
account, reducing the blocked phase space volume and thus
reducing the effect of Coulomb screening and Pauli blocking.

Let us consider our results in the framework of previous
studies of excitons and free carriers using ultrafast THz
spectroscopy. In materials such as GaAs and Si, with exciton
binding energies of the order of a few meV, intraexcitonic
dipole-allowed transitions (such as, e.g., 1s − 2p or 1s-
continuum) can be probed resonantly at THz frequencies
(1 THz ≡ 4.1 meV). In this fashion, the dynamics of both
the plasma and the excitons can be successfully revealed in
a single THz experiment [24–27], performed at cryogenic
temperatures. Kaindl et al. [24,25] and Suzuki and Shimano
[26,27] have shown that in conventional semiconductor materi-
als, such as GaAs or Si, excitons only exist at low temperatures
and at low carrier densities. High temperature or density leads
to exciton dissociation and the formation of a conductive
electron-hole plasma.

However, wide-gap semiconductors such as the group-III
nitrides used here feature large electron and hole effective
masses me,h, and a low static dielectric constant ε, leading to
exciton binding energies of some EX

b ≈ 25 meV even for bulk
material, and a few-nm Bohr radius. Much higher binding
energies can be achieved in low-dimensional structures due
to additional quantum confinement. As a result, the excitons
become more robust at elevated temperatures, and a much
higher Mott screening density could be expected. Indeed, for
GaN-based QWs used here, with EX

b ≈ 20–50 meV [20,28]
and aB = 2.7 nm [29], the existence of stable excitons at room
temperature, and at carrier densities one order of magnitude
higher than in GaAs-based systems, becomes possible. As
a result, the exciton formation process is dominated by the
density-enhanced exciton formation rate R ∝ np. Under these
conditions, the large density of compact excitons strongly
increases the radiative recombination probability and adds to
the remarkably high quantum efficiency of group-III nitride-
based light emitters.

In conclusion, we have demonstrated a regime of rapid
formation of an insulating excitonic phase at room temperature
in a semiconductor, stimulated by an increasing density of
electron-hole plasma, i.e., by the mass action of electrons and
holes. Our observations are in good agreement with a simple
parameter-free model describing the coexistence of conductive
and insulating phases in a semiconductor.
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