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Bright flashes of exciton emission are observed in photoexcited, undoped GaAs/AlGaAs quantum wells
under pulsed microwave �36 GHz� irradiation. The flash intensity is in the range of 10–100 times the steady-
state photoluminescence intensity with a decay time of �1–10��10−8 s �depending on the applied microwave
power and photoexcitation�. These observations indicate a reservoir of long-lived carriers that is formed at low
temperature due to localization of photogenerated electrons and holes at spatially separated shallow traps.
Microwave-heated electrons activate the localized carriers into free states by means of avalanche impact
ionization. This gives rise to rapid exciton formation with subsequent luminescence flash. A detailed model
based on the coupled rate equations for free electrons, excitons and localized electrons �holes� is presented.
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I. INTRODUCTION

In bulk semiconductors, photoexcited electrons and holes
can be accumulated at low temperatures in long-lived bound
states, and this gives rise to several effects such as stimulated
impurity photoconductivity,1 persistent photoconductivity,2,3

and enhancement of the optical nonlinearity for photon en-
ergies below the band gap.4

A long lifetime of photoexcited electron-hole pairs, espe-
cially in direct band-gap semiconductors, is evidence for spa-
tial separation of electrons and holes. It is an inherent prop-
erty of compound semiconductors �e.g., GaAs and AlGaAs�
where electrons and holes are localized at the states below
the bandgap by various imperfections.3 The activation of
these localized carriers can lead to modulation of both
conductivity2,3 and photoluminescence �PL�.5

In undoped quantum well �QW� heterostructures, well-
width fluctuations and interface imperfections can provide
additional shallow localizing sites for spatially separated
long-lived electrons and holes. These states play a crucial
role in the low-temperature dynamics of the excitons, giving
rise to prolonged PL intensity decay6 and to PL spectral
variations with increased photoexcitation intensity7,8 or elec-
tron temperature.9,10 Spin dynamics in QWs is also affected
by these long-lived carriers.11 Photogenerated e-h pairs can
be spatially separated either by an electric field application
along the growth direction12 or by a strong piezoelectric field
accompanying surface acoustic waves.13 The subsequent ac-
tivation of the spatially separated electrons and holes gives
rise to a delayed light flash that can be used for storage of
light.14

Here we report on bright flashes of exciton PL that are
induced by pulsed microwave �mw� radiation in undoped
GaAs/AlGaAs QWs at low temperatures. Excitons do not
interact directly with the mw electric field since they are
neutral entities. However, mw radiation heats up free elec-
trons that subsequently activate localized carriers into delo-
calized states. Free electrons and holes �e-h� then form exci-
tons, giving rise to the observed intense PL flashes. A model
describing the transient excitonic PL response to short mw

pulses is developed. It is based on e-h dynamics, namely,
electron localization, impact ionization, and exciton forma-
tion.

The paper is laid out as follows. Section II details the
studied samples and experimental methods. In Sec. III, the
experimental results for the time-resolved mw-induced PL
changes are presented. The origin of the mw-induced flashes
of exciton emission is discussed in Sec. IV. Conclusions are
presented in Sec. V.

II. EXPERIMENTAL DETAILS

The undoped GaAs /Al0.3Ga0.7As multiple QW samples
used in our experiments were grown by molecular beam ep-
itaxy �MBE� on a �001�-GaAs substrates. Each structure con-
sists of 10–50 periods of GaAs/AlGaAs quantum wells sepa-
rated by undoped Al0.3Ga0.7As barriers. Each multiple QW
heterostructure differs in the QW and barrier layer widths
that vary in the range of 5–20 and 10–80 nm, respectively.

The sample was mounted inside a short-circuited 8 mm
waveguide, at the maximum of the mw electric field, which
was in the QW plane. It was illuminated �through a small
hole in the waveguide� by a laser diode with light intensity of
IL�100 mW /cm2 at a photon energy of EL=1.56 eV �be-
low the barrier band gap�. In some experiments the laser
beam was pulse modulated with an acousto-optic modulator
�pulse width of 5 �s�. Mw radiation at 36 GHz
��0.17 meV� was supplied by a Gunn diode. The incident
mw power Pmw was varied in the range of 0.1–20 mW and it
was modulated with a high-speed p-i-n switch. The mw-
pulse duration and modulation frequency were varied in the
ranges of 40–200 ns and Frep= �5–0.005� MHz, respectively.

The PL was spectrally analyzed by a spectrometer with
resolution of 0.1 meV and the signal was detected by a
cooled photomultiplier having a response time of �2 ns.
The time-resolved PL study was performed either with a
gated photon counter or by using the time-correlated single-
photon counting technique. Mw and light pulse have rise
�fall� time of 5 and 50 ns, respectively. The experiments were
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done at TL=2 K with the sample immersed in liquid He.

III. RESULTS

All the studied QWs show similar mw-induced PL modu-
lation effects. Here we present the results of a multiple 20-
nm-wide QW �10 periods� sample. The PL spectra obtained
in the absence and under cw mw irradiation are shown in
Fig. 1�a�, curves 1 and 2, respectively. The strongest PL line
in the spectra is due to free �1e :1hh�1s excitons �FE� while
the low energy, wide PL band results from localized
excitons.7,9

Cw mw irradiation causes a PL spectral intensity redistri-
bution between the bands.9 In the studied high quality QWs,
the increased FE PL intensity is small ��20%� and the spec-
trally integrated intensity changes only slightly ��3% even
for highest incident mw power, Pmw�20 mW�.

Contrary to the moderate PL changes observed under cw
mw irradiation, a strong transient PL modulation is observed
under irradiation with short mw pulses. Figure 1�b� shows
several time-resolved PL spectra obtained at various delay
times relative to the leading edge of a 100 ns duration mw
pulse �as illustrated in the inset�. These spectra were mea-
sured with a 5 ns time resolution. A �3-fold intensity en-
hancement of the entire PL spectrum is observed at the be-
ginning of mw pulse, namely, at a 5 ns delay �curve 2 in Fig.
1�b��. At larger delay times, the PL intensity decreases �curve
3� but it is still stronger than that observed under cw mw.
The PL observed at delay times of 70–100 ns is the same as
that observed under cw mw �Fig. 1�a��. Curve 1 in Fig. 1�b�
shows the time-resolved spectrum measured between the mw
pulses �delay time of −100 ns or �+100 ns�, and this spec-
trum is similar to cw PL observed at Pmw=0 �curve 1 in Fig.
1�a��.

A remarkable time evolution of mw-induced PL changes
was found by studying the PL intensity transients shown

in Fig. 2. These transients were obtained with a time
resolution of �2 ns at a monitored photon energy
Em=1.5255 eV �at the FE PL peak, marked by an arrow in
Fig. 1�a��.

Under high Pmw �20 mW� and low photoexcitation
�IL=2 mW /cm2�, a strong PL intensity flash appears at the
leading edge of the mw pulse �Fig. 2�a�, triangle symbols�.
The rise time of the flash is very short ��5 ns� while its
decay time varies with Pmw in the range of 15–100 ns. As the
laser intensity IL increases, the flash amplitude decreases as
shown by the square symbols transient in Fig. 2�a�. Under
low Pmw, the PL transient �circles� approximately follows the
mw pulse waveform: a weak spike can still be seen at the
leading edge and the PL intensity under mw pulse increases
by �20%. As the mw pulse is turned off, the PL signal drops
slightly below its steady-state value and then it recovers with
a characteristic time of �200 ns.

Under a very low photoexcitation intensity, the flash am-
plitude reaches a value 100-fold that of the steady-state PL
intensity, J0. Figure 2�b� shows PL transients at IL
=0.2 mW /cm2 obtained with 100 ns mw pulses of various
repetition rate, Frep. The PL flash amplitude is nearly inde-
pendent of Frep below 0.1 MHz and then it strongly decreases
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FIG. 1. PL spectra of an undoped 20-nm-wide multiple QW
sample. Cw excitation at EL=1.56 eV and IL=5 mW /cm2.
�a� Curve 1− Pmw=0, curve 2–cw Pmw=10 mW. �b� Time-resolved
PL spectra under pulsed mw irradiation, measured at −100, +5, and
+20 ns delay times �curves 1–3, respectively� and Pmw=10 mW.
The curves are vertically shifted for clarity. The inset displays the
100 ns mw-pulse waveform and the symbols indicate when the PL
spectra were measured.
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FIG. 2. Transient exciton PL intensity induced by a short mw
pulse. J0 marks the steady-state PL intensity at Pmw=0. �a� Tran-
sients measured at the following IL�mW /cm2� and Pmw�mW� val-
ues: �2, 20�—triangles; �10, 20�—squares; �10, 2�—circles. �The
signals at IL=10 mW /cm2are divided by five for comparison with
the first transient.� The mw-pulse waveform is shown by the
hatched area. �b� Transients obtained at several repetition rates of
0.1 �s mw pulses. IL=0.2 mW /cm2, Pmw=10 mW. �c� Photolu-
minescence flashes triggered by 0.1 �s-mw pulses applied with
time delay after the laser-pulse termination, �t1=1.7 �s �circles�
and �t2=9.7 �s �triangles�. IL=20 mW /cm2, Pmw=10 mW. The
inset shows photoexcitation and mw-pulses timing �with �t=�t1,
�t2�.
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with Frep. This gives evidence for a long relaxation time �at
least of 10 �s� of mw-induced processes in undoped QW.

Another finding is the mw-induced PL flashes observed as
the mw pulses are applied between the photoexcitation
pulses �inset of Fig. 2�c��. Figure 2�c� displays the PL inten-
sity transients obtained under pulsed light excitation �IL�, and
it shows that the 100 ns mw pulses induce sharp FE intensity
flashes during the light-off intervals. The flash intensity de-
creases with increasing the delay, �t, between the IL and Pmw
pulses. This is demonstrated by traces obtained for �t=1.7
and 9.7 �s �circles and triangles, respectively�. From this we
conclude that the characteristic lifetime of the “dark photo-
excited states” that are mw-activated and produce a PL flash,
is �10 �s. We note that the PL flash amplitudes exceed the
steady-state PL signal J0, which follows the light pulse
waveform as seen in Fig. 2�c�.

IV. MODEL AND DISCUSSION

The observed mw-induced PL changes are caused by free
electrons that are heated by the mw electric field E so that the
effective electron temperature Te rises. The simplest Te esti-
mate can be obtained from the balance of the power that is
gained and lost by the free electron: e�E2= �Te−TL� /��.15

Here, � and �� are the electron mobility for an undoped QW
��1�105 cm2 /V s �Ref. 16�� and the energy relaxation
time ��0.5 ns �Ref. 15��. At Pmw=20 mW, the mw electric
field in the waveguide E is of �15 V /cm. Then, the maxi-
mal estimated Te

max is of �15 K.
Electrons, heated by the mw, transfer the gained energy to

localized excitons and electrons and delocalize them. There-
fore, the intensity of the PL band due to localized excitons
decreases while the FE PL intensity slightly increases. Under
cw mw irradiation �see Fig. 1�a��, only weak mw-induced PL
intensity changes are observed in high quality undoped
QWs.9 This is in contrast to bulk semiconductors and to
QWs of a lesser quality where intense low-energy PL bands
due to bound excitons are observed �e.g., in mixed type
I-type II GaAs/AlAs QWs �Ref. 17��. In these cases, electron
heating generally causes quenching of the total excitonic PL
since delocalized excitons �electrons� efficiently recombine
nonradiatively.18,19

It should be noticed that no FE line broadening is ob-
served in QWs studied here. This means that hot electrons do
not affect the FE energy distribution. From this we conclude
that the energy transfer from hot electrons �of low density� to
free excitons is ineffective.

The intense FE PL flash observed at the leading edge of
mw pulse as well as the mw-induced flash in the light-off
interval give unambiguous evidence that photoexcited elec-
trons and holes are effectively trapped at localized, long-
lived “dark states” and form a reservoir containing a large
amount of localized carriers. These localized electrons and
holes are spatially separated and their recombination occurs
very slowly as detected by the mw-induced PL flashes in Fig.
2�c�.

Under mw irradiation, the hot electrons cause avalanche
impact ionization of the localized electrons �holes� and acti-
vate them into their respective bands. At the mw-pulse lead-

ing edge, the free electron and hole densities rapidly increase
and a high exciton density Nx is promptly generated, giving
rise to the PL flash. As soon as the reservoir of localized
carriers empties, Nx decreases since the exciton recombina-
tion time �x is short ��2 ns�.18,20 Then, the photoexcited
system relaxes into a new steady state that depends on pho-
togeneration rate and Pmw. As the mw pulse is turned off, the
FE PL intensity drops below its steady-state value J0 �Fig.
2�a�, triangle symbols curve� and then, it slowly recovers to
J0. This is a result of the competing processes of exciton
formation and slow recharging of shallow traps.

These qualitative explanations are supported by the model
that takes into account the physical processes schematically
depicted in Fig. 3. The corresponding rate equations for the
densities of free and localized electrons �n and m, respec-
tively�, excitons �Nx� and holes �p� are given by Eqs. �1�–�3�.
Equation �4� results of neutrality of the system. Ntr is the
shallow electron trap density,

dn

dt
= G − �np − 	�Ntr − m� + 
nm , �1�

dm

dt
= 	�Ntr − m� − 
nm − �pm , �2�

dNx

dt
= �np − Nx/�ex, �3�
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FIG. 3. Numerical simulated exciton density transient induced
by a hot-electron �Te� pulse at TL=2 K. Top left panel schemati-
cally shows the processes included in the model. �a� The transients
induced by Te pulses of 0.2 �s duration under cw light excitation
�Ntr=2�1013 cm−3�. Curve 1: G=1020 cm−3 s−1, Te=10 K, and
Frep=0.4 MHz. Curves 2–4 are calculated as one of parameters
varies: G=1021 cm−3 s−1, Frep=2.5 MHz, and Te=3 K, respec-
tively. Curve 2 is multiplied by 0.1 and vertically shifted for clarity.
Nx

0 is the steady-state exciton density. �b� Trapped electron and �c�
exciton density transients under pulsed light and mw excitation
�pulse timing is displayed in the inset�. Te pulses of 0.2 �s are
applied with delays of �t1=1 �s �solid� and �t2=4.5 �s �dashed�
between G pulses �in the interval of 5 �s�. G=1�1020 cm−3 s−1,
Ntr=2�1013 cm−3, Frep=0.1 MHz, and Te=20 K.
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p = m + n , �4�

where G is the free-electron-hole pair generation rate by in-
terband photoexcitation, �np is the e-h bimolecular binding
rate into free exciton, and 	�Ntr−m� and 
nm describe cap-
ture of electrons by empty traps and impact ionization of
localized electrons by free electrons. The nonradiative re-
combination rate of the localized electrons is given by �pm.
Since all experiments are done at low temperature, all ther-
mal ionization processes of excitons and traps are neglected.
Also, the model does not account for free and localized ex-
citon redistribution which is most pronounced in the cw mw
experiments �see Fig. 1�a��.9

In general, the coefficients �, 	, and 
 depend on Te,
which rises due to mw heating. We assume that hot electrons
mainly affect the 
�Te� dependence and neglect the weaker
��Te� and 	�Te� dependence. For a Maxwellian distribution
of hot electrons, 
�exp�−Etr /Te�, �Refs. 18 and 20� where
Etr is the trap binding energy. Thus, 
�Te� is the only param-
eter that is altered under pulsed mw irradiation.

In the steady state, Eqs. �1�–�3� reduce to
G=Nx

0 /�ex+�mp, where the first term is the exciton recom-
bination rate. For the high quality QWs, the nonradiative
recombination rate, �mp is much lower than the radiative
one and we neglect this term ��=0�. Then, the steady-state
solutions of Eqs. �1�–�4� are

m0 = 	Ntr/�	 + 
� , �5�

n0 =
1

2

	Ntr

	 + 

��1 + 4

G

�
		 + 


	Ntr

2

− 1� , �6�

Nx
0 = G�ex. �7�

It follows from Eqs. �5�–�7� that the traps are fully occupied
�m0=Ntr� in the absence of mw irradiation �
=0�, and mw
radiation causes a strong reduction of the localized electron
density while the steady-state exciton density value is unaf-
fected by mw �assuming �=0�. The measured FE PL inten-
sity �J� is proportional to Nx /�x.

However, an exciton density spike does occur in the
transient mw-induced effect. At low photogeneration
�G /�
Ntr

2�, Eq. �6� gives n0� G
�

	+

	Ntr

�G /�Ntr, and
n0
m0�Ntr� p0 before the mw-pulse application �
=0�.
After the mw pulse is turned on �
�� ,	�, n strongly in-
creases for a short time and approaches the value of n�m0.
Thus, an excitonic PL flash appears with an amplitude of
Nx��Ntr

2�ex�G�ex�Nx
0 �see Eq. �3��. With increasing G, the

ratio of densities of the electrons released from traps to the
directly photogenerated ones, m0 /n0 decreases, and thus, the
PL flash amplitude is expected to decrease relative to the cw
value, J0.

The solution to Eqs. �1�–�4� was obtained by numerical
simulations. The calculated transient traces shown in Figs. 3
contain the main PL transient features observed experimen-
tally: �a� A sharp excitonic PL flash appears as Te rises to 10
K �curve 1 in Fig. 3�a��; �b� The ratio of the mw induced Nx
to Nx

0 decreases with G �curve 2 in Fig. 3�a��; �c� The exciton
and trapped electron densities do not restore to their unper-

turbed values if the interval between the mw pulses is short
enough �0.2 �s for curve 3 in the Fig. 3�a��; �d� At
Te=3 K, the exciton flash does not appear �curve 4 in Fig.
3�a��.

The transients in the case of both laser and mw-pulsed
excitations �inset of Fig. 3�b�� are shown in Figs. 3�b� and
3�c�. These m�t� and Nx�t� are calculated for �t=1 �s and
4.5 �s �solid and dashed curves, respectively�. The simula-
tion demonstrates a slow decay of m�t� as the photoexcitation
is turned off �Fig. 3�b�� and its sharp decrease in the leading
mw-pulse edge with the simultaneous appearance of a Nx
flash �Fig. 3�c��. Thus, the simulated transients agree well
with the experimental ones �Fig. 2� and this proves the va-
lidity of the developed model.

The following parameters were used in the numerical
calculations: G=�IL /EL, where � is the absorption
coefficient, �−1�1 �m�L �the QW width�, �ex=2 ns;
�=7�10−5 cm3 s−1, and 
0=2�10−4 cm3 s−1.18,20 The lo-
calization sites were simulated by traps that have a binding
energy of Etr=1 meV and Ntr=2�1013 cm−3.

The latter value was estimated from the experiment as
follow: At Gs�3�1020 cm−3 s−1, the PL flash amplitude
was about �2J0�2Gs and it lasted for �tflash�10−7 s �see
Fig. 2�a��. Then, the density of excitons in the mw-induced
flash is �Nx�Gs�tflash=3�1013 cm−3. �Nx is of the order
of �n activated from the traps, thus �Nx��n�m0. We
conclude �see Eqs. �5� and �6�� that Ntr�3�1013 cm−3

and the electron density in the absence of mw is
n0�G /�Ntr
1011 cm−3
m0. The presence of these traps
can affect the exciton PL only at low G as n0
m0.

The Etr value is assumed to be �1 meV because our
experiments show that the free excitons �having binding en-
ergy of 6 meV� are not ionized under the mw power used.
The localizing sites having Etr�1 meV are probably due to
either QW width fluctuations �interface roughness� or due to
the conduction �valence�-band density of states tails in the
forbidden band that are caused by residual disorder of the
well material. The latter possibility is supported by the fact
that QW structures of various widths 50–50 nm show similar
mw-induced flashes.

The term �pm in Eq. �2� describes slow recombination of
localized electrons after photoexcitation �see m�t� depen-
dence in Fig. 3�b��, and therefore the relaxation time ��p�−1

can be estimated from the reduced PL flash amplitude with
increasing �t �Fig. 2�c��. This relaxation time is of 5 �s, and
thus �=1�10−8 cm3 s−1 �p�Ntr, see Eq. �4��. The value of
	�3�10−5 cm3 s−1 was obtained by fitting the simulated
transient curves to the experimental PL kinetics.

The three-dimensional �bulk� parameters used in the cal-
culations are applicable for the studied QWs of 20 nm width.
The value of Ntr=3�1013 cm−3 corresponds to a two-
dimensional trap density of Ntr

2D�109 cm−2 for the studied
undoped, high quality QWs. The mw-induced carrier activa-
tion affects the excitonic PL at the low photogenerated free-
electron density �n0
Ntr

2D�. However, the carriers activated
from shallow traps do not contribute to the PL at higher
photogeneration rates.

Traps of such density can also affect the properties of
modulation-doped quantum wells �MDQWs� where the two-
dimensional electron density is of 109–1010 cm−2. It is,
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therefore, reasonable to interpret the observed charged exci-
ton �trion� PL line8,21 as well as the conductivity behavior
near the metal-isolator transition22 as due to indigenous
structural shallow traps in GaAs-based heterostructures.

V. CONCLUSION

We observed bright exciton PL flashes induced by pulsed
mw irradiation in undoped GaAs QWs. The PL flash origi-
nates in an instant exciton generation caused by avalanche
impact ionization of localized carriers. The activation of
these long-lived “dark” electron and hole states into radiative
�exciton� states can be considered as an upconversion pro-
cess of the mw radiation into interband exciton emission.

The developed model accounts for impact ionization of
localized electrons and subsequent formation of excitons and

it leads to a valid simulation of the observed mw-induced PL
flash transients. In addition, the density of localization sites
and the effective life time of the trapped carriers are esti-
mated. Our findings give unambiguous evidence that in un-
doped, high quality GaAs QWs, a reservoir containing a
large density of localized carriers is created under interband
photoexcitation. Plausible candidates for the localization
traps in undoped QWs are interface fluctuations and inherent
defects in the MBE-grown GaAs.
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