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Excitonic photoluminescence quenching by impact ionization of excitons and donors
in GaAsÕAl0.35Ga0.65As quantum wells with an in-plane electric field

J. Kundrotas, G. Valusˇis, A. Čėsna,* A. Kundrotaitė, A. Dargys, A. Suzˇiedėlis, J. Gradauskas, and S. Asˇmontas
Semiconductor Physics Institute, A. Gosˇtauto 11, LT-2600 Vilnius, Lithuania

K. Köhler
Fraunhofer-Institut fu¨r Angewandte Festko¨rperphysik, D-79108 Freiburg, Germany

~Received 1 February 2000!

We present a detailed experimental study on photoluminescence quenching due to exciton and donor impact
ionization by accelerated electrons under an in-plane nanosecond duration electric field created in
GaAs/Al0.35Ga0.65As quantum wells. From the photoluminescence transients measured by the time-correlated
single-photon counting technique, we have determined the experimental conditions under which donor impact
ionization can have an influence on quenching of the excitonic photoluminescence. The coefficient of two-
dimensional exciton impact ionization has been estimated; its dependences on the applied electric field, lattice
temperature, and width of the quantum wells are given.
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I. INTRODUCTION

The ionization of intrinsic and extrinsic defects in bu
semiconductors and quantum wells~QWs! can be caused by
thermal vibrations of atoms~so-called thermal ionization!,
by a photon absorption, or by free charge carriers due
Auger process. In the latter case of special interest is
impact ionization~II ! in high electric fields. The energ
which is required for ionization of defects is usually smal
than the band gap of the materials studied. Up to now
phenomenon of II has revealed interesting basic physics
led to a number of applications~see review on II in Ref. 1!.
However, the situation of impact ionization in nanostructu
differs strongly from the well-documented case in bulk sem
conducting materials. For example, in two-dimensional~2D!
nanostructures the presence or absence of the impact io
tion processes of impurities and excitons is defined, in p
ciple, by the fact whether electric field is appliedalong the
axis of the structure growth or it is orientedin-parallel to the
nanostructure layers. In the first case, the electric field
QWs induces the quantum-confined Stark effect, i.e., po
ization of electron-hole pairs within the wells.2–4 At high
electric fields, exceeding 50 kV/cm, the excitonic field io
ization predominates.5,6 In superlattices~SLs! with strong in-
terwell coupling the situation is similar although excitons a
ionized at lower electric fields, usually lying within so-calle
miniband field regime.7 The duration of such processes
within the picosecond and subpicosecond time scale for
electric fields in the order of a few kV/cm.8 Thus, this ge-
ometry eliminates the II process in the QWs and SLs, si
2D carriers cannot be accelerated by the electric field to h
energies due to carrier confinement by layers.

If applied electric field isparallel to the layers~case of
in-plane electric field!, the general physical picture is quit
similar to that occurring in bulk materials:1 Free charge car
riers can be accelerated by electric fields to kinetic ener
high enough to ionize defects and to destroy excitons by
direct impact. Since exciton binding energies in quant
wells are of the order of 10–15 meV, the II should be o
served at comparatively low electric fields. Wemanet al.9
PRB 620163-1829/2000/62~23!/15871~8!/$15.00
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have studied exciton and donor impact ionization proces
in Al xGa12xAs/(n-type GaAs):Si quantum wells in dc in
plane electric field by low-temperature luminescence. T
authors observed sharp thresholds in the quenching of
luminescence from the free and bound excitons at fields n
a few tens of V/cm accompanied by a sharp increase in
current. As a responsible mechanism, the exciton II by
free carriers heated in the electric field was suggested.

However, to the best of our knowledge, the experimen
study of transient processesunder impact ionization condi
tions in a quantum well is still lacking.

In the present paper we report on research of photolu
nescence~PL! transients caused by the electric field appli
parallel to the layers of GaAs/Al0.35Ga0.65As quantum wells
at temperatures that are close to liquid nitrogen and liq
helium temperatures. Combining the time-correlated sing
photon counting technique and electrical pulses of nano
ond duration, we were able to resolve experimentally
exciton and donor II processes in the time domain. The
transients were modeled by using a set of coupled rate e
tions.

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

The PL experiments were performed on samples cont
ing three QWs of GaAs/Al0.35Ga0.65As with a width Lw of
20, 10, and 5 nm. These structures were grown by molec
beam epitaxy on the semi-insulating substrate. Ohmic c
tacts were formed by evaporating parallel strips of Au-Ni-G
with the subsequent annealing in the H2 atmosphere at
;450°C for 2 min. The distance between the strips w
either 0.5 mm or 1 mm. Nanosecond duration or dc elec
field was applied in parallel direction to the layers of t
QWs. The strength of the electric field was estimated
dividing the applied voltage by the contact spacing.

The surface of the samples was illuminated continuou
with an argon-ion laser with an energy of 2.38–2.75 eV, i
carriers were excited in the barriers and in the wells
15 871 ©2000 The American Physical Society
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15 872 PRB 62J. KUNDROTASet al.
above the resonances. The illumination spot covered all
area between the contacts. Typical excitation intensityI on
the illuminated surface varied from 1 to 100 mW/cm2.

For the excitation and collection of the emission by t
sample, the light optical fibers were used. The collected li
was dispersed by a monochromator and detected by a
tomultiplier. The stationary photoluminescence and tim
correlated single-photon counting techniques were use
the detection system.

The fibers along with the electrical cables for propagat
of nanosecond voltage pulses were mounted inside a sp
insert stick, one end of which was immersed in helium
nitrogen storage dewar. To avoid multiple voltage reflectio
in the cables and in order to support constant amplitude
voltage over the sample during breakdown, the sample
shunted with a 50V resistor. Experiments were performe
at liquid helium and at liquid nitrogen temperatures.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. PL quenching at dc electric fields

Figure 1 shows the stationary PL spectra of studied Q
at liquid nitrogen temperature and at different dc elec
fields. Three groups of transitions associated with exciton
three QWs of different widths are clearly visible. Analysis
transition energies suggests that the strongest PL line
luminescence doublets are due to luminescence of he
hole excitons.10,11As for the origin of their weaker satellites
we attribute them to the excited states of relevant heavy-h
excitons.12

It is seen that in all cases the application of dc elec
field decreases the PL intensity of excitonic lines. Calcu
tions show13 that in electric fields from 100 V/cm to 40
V/cm the mean electron energy varies from 12 to 20 me
Since the exciton binding energy in QWs of 20 to 5 n
width is from 7 to 12 meV, it is reasonable to think that II
excitons by electrons heated in in-plane electric fields can
assumed to be responsible for the PL quenching.

Excitonic PL intensity versus dc electric fieldF under
different illumination intensities for the 20 nm well is plotte

FIG. 1. Stationary PL spectra of GaAs/Al0.35Ga0.65As QWs of
Lw55, 10, and 20 nm at liquid nitrogen temperature at vario
strengths of dc electric field.
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in Fig. 2. ~The dependences for other QWs are similar a
therefore not shown here.! It is seen that the decrease of th
PL intensity is larger at low excitation levels. The physic
reasons for this effect cannot be deduced from the station
PL spectra alone. As will be shown later, only transient
processes in pulsed electric field allow us to explain this

Before proceeding to the transient PL research, we wo
like to make some remarks on the stationary PL spectra m
sured at liquid helium temperature and depicted in Fig. 3
comparison to the data at liquid nitrogen temperature,
spectra at 4.2 K have an additional feature—the spectral
shifts with the increase of electric field strength. Especia
the effect is pronounced for the narrowest well.

We attribute this observation to the delocalization
trapped to interface state 2D excitons14–16 by the electric
field. In more detail, the physical picture is the followin
Free carriers heated by electric field can interact with ex
tons causing either impact ionization or suppression of tr
ping of excitons to interface states. If one assumes that t
trap density does not depend on the width of the well, in

s

FIG. 2. Dependence of the stationary PL intensity on the elec
field strength at two illumination intensities of 20 nm
GaAs/Al0.35Ga0.65As QW.

FIG. 3. Stationary PL spectra of GaAs/Al0.35Ga0.65As QWs of
Lw55,10, and 20 nm at liquid helium temperature in the absenc
electric field and at in-plane electric fields of 40 and 200 V/cm.
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PRB 62 15 873EXCITONIC PHOTOLUMINESCENCE QUENCHING BY . . .
narrower well the exciton ‘‘feels’’ interface roughness mo
strongly. Consequently, one expects that the narrower
well, the higher the probability of the exciton localizatio
Therefore, it is reasonable that the spectral shifts due to
citon localization are more pronounced for the narrow
well. Furthermore, the narrower the well, the shorter the li
time of free carriers, thus there is a large probability
carriers to recombine without forming excitons. As a res
relatively low PL is detected from the 5 nm well. Anoth
possible explanation of this effect is that the conditions
trapping of new light generated excitons in the electric fi
is less favorable than in the absence of the field. Due
collisions with the hot carriers, the exciton temperature m
be slightly higher than the lattice one. As a consequence
exciton trapping by the interface will be suppressed.

The relation of these spectral shifts with the exciton de
calization was confirmed also by varying lattice temperatu
As expected, experiments indicated the disappearanc
spectral shifts at lattice temperatures of 25–40 K.

Thus, the application of the dc electric field quenches
excitonic PL lines due to II of the excitons by field
accelerated electrons in QWs. However, the stationary lu
nescence provides limited information on the evolution o
process. Therefore, to get an insight into transient proces
we have applied a somewhat nonconventional approach:
sample was illuminated by the continuous laser irradiat
while electric field pulses of nanosecond duration with le
ing edge risetime of 300 ps were used to impact-ionize
excitons. This has allowed us to avoid undesirable effe
due to current filamentation and to have homogeneous la
distribution of excitons and free carriers before the II proc
has been set up.

B. PL transients at nanosecond time scale

The PL transients were measured at various strength
electric field and intensities of the illumination. A typical P
transient at 77 K for 20 nm width QW is shown in Fig.
The electric field was applied in the time intervalt
5200–700 ns. Two characteristic features are clearly
ible: The dip in the PL intensity in the leading edge of t
electrical pulse and the overshoot after the electric field w
switched off. PL analysis with the help of rate equations,

FIG. 4. The transient PL of 20 nm GaAs/Al0.35Ga0.65As QW in
arbitrary units. The electric field was applied from 170 to 670 n
e

x-
r
-
r
,

r

to
y
he

-
:
of

e

i-
I
es,
he
n
-
e
ts
ral
s

of

-

s
s

we shall see, indicates that these features are present w
the nonradiative recombination time of free carrierstn is
longer than the radiative recombination time of excitontX .
We observed that the characteristic quenching time of the
intensity is strongly sensitive to the applied electric field. F
instance, at the 0.1–0.9 level of the leading edge the trans
time of PL quenching is about 100 ns at 10 V/cm, while it
close to 3 ns at 500 V/cm. It is worth noting that the P
quenching is observable in the fields as low as 5 V/cm.
Sec. IV it will be shown that the observed strong depende
of the transient time on electric field strength is associa
with the strong~exponential! dependence of the exciton I
coefficient on 2D free electron temperature.

The decrease of illumination intensity drastically chang
an overall picture of the PL transients, as is evidenced
Fig. 5 and Fig. 6, where normalized PL transients at t
different illumination intensities under step-shaped elec
field are presented for 20 nm and 10 nm QWs, respectiv
Only the transients after application of the electric field a
shown in the figures. It is evident that some other proces
become important, depending on illumination intensity.
30 mW/cm2 the PL evolution in Fig. 5 is similar to that in

FIG. 5. The transient PL of 20 nm GaAs/Al0.35Ga0.65As QW at
two illumination intensities. The electric field was switched on
t5150 ns.

FIG. 6. The transient PL of 10 nm GaAs/Al0.35Ga0.65As QW at
two illumination intensities. Note the absence of the fast transien
higher intensities in comparison to Fig. 5.



e
as
fir
il
a

W
eld

i
t

no
a
a

s
or
th
-
n

ve
s

in
r

se-
iton

l to
ay

nd
xci-

be
dc

ere-
ain

tric

onal
lls.
lose
o-
lse.

s
ects
ion

rgy
de-
as
In

nm
-
he

-
can
ion
PL
nd at
l
an
wer

a-

a-

0

15 874 PRB 62J. KUNDROTASet al.
Fig. 4, however when illumination is reduced to th
3 mW/cm2 level, the character of the PL transient h
changed. Now, two processes can be discriminated: The
which is in a hundred nanosecond time scale, is quite sim
to that depicted in Fig. 4. The second process appears
proximately after 500 ns and dominates up to 1000 ns.
identify the fast process as II of excitons by the electric fi
accelerated carriers, while the origin of the slower one
thought to be related with the II of residual impurities. A
first glance it might appear that the excitonic PL should
be sensitive to impurity II. These processes, however,
indirectly related through the role of nonequilibrium holes
illustrated earlier in bulk GaAs~Ref. 17!: Before application
of the electric field, the electrons and holes excited by la
illumination almost completely neutralize charged don
and compensating acceptors. Under intense illumination,
influence of residual impurities on II of excitons is not im
portant. The circumtances change at low illumination inte
sity, when concentration of excitons is comparable or e
lower than the concentration of residual impurities in QW
In the presence of electric field, the II of neutral donors
creases the concentration of electrons, which effectively

FIG. 7. The flash in excitonic PL for 10 nm
GaAs/Al0.35Ga0.65As QW under electric field pulse of 120 ns dur
tion at T55 K.

FIG. 8. The evolution of excitonic PL for 5 nm
GaAs/Al0.35Ga0.65As QW under electric field pulse of 120 ns dur
tion at T55 K.
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combine with holes through the acceptor level. As a con
quence, a decrease in hole concentration diminishes exc
concentration, since exciton concentration is proportiona
the product of electron and hole concentrations. In that w
the II of donors manifests itself in exciton PL spectra, a
the transients show that this process is slower than the e
ton impact ionization.

On the basis of these experimental findings, it can
inferred that the interpretation of excitonic spectra in
fields is rather complicated since two II processes~impact
ionization of excitons and of residual donors!, both being
caused by field accelerated electrons, overlap in time. Th
fore, these processes can be discriminated in time dom
only from PL transients induced by the pulses of the elec
field of nanosecond duration.

The decrease in lattice temperature reveals new additi
features in the PL transients, in particular for narrower we
Figure 7 displays the PL transient taken at temperature c
to that of liquid helium. It is seen that the 10 nm well pr
duces the PL flash at the leading egde of the electrical pu
For the 5 nm well~Fig. 8!, the flash in the PL is shorter. A
we shall see in Sec. IV, the dependence of the flash refl
the competition between exciton and donor impact ionizat
processes~cf. the solid curve in Fig. 11!. The flat part after
the flash is due to an increase of the PL at 1.6213 eV ene
and is associated with trapped to interface state exciton
localization and PL peak shift to higher energies, as w
demonstrated in case of the dc electric fields in Fig. 3.
contrast to the narrower well, the PL transient of the 20
well ~Fig. 9! at 5 K is similar to that at liquid nitrogen tem
perature. Figure 9 clearly displays that in addition to t
pulsed illumination intensity technique, which is more com
mon in transient PL experiments, the pulsed electric field
be used with success as well to govern the PL evolut
processes. In Fig. 9 at lower pulsed electric field, the
transient reproduces the shape observed earlier at 77 K a
higher intensities~Fig. 4!. In stronger fields in Fig. 9 as wel
as at lower illumination intensity in Fig. 4, two processes c
be resolved: The fast one caused by exciton II and the slo
one which originates from the II of residual donors.

FIG. 9. The evolution of excitonic PL for 20 nm
GaAs/Al0.35Ga0.65As QW under 120 ns electric field pulse of 10
V/cm and 200 V/cm strength.T55 K.
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IV. SIMULATION OF THE PHOTOLUMINESCENCE
TRANSIENTS

In this section we present theoretical considerations
rectly illustrating the interpretation of the experimental da
in the whole set of the measurements. As a rule, the di
bution of particles in a QW generated by a short laser pu
the photon energy of which is larger than the barrier ene
gap, is rather complicated and is related mainly with a n
uniform charge-carrier distribution in the sample. The use
continuous laser illumination significally reduces the nonu
formity due to the diffussion effects, therefore in calculatio
we neglected all concentration gradients and related phen
ena. The good quality of the samples and low backgro
impurity concentration allowed us to ignore deep center tr
ping effects.18 Since the studied processes are associa
only with the wells, it is reasonable to neglect the particl
nonuniform distribution in the barrier. Thus, under these c
cumstances, the physical phenomena can be modeled
system of coupled rate equations for corresponding par
densities in the well.

The following kinds of particles will be included: Fre
electrons and free holes with concentrationsn andp, respec-
tively; neutral and positively ionized donors of concent
tionsND

0 andND
1 ; neutral and negatively ionized compens

ing acceptors of concentrationsNA
0 and NA

2 ; excitons with
concentrationNX . In the model we assumed that the to
residual concentrations of donors and acceptors in QWs
respectively, ND563108 cm22 and NA533108 cm22.
Before proceeding further, we turn first to the consideratio
on the rate coefficients.

~i! Free electron-hole pair generation in a QW by a lase.
In a general case, electron-hole pairs are generated bo
QWs and in the barriers. At the excitation photon energy
2.4 eV, the absorbtion coefficienta is equal to 105 cm21 for
GaAs and 63104 cm21 for GaAs/Al0.35Ga0.65As.19 If the
light intensity is 10 mW, the generation rate will beG'5
31015 cm22/s. Theoretical and experimental investigatio
show that the capture of free electrons into the QW occ
within 150–500 ps.20,21 Since we simulate the process in
nanosecond time scale, we assume that independent of
tric field value the same number of light generated carrier
captured into the QWs; therefore, the valueG51
31016 cm22/s was used in the simulation.

~ii ! Free electron and hole recombination with residu
shallow impurities. Usually, at low temperatures photoe
cited electrons and holes nearly completely neutralize
shallow ionized donors and acceptors.17 Then free electrons
recombine with holes bound to an acceptor~so-callede-A
transition!. Thee-A recombination time determined by time
resolved PL measurements in Be-doped AlxGa12xAs/GaAs
QWs was found to beteA'30 ns, while hole trapping by an
ionized acceptor was estimated to be shorter t
th55 ps.22 Therefore, thee-A recombination rate coeffi
cient is equal toBeA51/NA

0teA50.1 cm2/s. For a better fit
of the theory and the experimental results, we used the h
to-acceptor rate coefficientBA equal to 10 cm2/s and the
electron-to-donor rate coefficientBD51 cm2/s.

~iii ! Free electron and hole recombination into free ex
tons. The exciton formation coefficientg determined experi-
mentally ranges from 0.5 up to 14 cm2/s.23–25 In general,g
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changes with electric fieldF. For example, in Ge,g is in-
versely proportional toF.26 No measurements ofg have
been performed using 2D excitons. Bearing in mind the f
that the binding energies of the exciton and the shallow
nor are similar,27 we used in the calculations the consta
valueg51 cm2/s andBD51/ND

1tn51 cm2/s.
~iv! Radiative decay of free-excitons. It is known that the

free-exciton radiative recombination timetX depends on the
width of the QW and follows the linear law with lattice tem
perature, i.e.,tX5CT.28 The coefficientC is found to be 22
ps/K for a 4 nm QW, 32ps/K for a 12 nm QW, 65 ps/K for
an 18 nm QW,29 and 100 ps/K forLw510 nm.30 In our
calculations the value oftX51 ns was used. The decay co
efficient is defined asWX51/tX .

~v! Impact ionization of excitons and shallow impuritie.
The II coefficient of excitonsAX depends on the free-carrie
distribution function in the QW and the cross section of e
citon impact ionization which is a function of QW width.31

In electric fields, when carriers become hot, the carrier d
tribution function changes causing a variation of impact io
ization coefficient of excitons from small values at low ele
tron temperatures up to 50 cm2/s at electron temperatures o
about 100 K.32 Since the impact ionization coefficientAD of
shallow donors in a QW is unknown, and the impact ioniz
tion of impurities has a critical impact ionization field, i
calculations we used the following values:AX510 cm2/s
and AD50 at fields lower than critical fieldFc55 V/cm
andAX510 cm2/s andAD51 cm2/s for fieldsF.Fc . We
neglected here the impact ionization of acceptors beca
their ionization energy is larger by a factor of 5 than releva
exciton and acceptor energies.

Our calculations were performed for low lattice tempe
tures, therefore thermal ionization processes have not b
included in the simulation model.

We solved the set of four coupled rate equations for f
electrons, holes, neutral acceptors, and free excitons,

dn

dt
5G2nND

1BD2nNA
0WeA1nND

0 AD2npg1nNXAX ,

~1!

dp

dt
5G2pNA

2BA2npg1nNXAX , ~2!

dNA
0

dt
5pNA

2BA2nNA
0WeA , ~3!

dNX

dt
5npg2NXWX2nNXAX , ~4!

by the Runge-Kutta method. The product ofNX and WX
gives the intensityI X of the excitonic PL.

The concentrations of the remaining acceptors and don
NA

2 ,ND
1 , and ND

0 can be found from the charge-neutrali
equation,n1NA

25p1ND
1 , and noting that the total numbe

of donors, ND5ND
0 1ND

1 , and acceptors,NA5NA
01NA

2 ,
does not change with time:

NA
25NA2NA

0 , ~5!
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ND
15n1NA

22p, ~6!

ND
0 5ND2ND

1 . ~7!

Figure 10 depicts some of the solutions obtained with E
~1!–~7! at impurity concentrations ofND563108 cm22

and NA533108 cm22. The steady–state solutions und
continuous laser irradiation served as the initial conditio
for Eqs. ~1!–~7!. In our model it is assumed that only
coefficients depend on the electric field. At timest,0 and
t.100 ns the electric field is absent, therefore the II coe
cients for excitons and donors in Eqs.~1!–~4! were equal to
zero at these times. The electric field was applied in the t
interval 0,t,100 ns, whereAX510 cm22/s and AD
51 cm22/s. It is worth noting that the experimentally ob
served excitonic intensity is directly proportional to excit
concentration.

To understand the behavior of the concentrations p
sented in Fig. 10 and the time dependence of PL intensit
Fig. 11, we have solved rate equations under three diffe
conditions.

~i! The dotted line in Fig. 11 shows the case when
free-exciton lifetimetX is equal to the free-electron lifetim
tn , i.e., tX5tn51 ns. As it is seen in Fig. 10, when th
impact ionization becomes important, the concentration
excitons begins to decrease, which causes an increas
electron and hole concentrations~experimentally this is evi-
dent from the transients under strong illumination in Fig.!.

~ii ! The dashed line in Fig. 11 demonstrates the PL tr
sients when the free-exciton lifetime is less than the fr
electron lifetime (tX51 ns,tn533 ns). It is clear that the
excitonic PL transient has two parts. Initially, after switchi
on of the electric field, the PL intensity is quenched very fa
but later it begins to grow slowly. The calculated evoluti
of the PL nicely reproduces transients observed experim
tally ~Fig. 4 and Fig. 5, strong illumination!.

FIG. 10. Calculated transient carrier concentrations. The elec
field is switched on att50 and switched off att5100 ns.NX , n,
andp label exciton, electron, and hole concentrations, respectiv
NA

0 is the neutral acceptor concentration.
s.
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e
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in
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e
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~iii ! The solid curves in Fig. 10 and Fig. 11 show the ca
when the impact ionization of both excitons and donors
taken into account. More specifically, the coefficients of e
citon and donor impact ionization in the presence of elec
fields were assumed to beAX510 cm2/s and AD
51 cm2/s, respectively, while the free-exciton lifetimetX
was taken less than the free-electron lifetimetn . @These val-
ues are reasonable for 20 nm QW~Ref. 33!#. Figures 10 and
11 reveal the following evolution of the QW breakdown pr
cess: Before application of the electric field, the electro
and holes generated by a laser completely neutralize
charged donors and acceptors. In the presence of ele
fields, the exciton concentration changes due to two com
ing processes. On the one hand, the field-accelerated
trons ionize the excitons, thus reducing their concentratio
On the other hand, the hot electrons ionizing collisions w
the neutral donors favor the opposite process, i.e., exc
formation, because the probability of exciton generation
proportional to the product of free electron and hole conc
trations. As a result of the competition of these two pr
cesses, the flash forms on the leading edge of the PL t
sient as seen in Fig. 11. Experimentally this peculiarity w
clearly observed in Fig. 5. The comparison of the calcula
results and experimental data after switch-off of the fie
implies that the recovery of the PL is much longer than
calculated one. We suppose that, probably, this discrepa
is related to the omission of the donor-acceptor transition34

V. EVALUATION OF THE COEFFICIENT OF THE
EXCITON IMPACT IONIZATION

Theoretically, the coefficient of impact ionization of exc
tons is defined32 as

ic

y.

FIG. 11. Simulated exciton PL transient at different condition
Dotted line, the impact ionization of donors is not included and f
exciton lifetimetX is equal to free electron lifetimetn . Other pa-
rameters:AD

I 50 cm2/s,tX51 ns,tn51 ns; dashed line, the im
pact ionization is not included, but free exciton lifetime is less th
that of free electrons. Other parameters:AD

I 50 cm2/s,tX

51 ns,tn533 ns; solid line, impact ionization of donors is in
cluded. Other parameters:AD

I 51 cm2/s,tX51 ns,tn533 ns.
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AX5E
0

`

f 0~e!v~e!sX~e!de. ~8!

It is apparent that the II coefficient depends on the car
disribution functionf 0 and II cross sectionsX . In Eq. ~8!,
v(e) is the velocity of the free electron equal tov(e)
5A2e/m* , where e is the free-electron energy. One ca
note that in the definition of II of 2D excitons in QWs by E
~8!, in comparison to the three-dimensional case the Eq.~8!
contains noAe, since in the two-dimensional case the de
sity of states does not depend on energy and is equa
r2D5m* /p\2.35 The cross section is one-dimensional a
depends on the exciton type~heavy or light hole! and the sort
of charge carriers participating in the II process~electrons,
heavy, or light holes!.

In Ref. 36, the 3D exciton II coefficient was estimat
considering the transient luminescence at the initial time m
ments, where it was shown that the PL decay curve has
slope 1/t5NEX /(N0XDt), whereN0X is the initial exciton
concentration andNEX denotes the exciton concentration
an electric field. If electron concentrationn0 is known, then,
as shown in Ref. 36, the coefficient of exciton impact io
ization can be found fromAX51/(tn0).

In this way the obtainedAX values for studied QWs ar
given in Fig. 12 at an illumination of 30 mW/cm2. It is seen
that the II coefficientAX depends on the applied electric fie
and on the width of the QW through the cross section
impact ionization. Our calculations within the electron
temperature model32 indicate that the ionization coefficient i
smaller for narrower wells. Thus, the experimental data c
firm the theoretical predictions.32

As for the dependence ofAX on the electric field, a clari-
fying remark here is also in order. The analysis in Ref. 32
based on hot electron temperature, which is a function
electric field strength. At stronger field, the hot carrier te
perature is higher, therefore the increase ofAX with the field
is expected. Obtained data exactly follow this prediction, i

FIG. 12. Coefficient of exciton impact ionization versus t
electric field. Dark symbols,T577 K; open circles,T55 K.
Numbers 5, 10, and 20 label the width of the GaAs/Al0.35Ga0.65As
QWs.
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AX increases from 0.4 up to 10 cm2/s for fields of 5–250
V/cm ~QW of 20 nm width at temperature 77 K!. At 4.2 K
lattice temperature, somewhat higher values ofAX are ob-
tained. However, we would like to stress that this approac
rather crude since the accuracy of the evaluation of the
efficient AX is limited here mainly by the error in an initia
free-electron concentration. Thus, in fact, Fig. 12 reflects
functional dependence, because the absolute scale ofAX can
be inaccurate up to an order of magnitude.

Finally, it is worth noting that we have not observed
critical breakdown field for exciton impact ionization. Fo
instance, for the QW of 20 nm width at 77 K, the field
induced breakdown starts atF>5 V/cm, while at T
54.2 K it is around ofF>20 V/cm. The observed thresh
old was limited by the sensitivity of our experimental set
and more accurate measurements are needed. The dec
of the breakdown field with lattice temperature was e
plained earlier37 with the help of the Boltzmann transpo
equation in the case of donor impact ionization. In gene
the breakdown field depends on the balance between ion
tion and recombination, which have an opposite depende
on lattice temperature. Equation~8! shows that the strength
of impact ionization depends on overlap of the distributi
function f (e) and exciton ionization cross sectionsX(e). At
temperatures close to liquid helium temperature, the ove
is negligible at zero electric field and finite at high elect
fields. However, at high temperatures the overlap is fin
even in the absence of electric field. As a result, the obser
threshold field is lower at higher temperatures. From ear
theoretical considerations32 it follow that no threshold break-
down field exists for excitons, when donors and accept
are neglected.38

VI. CONCLUSIONS

In summary, we have examined the impact ionization p
cesses in GaAs/Al0.35Ga0.65As quantum wells in the electric
field applied in-parallel to the layers. The PL quenching in
electric field is studied at liquid helium and nitrogen tem
peratures and under different light excitation levels. First,
determined that the PL quenching of excitonic lines is rela
to the impact ionization of excitons and donors by elect
field accelerated hot carriers. Second, the influence of
impact ionization of residual impurities on the quenching
excitonic photoluminescence is demonstrated: The imp
ionization of neutral donors increases the concentration
electrons, which effectively recombine with holes on the a
ceptor levels; consequently, the decrease in the hole con
tration diminishes exciton concentration since it is prop
tional to the product of electron and hole concentratio
Third, from the PL transients caused by the application
pulses of electric field of nanosecond duration, we de
mined that if the concentration of excited carriers is com
rable with that of residual impurities, then exciton impa
ionization by hot electrons can be time-resolved from do
impact ionization process. The first process was found to
very rapid and occurs within nanoseconds, while the sec
process with donors and acceptors is determined to be m
longer, extending up to microseconds. Fourth, we develo
the model for calculations of the photoluminescence tr
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sient shape and estimated the 2D coefficient of the exc
impact ionization, which was found to be in the ran
0.4–20 cm2/s at electric fields of 5–250 V/cm. In accordan
with Ref. 32 we also determined that the 2D impact ioniz
tion coefficient increases with the electric field strength d
to the mean carrier energy dependence on the applied
plane electric field.

*Present address: The State Service of Radio Frequencies, Al
27, LT-2006 Vilnius, Lithuania.
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