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Photoluminescence of two-dimensional excitons in an electric field: Lifetime enhancement
and field ionization in GaAs quantum wells
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Two-dimensional excitons in GaAs/Al„Ga& „As single quantum wells exposed to electric fields

perpendicular to the layers are studied by means of time-resolved photoluminescence. The tem-

poral decay of the excitonic emission distinguishes two characteristic field regimes: In the small-

field regime, luminescence lifetime increases with increasing field, and a pronounced Stark shift is

additionally observed. In the high-field domain )50 kV/cm, the lifetime decreases with increasing
field because of excitonic field ionization, leading to carrier tunneling through the barriers. We dis-

cuss these features within the framework of a simple semiclassical model. Quantitative agreement is

obtained for quantum wells of different well widths and barrier thicknesses with respect to lifetime,
luminescence intensity, and tunneling current. Thus a consistent description of the dynamics of
two-dimensional excitons exposed to an electric field is obtained.

I. INTRODUCTION

The photoluminescence properties of quantum wells
(QW's) exposed to electric fields perpendicular to the lay-
ers significantly differ from the corresponding behavior of
bulk GaAs. ' Excitons in bulk GaAs ionize at fields
below 4.5 kV/cm, as observed by the strong quenching of
the photoluminescence (a considerable quenching is al-
ready observed at 700 V/cm), and exhibit only a small
red shift of 0.2 meV. In contrast, excitonic luminescence
of quantum wells is even observable at electric fields up to
100 kV/cm and shifts towards lower energy as far as 90
meV. '

The optical properties of semiconductor QW's in an
electric field have been extensively studied, both experi-
mentally and theoretically. ' ' A red shift of the
transition energy observed in transmission has been attri-
buted to the quantum-confined Stark effect (QCSE), i.e.,
polarization of electron-hole pairs within the wells. ' A
considerable shift towards lower energies in the QCSE re-
gime was reported recently also for the photolumines-
cence. ' In addition, an increase of the recombination
lifetime was observed as a consequence of the decreased
electron-hole overlap. '

However, for much higher electric fields tunneling of
the carriers through the barriers must become important,
which competes with the carrier recombination in the
well and leads to strong quenching of the photolumines-
cence intensity. In this field regime the new process
leads simultaneously to a decrease of the total lifetime. It
is the aim of this paper to emphasize the role of these two
intrinsic processes in particular with respect to the QW
width and barrier thickness. A simple model of QCSE
and excitonic field ionization describes lifetime, Stark
shift, and quenching quantitatively. Thus, a complete
comprehensive understanding of the intrinsic electric-

field-related spectral and temporal features of two-
dimensional (2D) excitons in QW's is obtained.

Section II describes the samples investigated, the ex-
perimental methods, and the luminescence characteriza-
tion. Electric-field effects in the regime of the QCSE are
summarized in Sec. III. For field strengths up to =50
kV/cm a low-energy shift of the emission line and a cor-
responding increase of the recombination lifetime in
broad QW's is found, both consistent with the field-
induced charge separation and the corresponding de-
crease in electron-hole wave-function overlap. In Sec.
IV A of the paper we will focus on our results of field ion-
ization. For electric fields )50 kV/cm we observe a
drastic decrease of both photoluminescence intensity and
lifetime displaying the efficient tunneling of electrons and
holes out of the well for both broad and thin QW's. Our
experimental results are compared quantitatively with
theoretical tunneling times, calculated in the model of the
quasiclassical approximation. The subject of Sec. IV B is
the influence of the barrier thickness on carrier tunneling.
In Sec. IVC we compare the field dependence of the
luminescence intensity and the tunneling current. A
correlation is found between the photoluminescence life-
time and the decrease of the photoluminescence intensity
in the regime of carrier tunneling. Section V concludes
this work.

II. EXPERIMENTAL DETAILS AND
OPTICAL CHARACTERIZATION

Our measurements are performed with two
GaAs/Ale 3Gao 7As samples grown by molecular beam
epitaxy on a Si-doped n+ substrate. These samples con-
tain single QW's with thicknesses of 5, 10.7, and 21.4 nm
in sample no. 1 and 13.5 and 27.7 nm in sample no. 2.
Barrier thicknesses between two adjacent wells are 24 and
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14 nm for the respective samples. Thicknesses are evalu-
ated from transmission electron microscopy measure-
ments. The electric field is applied via a semitransparent
Schottky contact which is formed by evaporating a guard
ring structure with a 20-nm thick Au film onto the top of
the Al Ga' As cladding layer. The backside Ohmic
contact is formed by alloying the n + substrate with indi-
um. The samples are kept at low temperatures (5 K) for
the measurements.

Time-resolved measurements on a picosecond time
scale are performed by using picosecond pulses of a syn-
chronously mode-locked continuous-wave (cw) dye laser
pumped by an argon-ion laser. The pulse duration and
the repetition rate are 3 ps and 80 MHz, respectively.
The nanosecond experiments are carried out by single
nanosecond pulses of 200-ns pulse duration and a repeti-
tion rate of 0.25 MHz generated by the emission of a tun-
able cw-dye laser and an acoustooptic modulator.

The photon energy of the exciting pulses on the sample
is 1.66 eV, i.e., below the band gap of Al Ga, „As. An
excitation intensity between 10" and 5 )& 10'
photons/cm per pulse is used which corresponds to peak
carrier densities of 10' and 5)& 10' cm, respectively.
The time-resolved picosecond data are taken with a syn-
chroscan streak camera and a 0.25-m monochromator
giving a spectral and temporal resolution of 6 meV and
20 ps, respectively. Nanosecond experiments are per-
formed with a gated photon counting system of variable
pulse delay, connected to a 0.75-m monochromator.
Here, the time resolution is 10 ns which is limited by the
shape of the exciting pulse. The spectral resolution is 2
meV.

Time-integrated and cw-photoluminescence spectra are
detected by a single grating monochromator with a
nonintensified optical multichannel analyzer. The photo-
diode array is cooled down to —40'C. The spectral reso-
lution for these measurements is 0.1 meV. Results of the
cw experiments are identical with the time-integrated
measurements.

Luminescence spectra of the two samples taken under
cw excitation are shown in Fig. 1. The measurements are
taken under open circuit conditions, i.e., the photo-
current is practically zero. Five sets of luminescence
lines are attributed to the QW's of 21.4, 10.7 and 5 nm in
sample no. 1, respectively, and 27.7 and 13.5 nm in sam-
ple no. 2. The arrows indicate the heavy-hole (hh) exci-
ton transition energy as observed in transmission or in
photoluminescence excitation spectra. Emission of the
light-hole (lh) exciton is seen for the broadest QW of 27.7
nm (sample no. 2) due to an appreciable thermal occupa-
tion. Because of the broad background emission of the
n+-GaAs substrate and the lower thermal occupation,
the lh exciton luminescence cannot be detected for the
other QW's. The dips in the n +s bustr tae luminescence
at the high-energy side of the 21.4-nm QW, 10.7-nm QW
(sample no. 1), and 13.5-nm QW (sample no. 2) is due to
absorption by the lh exciton of the broad emission origi-
nating from the n+ substrate. On the low-energy side,
broad emission lines are observed for all QW s with an in-
creased spacing from the hh excitons emission peak for
decreased well width, which is assigned to recombination
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FIG. 1. Photoluminescence spectra of samples no. 1 (lower
curve) and no. 2 (upper curve) at 5 K. The spectrum of sample
no. 1 shows peaks attributed to the three QW's with thicknesses
of 21.4, 10.7, and 5 nm, while in the upper spectrum of sample

no. 2 two QW's with thicknesses of 27.7 and 13.5 nm are detect-
ed. Arrows indicate the hh exciton transition as observed in
transmission respectively in excitation spectra. The triangles
show the emission line of the lh exciton of the 27.7-nm QW
(sample no. 2) and the absorption dip of the lh excitons of the
21.4-nm QW, 10.7-nm QW (sample no. 1) and the 13.5-nm QW
(sample no. 2) in the broad emission of the n + substrate.

of excitons with donors and acceptors in analogy to the
bulk case. In the case of the emission of the 5-nm QW
(sample no. 1) the hh exciton transition is not clearly
separated from bound exciton transitions involving
donors. Absorption measurements in combination with
the luminescence confirm these attributions.

III. THE QCSE IN PHOTOLUMINESCENCE

Time-integrated photoluminescence spectra are also
measured for different voltages applied between the GaAs
n+ substrate and the Au film. In spite of the drastic
spectral line shift, the luminescence intensity does not
change appreciably for voltages up to —2 V. Beyond this
value a decrease of intensity is observed starting at
different voltages for different QW's. Figure 2(a) shows
the peak energy positions as a function of the external
voltage V,„,. (At V,„,=0.9V the built-in voltage is com-

pensated and the photoluminescence corresponds to Aat-

band conditions. ) The low-energy shift is much stronger
for the thicker wells and reaches 90 me V for well

thicknesses of 21.4 and 27.7 nm, whereas no significant
shift is found for the 5-nm —thick well, as expected for the
QCSE. The luminescence peak positions remain unal-

tered for the different excitation intensities used in our
experiments.

The Schrodinger equation is numerically solved in the
presence of an electric field for electrons and holes in a
finite QW, in order to quantitatively explain the shift by
the QCSE. Effective electron and hole masses in the wells

(m, =0.067mc, mI,
——0.34mo) and barriers (m,

=0.092mo, mh ——0.47mo) are taken from Miller et al. ,
assuming a splitting of the discontinuity of the band gap
between the conduction and valence band of 57:43. The
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corresponding exciton binding energy is taken from
Greene et al. Fit parameters are avoided since the well
thicknesses of our samples are accurately known. Figure
2(b) shows theoretical curves for the photoluminescence
energy peak position as obtained by calculating the wave
function and energy positions of electrons and heavy
holes in a finite QW. Excellent agreement between exper-
iment and theory is found for the absolute value and field
dependence of the energy peak position, when we assume
that a decrease of 1 V corresponds to an increase of the

internal field strength of 15 kV/cm, leading to a one-to-
one correspondence of voltage and electrical-field axis in
Fig. 2(a) and 2(b).

A simple consideration even allows us to determine the
internal electric field F;„, from the luminescence shift if
the same external electric field is applied across two QW's
of different width L, . The transition energy E„,„, as
measured by luminescence is

trans well+( g e int s ) ~

where E„,„, is separated into two contributions. (i) The
energy E„,~~

contains the sum of the confinement energies
in the well (electrons E, and holes Es) determined from
the bottom of each well, E„,ii E, +——E& (see inset of Fig.
3). (ii) While the second part is the gap energy Eg of bulk
GaAs reduced by the electrostatic potential F;„,L, in the
well times the elementary charge e. For high electric
fields and reasonably broad QW's, the energy E„,ii of the
N =1 level is exclusively determined by a triangular well
(see inset of Fig. 3), i.e., no longer the width of the GaAs
layer but the shape of the triangular potential determines
E„,~~. Thus the energy E„„~ is independent of the layer
thickness and only determined by the strength of the elec-
tric field. This is confirmed by our observations depicted
in Fig. 3, where we plotted E„,ii (solid lines) as deter-
mined from our theoretical calculations versus layer
thickness. At a field strength )60 kV/cm E„,~&

becomes
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FIG. 2. (a) Photoluminescence peak energy as a function of

external voltage V,„,. Open squares, solid triangles, and solid
squares denote experimental points for three different excitation
intensities of 1&&10", 5&(10", and 5)&10' photons/cm-' per
pulse, respectively. (b) Calculated excitonic energy for a finite
quantum well exposed to an electric field perpendicular to the
layers.
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FIG. 3. The sum of the confinement energy of electrons and
holes versus well thickness for three different electric fields as
calculated in the model of the finite QW. The solid points
denote the experimental values, as received by Eq. (l) from the
photolurninescence spectra. The insert schematically demon-
strates the meaning of the transition energy E„,„, and the parti-
cle energies in the wells (electrons, E, and holes, Ez) in an elec-
tric field where the particle energy is determined by a triangular
well.
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1V,„,="15 kV/cm . (2b)

Taking this relation to determine E„,11 by means of Eq.
(1) from our experimental data, one gets the experimental
values (dots) in Fig. 3 giving confidence in our simple ap-
proxirnation.

The estimation of the external field strength as calcu-
lated from the applied voltage and the thickness of the
depletion layer leads to values, which must be reduced by
a factor of =2 to get agreement to the internal electric
field. This discrepancy is not completely understood but
might be attributed to screening of the field by charge
carriers.

Results of the time-resolved rneasurernents for the
QW's of sample no. 1 with barrier thicknesses of 24 nm
are summarized in Fig. 4. Lifetimes 7 p at zero electric
field (V,„,=0.9 V} are shorter for thinner QW's due to
carrier confinement which leads to enhanced recornbina-
tion. ' Decreasing the voltage V,„, yields a strong in-
crease in photoluminescence lifetime by more than a fac-
tor of 100 for the thicker well, whereas no significant
change is observed for the 5-nm QW for voltages down to
—3 V.

Comparison of the experimental results with theoreti-
cal curves again gives good agreement, as shown by the
dotted lines in Fig. 4 for sample no. 1. Here, the same
model of a finite well as used for the evaluation of the en-

ergy shift in an electric field [see curves in Fig. 2(b)] has
been applied under the assumption that the luminescence
lifetime is given by the radiative recombination lifetime
~, . In the one-particle picture

r„=ro/
/
M,„/ (3)

where M,„ is the overlap integral of the electron and hole
wave functions, and Tp is the lifetime under flat-band con-
dition.

IV. FIELD IONIZATION

independent of the field at QW thicknesses & 10 nm. The
transition energy E,„,„, for different QW's in this case is

only a function of F;„tL„which is a simple geometric fac-
tor. Thus two QW's of different L, in an identical elec-

tric field yield the possibility to determine the internal
electric field via the transition energy given by Eq. (1).
Subtracting two transition energies for two different
QW's yields

&(L,p
—L,t)F. (2a)

Etrans 1 Etrans2

Using Eq. (2a) for the 10.7- and 21.4-nm wells (sample no.
1}as well as the 13.5- and 27.7-nm wells (sample no. 2) at
the highest possible fields we get the correspondent ex-
pression for the applied external voltage and the internal
electric field:
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FIG. 4. Photoluminescence lifetime vs external voltage V,„,
for the QW's in sample no. 1 (L, =5, 10.7, and 21.4 nm) with a
barrier thickness w& ——24 nm. For a description of the triangles
and squares see Fig. 2(a). Dashed lines are a guide to the eye.

thickness. Although confined in the well by the barriers,
the walls only inhibit separation, i.e., exciton ionization if
the individual electrons and holes do not tunnel rapidly
enough through the potential barriers, which strongly de-
pends on the barrier thickness and the field. The actual
shape of the potential, and thus the barrier thickness for
the carriers within the well, is a superposition of the band
scheme and the applied electric field. If the height of the
potential barrier is comparable to the applied electric po-
tential, the shape of the barrier becomes triangular and
the change of the barrier thickness is appreciable. In this
regime the decrease of the photoluminescence lifetime is
due to the tunneling of carriers through the barriers
(Fowler-Nordheim tunneling). Tunneling becomes dom-
inant, leading to an increase of the photocurrent and
competes with the carrier recombination in the well. Be-
cause of the competitive character of the tunneling out of
QW's and the recombination within the QW's the final
shape of the photoluminescence lifetime is determined by
the rates of these two processes.

The strong decrease of the lifetime for the S-nm —and
21.4-nm —thick QW's, however, as found for fields higher
than those indicated by the arrows in Fig. 4 cannot by ex-
plained by the theoretical model of the QCSE, which im-
plicitly neglects the influence of the field to the barrier

A. Tunneling and photoluminescence lifetime

A quantitative understanding of the measured photo-
luminescence lifetime in high electric fields has to incorp-
orate the carrier separation within the well, as well as the
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tunneling contribution through the barriers, which ulti-

mately dominates the optical and electrical properties in
the high-field limit. The strength of tunneling can be ob-
tained accurately by evaluating the rate of tunneling of
an individual particle in the model of the quasiclassical or
Wentzel-Kramers-Brillouin (WKB) approximation.
The tunneling time ~, for electrons is thus given by

r, =r exp 2 I {2(m, /fi )[eV(z) E,—]I' dz
Zo

where the exponential expression describes the relative
changes of the tunneling time with the electric field. (The
tunneling probability for heavy holes is smaller by several
orders of magnitude. } The eff'ective electron mass m, has
a value of 0.0916rno in the barrier, V(z) is the potential
for the electrons in the z direction of the barriers (perpen-
dicular to the layers) including the potential of the elec-
tric field, E, is the electron energy in the well (as calculat-
ed in the model of the finite QW}, and A is the Planck
constant divided by 2~. Integration is carried out over
the actual barrier thickness w„determined by

100

10
C

UJ
X
LU
LL

I

\

\

eVp —E,
z —zp=wg =

F for w„(wg, (5a) 10.7nm

where w~ is the barrier thickness equivalent to the
Al Ga& As layer. For values of wz which exceed the
barrier thickness w~

z —zp=w~ for w„& w~ . (5b)

Vp is the potential barrier height at zero electric field or
the band-gap discontinuity in the conduction band.

In order to obtain absolute values for the tunneling
time the exponential in expression (4) is multiplied with
the cycle time ~, which is deduced by a simple classical
consideration and represents the oscillation time of a
classical oscillator. The probability for a particle to leave
the QW on one side, depends on reaching the wall (collid-
ing with the wall), and the tunneling probability. Classi-
cally this collision time with one wall is given by the
covered distance 2L, divided by the velocity v of the par-
ticle: ~ =2L, /v. Expressed in terms of the particle en-

ergy we obtain

r =Pier/E, . (6)

Taking this expression, we get values of vz in the relevant
region of 30—90 kV/cm between (3—6) )& 10 ' s for
QW's between 10 and 30 nm, while the 5-nm QW has
values of (2.3 —2. 6)&(10 ' s.

Applying our simple WKB model to the 9.5-nm QW as
used for the tunneling resonance calculations of energy
levels by Miller et al. , we obtain good agreement of our
theoretical curve with that in Fig. 9 of Ref. 9. This
confirms the applicability of our model. Theoretical
curves for the tunneling time i., of the QW's used in our

experiments with a barrier thickness wz of 24 nrn (sample
no. 1) are shown by the dashed lines in Fig. 5. Compara-
ble tunneling rates and thus times are found for the two
QW's with a width of 10.7 and 21.4 nm, which results
from their rather similar energies in the wells due to the

5.0nm QW

0.1

0 20 40 60 80
ELECTRIC FIELD (kVjcm)

FIG. 5. Calculated radiative lifetime ~ (dotted line), tunnel-

ing time ~, (dashed line), and carrier lifetime ~, (solid line) as
function of electric-field strength for sample no. 1 with a barrier
thickness wz ——24 nm.

1/w, =1/~„+1/r, . (7)

The solid lines in Fig. 5 describe ~, as a function of the
field strength. At high electric fields w, is smaller than ~,
and the tunneling rate of the carriers efficiently competes
with the radiative recombination rate. The effectivity of
the rates are essential for the actual behavior of the total
lifetime of a QW. Both rates are changing drastically for
the broadest QW. The field, where tunneling efficiently
competes with the radiative recombination, is expected to
be within our experimentally accessible region. For the
10.7-nm QW, however, it is expected, that the radiative
rate dominates within the whole measuring range. For

triangular shape of the wells at electric fields above 60
kV/cm (see Fig. 3). The particles in the 5-nm QW have
still higher tunneling rates and therefore smaller lifetimes
at the same electric field strength. Here the strong de-
crease of v, is caused by two effects: First a decrease of
the actual barrier thickness due to the higher
confinement energy of the carriers and second the cycle
time ~ is significantly reduced.

According to the Mathiessen rule the photolumines-
cence lifetime ~, in the presence of a tunneling rate 1/~,
is then given by
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the thinnest QW again the tunneling rate is much higher
and competes already at smaller fields with the constant
radiative rate, leading to a decrease of the ~, at =80
kV/cm.

A comparison of the theoretical results (Fig. 5) with

the measured lifetimes (Fig. 4) due to relation (2b) again
shows good agreement. In particular, the strong
influence of the tunneling in the 5-nm and the 21.4-nrn

QW and the insensitivity of the 10.4-nm QW on tunnel-

ing are well described.

B. Inhuence of the barrier thickness wz

In the regime of the QCSE, only the particle energy in

the well and the barrier height have to be considered in
order to evaluate the optical properties, whereas the bar-
rier thickness has no influence. In contrast, in the regime
of field ionization the barrier thickness strongly
influences the tunneling time. Due to Eqs. (4) and (5a)
the decrease of r, is caused by the decrease of the actual
barrier thickness as well as the increase of the
confinement energy.

In the preceding chapter the effects of field ionization
have been mainly discussed in the range where w„& wri,
i.e., the integration range and so the actual barrier thick-
ness w~ is exclusively determined by the parameters elec-
tric field and electron energy within the well. In order to
study the influence of a different barrier thickness, we
therefore have to use QW's within a smaller barrier
thickness w~. Due to Eq. (5b) w„has to exceed wrr

which leads to a constant integration range of Eq. (4).
An increase of w~ would bring no additional information.

Experimental results for QW's with QW widths com-
parable to those of sample no. 1 but smaller barrier thick-
ness are obtained for sample no. 2, where the barrier
thickness is reduced to wz ——14 nm. This barrier thick-
ness is such, that the integration range of Eq. (4) is con-
stant up to electric fields of 90 kV/cm, i.e., within the
measuring range. The data of sample no. 2 with
L, =27.7 and 13.5 nm are shown in Fig. 6. Included are
also the data of sample no. 1 with wri =24 nm and a QW
width of L, =21.4 and 10.7 nm. The comparison of the
two sets of data of samples with different barrier
thicknesses demonstrates that the onset of field ionization
shifts to smaller electric fields for the QW's with thinner
barriers, confirming the prominent influence of the bar-
rier thickness. Theoretical curves of the lifetime for the
QW's of sample no. 2 are shown in Fig. 7. The pro-
nounced increase of the lifetime due to QCSE is super-
ceeded by the field ionization for both QW's at electric
field strengths of 45 kV/cm and 80 kV/cm for the 27.7
nm and 13.5 nm QW, respectively. The tunneling time r,
of the QW's is not significantly different due the triangu-
lar shape of the QW's in an electric field, which yields an
E, for both QW's with only a difference of 0.5 —1.5 meV
for the relevant electric fields (see Fig. 3). The distinct
influence of the thinner barriers as seen in Fig. 6-and the
onset of tunneling at smaller electric fields is well de-
scribed by the theory in Fig. 7 on the basis of the relation
(2b).
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FIG. 6. Carrier lifetime as a function of external voltage V,„,
for samples with different barrier thicknesses. The dashed line

is a guide to the eye for QW's with 24-nm barrier layers, respec-
tively, the dotted line for QW's with 14-nm-thick barriers. For
a description of the triangles and squares see Fig. 2(a).

C. Photoluminescence quenching
and tunneling current

The knowledge of the electric field dependence of the
photolurninescence lifetime in QW's allows us to separate
the regime of the QCSE and the regime of field ioniza-
tion. Additional evidence and completion of the results
from the lifetime behavior with respect to field ionization
is given by comparing the recombination in the well via
photoluminescence intensity and charge separation out of
the well via tunneling current. The luminescence intensi-
ty versus the external voltage in Fig. 8 shows a relatively
slight decrease by less than 40% in the range where the
lifetime behavior is mainly influenced by the QCSE.
However, in the range of field ionization, where the main
recombination channel is tunneling through the barriers,
the luminescence intensity drops over nearly two decades.
Simultaneously the disappearance of the charge carries in
luminescence gives rise to a tunneling current AI. These
observations confirm our interpretation, that the decrease
of lifetime is due to field ionization which is supported by
the sharp concomitant decrease of the photolurninescence
intensity as well as the strong increase of the tunneling
current LD.

In the model for the determination of the total lifetime
~„we considered the two processes radiative recornbina-
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FIG. 7. Calculated radiative lifetime ~„(dotted line), tunnel-

ing time ~, (dashed line), and carrier lifetime ~, (solid line) as
function of electric-field strength for sample no. 2, with a bar-
rier thickness wz ——14 nm.

tion and tunneling. The rates determined from these two
processes yield a photoluminescence intensity P which is
proportional to

1/w„P-
I /r„+ I /r,

FIG. 8. Lower part: Photoluminescence lifetime (dashed
guide line) and intensity (rhombs) vs V,„, together with the tun-
neling current of the 27.7-nm —thick QW (sample no. 2). The
solid line represents an evaluation of the decrease of the
luminescence intensity from lifetime measurements (see text).
For a description of the triangles and squares see Fig. 2(a).
Upper part: Tunneling current AI vs V,.„I. AI results from sub-
tracting the extrapolated photocurrent I»„t„ from the measured
total current I„„,. t. EI=I„„„.) Iph Iph„„ is determined by
extrapolating the current, measured in the range of the QCSE,
into the range of field ionization. The dark current of 0.1 pA is
constant in the measuring range.

As long as ~, &&~„, there is only radiative recombination
valid for small electric fields and the luminescence inten-
sity is expected to be constant, which is in relatively good
agreement to the experimental results. The observed
small decrease might be due to some background nonra-
diative transitions via imperfections and deep impurities.
In the regime of field ionization where ~, &g~„ tunneling
out of the well dominates. The expression (8) for the
luminescence reduces to

of the intensity. By extrapolating the lifetime of the re-
gime of the QCSE, which is equivalent to 7.„, we deter-
mine the decrease of the luminescence intensity from the
lifetime measurements. The result is shown in Fig. 8 by
the solid line which is in excellent agreement to the mea-
surement.

V. CONCLUSION

1/w„P-
1/~,

(9)

Thus, the luminescence intensity is proportional to the
decreasing radiative rate 1/~„divided by the increasing
tunneling rate 1/v. , giving rise to a pronounced decrease

In summary we have studied the electric-field-induced
dynamics of 2D excitons in GaAs/Al, Ga, ,As QW's.
We have elucidated the role of the QCSE and the corre-
sponding spectral and temporal features for the low-field
region, as well as carrier tunneling, i.e., excitonic field
ionization in the high-field regime. Thus a consistent and
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complete picture of the electric field related photo-
luminescence of excitons in QW's is obtained.
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