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Periodic electric-field domains in optically excited multiple-quantum-well structures
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We demonstrate using an ensemble Monte Carlo particle modeling that periodic electric-field domains can
arise in optically excited multiple quantum well structures under applied voltage. In particular, the formation of
the electric-field distributions with the period equal to twice the structure period is possible. This effect is
attributed to the excitation of the recharging waves due to decreasing energy dependence of the capture rate of
hot electron capture into quantum wells and nonlocal heating of electrons by electric field.
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I. INTRODUCTION

Electron~hole! phenomena in semiconductor superlattic
have been the topic of extensive experimental and theore
studies for almost thirty years starting from the papers
Esaki and Tsu.1,2 Electron transport phenomena in superl
tices and their device application have been extensiv
studied.3–9 A great deal of attention has also been paid to
electron transport and capture effects in multiple quant
well ~QW! structures with a weak coupling between QW
This, in part, is due to the use of such QW structures
infrared photodetectors utilizing intersubband transition10

Apart from thermo- or photo-stimulated bound-to-continuu
transitions of electrons, the operation of QW infrared pho
detectors~QWIP’s! is associated with the electron vertic
transport above the barriers and capture into QW’s, as w
as the injection of electrons from the emitter contact. Un
the effect of applied electric field and photoexcitation
infrared radiation, the electron system in a QWIP is usua
far from equilibrium. The diversity of effects determining th
characteristics of QWIP’s makes these devices very inter
ing from a physical point of view.

As reasoned previously,10–15 the electric-field distribu-
tions in QW structures in which the electron transport
associated with electrons in the continuum states are pr
rily monotonic. They correspond to rather smooth distrib
tions of the potential. The combined effect of optical exci
tion and injection from the emitter usually results in t
formation of the electric-field domain near the injecting co
tact ~with either high- or low-electric field! with nearly uni-
form electric field in the structure bulk. The electric-fie
distributions of this type were invoked for the explanation
some features of multiple QW structures, in particular,
details of their current-intensity and current-volta
characteristics.14–16

In this paper, we study the response of multiple Q
structures to steplike pulses of incident infrared radiat
causing the photoionization of QW’s due to the electr
bound-to-continuum transitions. An ensemble Monte Ca
PRB 610163-1829/2000/61~4!/2742~7!/$15.00
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~MC! particle method is used for this purpose. We show t
the evolution of electric-field distributions in multiple QW
structures can be fairly complex. It exhibits the excitation
the waves of QW recharging resulting in the formation
periodic electric-field and, hence, charge distributions
wide ranges of applied voltages and powers of infrared
diation. In particular, periodic electric-field domain stru
tures can have the period equal to twice the QW struct
period. In this case, odd-numbered QW’s are positiv
charged while those with even indexes have nega
charges.

II. MODEL

We considern-type Al0.22Ga0.78As/GaAs multiple QW
structures with thin narrow-gap doped layers~QW’s! sepa-
rated by relatively thick wide-gap undoped layers playing
role of the inter-QW barriers. The QW structures are su
plied by contact regions made of a doped material of
same type as the material of QW’s. Due to large thicknes
of the barriers, the tunneling of electrons between QW’s
neglected, so that the vertical electron transport across
structure is associated with the propagation of electr
above the barriers. However, the electron injection from
emitter contact is due to tunneling through the top of the fi
~emitter! barrier in the structure stimulated by the elect
field in this barrier. The tunneling results in the appearan
of the injected electrons in the continuum states above
barriers. It is assumed that the energy of incident infra
photons\V>e i , wheree i is the ionization energy of QW’s
We restrict ourselves by the exploration of QW structu
optically excited by strong enough radiation, so that t
photoionization of QW’s dominates the thermionic emissi
from them.

The response of the QW structure under consideratio
infrared pulses is associated with the following processes:~1!
photoexcitation of electrons from the bound states in QW
into the continuum states,~2! propagation of mobile elec
trons across the QW structure,~3! capture of electrons and
2742 ©2000 The American Physical Society
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PRB 61 2743PERIODIC ELECTRIC-FIELD DOMAINS IN . . .
their reflection from QW’s,~4! tunneling injection of elec-
trons from the emitter contact due to the increase of
electric field the first barrier caused by the redistribution
the electric potential as a consequence of the rechargin
QW’s, and~5! escape of electrons reached the collector c
tact. The heating of electrons in the continuum states lead
the change in electron energies and, hence, influences
electron transport and capture.

We describe the nonequilibrium electron system in Q
structures in response to infrared radiation in the framew
of an ensemble MC particle method. The usual MC meth
is adapted for peculiar features of the QW structures un
consideration by the inclusion of the electron capture a
photoionization processes. The self-consistent electric po
tial ~field! obeys the Poisson equation which accounts
both the distributed charges of mobile electrons propaga
above the barriers and localized charges of QW’s:

d2w

dx2
5

4pe

æ F (
n51

N

~Sn2Sd!d~x2nL!1r2rdG , ~1!

wheree is the electron charge,æ is the dielectric constant
Sn is the electron sheet concentration in thenth QW (n
51,2, . . . ,N), N is the number of QW’s in the structure,r
is the concentration of electrons above the barriers,Sd and
rd are the donor sheet concentration in QW’s and the do
concentration in the barriers, respectively,L5Lw1Lb.Lb
is the QW structure period,Lw andLb are the thicknesses o
the QW and the barrier,d(x) is the QW form-factor, which
is assumed to be similar to the Diracd function ~due toLw
!Lb.L), and x is the coordinate in the direction perpe
dicular to the QW plane.

The boundary conditions have the following form:

wux5050 and wux5W5V, ~2!

whereW5NLw1(N11)Lb is the net thickness of the QW
structure andV is the applied bias voltage. The density of t
injected current is given by

j 5 j m expS 2
Et

Ee
D . ~3!

Here, j m is the maximum current density provided by th
emitter contact,Et is the characteristic tunneling field, an
Ee5Eux50 is the electric field at the emitter contact. The ra
of photoexcitation for thenth QW is given by the formula

Gn5sSnI , ~4!

where s is the cross-section of the electron photoesc
from a QW andI is the intensity of infrared radiation. Th
Poisson equation, similar in form to Eq.~1!, with Eqs. ~2!
and~3! were used previously in both numerical12,13,17–19and
theoretical20–22 studies of different effects in multiple QW
structures.

The momentum distribution of the injected electrons
assumed to be corresponding to the tunneling nature o
jection through a trapezoidal~under the effect of the electri
field! emitter barrier. The collector contact absorbs all el
trons passed the last barrier.

The MC model used for the calculations takes into
count the features of the material band structures, and
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significant scattering mechanisms, including the electron
flection from the QW-barrier heterointerfaces. The capture
electrons~i.e., their transitions from the continuum stat
above the barriers into the bound states in QW’s! is assumed
to be associated primarily with the optical phono
emission.23–26 The interaction of mobileG electrons with
QW’s is described as their reflection, transmission, or c
ture. The ratio of the reflection and transmission probabilit
is calculated quantum mechanically~in the Kane model
framework! using the previously obtained formulas.27 The
transport ofL and X electrons across the QW interfaces
considered classically. This approach suggests that semi
sical modeling of the capture processes may be sufficien
was shown recently.28 The MC method implemented in thi
paper is akin to that previously used by some of us for
calculations of the velocity-field relation and the macr
scopic capture parameter in QW structures,17 as well as for
the evaluation of their high-frequency performance.18,19

The QW structure parameters used in the calculations
as follows: the number of QW’sN5 5, 6, 21, and 50, the
QW structure period L552 nm (Lw54 nm and Lb
548 nm), the barrier donor concentrationrd
51015 cm23, the QW donor sheet concentrationSd
51012 cm22, the maximum emitter current densityj m
51.63106 A/cm2, and the emitter tunneling fieldEt
5340 kV/cm. A structure with five QW’s and significantl
lower QW doping (Sd5231011 cm22) and a structure with
21 QW’s having the period ofL534 nm were also consid
ered for comparison. The applied voltagesV provided the
average electric fieldE5V/W55230 kV/cm. Such struc-
ture parameters correspond to the standard QW structure
QWIP’s and the above range of the average electric field
usual for these devices operation~see, for example, Ref. 10!.
The photoescape cross section, average initial energy of
toexcited electrons, and intensity of radiation were assum
to be s52310215 cm2, D5\V2e i510 meV, and
I 5(102121024) cm22 s21, respectively.

III. RESULTS

We studied the response of QW structures with differ
parameters at different applied voltages to steplike pulse
infrared radiation. The initial states corresponded to nea
uniform electric-field distributions with neutral QW’s.

Figure 1 shows the temporal transformation of t
electric-field distribution in a QW structure with five QW’
and Sd51012 cm22 for the infrared photon flux ofI
51023 cm22 s21. It follows from Fig. 1 that at the initial
stage the electric-field is a monotonic function of the co
dinate step-wisely decreasing in the direction from the inje
ing contact to the collector. The steps are associated with
depletion of QW’s due to the photoescape of electrons w
the injected current does not provide yet the required cap
rates to compensate the loss of electrons by QW’s. At la
times the electric-field distribution becomes nonmonoton
having in the beginning one minimum. Thereafter, the nu
ber of minima and maxima sequentially increases. T
electric-field distribution stabilizes at aroundt520 ns. The
electric-field distributions at different moments and, in pa
ticular, the final steady distribution correspond to both po
tively and negative charges of QW’s. The temporal var
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tions of electric fields in the barriers and electron sh
concentrations in QW’s indicate the excitation of the
charging waves similar in nature to those in compensa
semiconductors with traps.29–31 From the physical stand
point, the main distinction between recharging waves
structures with QW’s and traps is associated with the spa
periodicity of QW locations and random distribution of trap
However, this distinction can lead to a pronounced diff
ence in final stable states arisen as results of nonlinear tr
formations of the recharging waves. As seen in Fig. 1,
development recharging waves in QW structures can lea
stable periodic electric-field domain structures with the
riod l equal twice of the QW structure periodL and the
amplitude damping in the direction from the emitter to c
lector contact. Such nearly periodic domains arise also in
same QW structure but under different average electric fie
~bias voltages! and different infrared photon fluxes~see Fig.

FIG. 1. Temporal transformation of spatial electric-field dist
bution in QW structure with five QW’s atE515 kV/cm and
I 51023 cm22 s21.

FIG. 2. Stable periodic electric-field domains in structure w
five QW’s for ~a! E510 kV/cm and I 51023 cm22 s21, ~b! E
515 kV/cm and I 51023 cm22 s21, ~c! E515 kV/cm and I
51022 cm22 s21, and ~d! the same as for~b! but with Sd52
31011 cm22.
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2!. Some of them, for example those corresponding to re
tively low and relatively high average electric fields, are le
pronounced or have a longer period~compare plots in Fig.
2!. In particular, the electric-field distribution in a QW stru
ture with five times lower QW doping forE515 kV/cm
@see Fig. 2~d!# is nearly uniform in the QW structure bulk
The features of obtained electric-field spatial distributio
can be attributed to the interaction of recharging waves w
a short (l52 L) and relatively long (l<W) lengths.

The electric-field distributions and the final state in a Q
structure withN56 shown in Fig. 3 reveal the behavio
different from that forN55. This implies that in structures
with moderate numbers of QW’s, the character of t
electric-field domains may depend on whether the numbe
QW’s is odd or even.

The excitation of recharging wave with the formation of
stable periodic electric-field domain structure having the
riod of l52 L in the case of 21 QW’s is shown in Fig. 4
The excitation of similar waves and the formation of sho
period electric-field distributions were also noted in a stru

FIG. 3. Spatial electric-field distributions in structure with s
QW’s at different moments (E515 kV/cm and I 51023

cm22 s21).

FIG. 4. Evolution of electric-field distribution in QW structur
with N521 atE515 kV/cm andI 51023 cm22 s21.
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PRB 61 2745PERIODIC ELECTRIC-FIELD DOMAINS IN . . .
ture with 50 QW’s. Figure 5 shows the electric-field dist
butions arisen in a structure withN521 at different average
electric fields and intensities. As soon as the amplitudes
recharging waves become high enough, the ordered elec
field domain structures withl52L begin to emerge from the
emitter side. As shown by our modeling of QW structur
with a large number of QW’s, the electric-field distribution
at relatively early stage of transient processes reveal mul
maxima and minima~the distance between them is long
then the QW structure periodL but significantly shorter than
the total structure thicknessW) moving backwards the elec
tron drift direction. Thus, the phase velocity of the recha
ing waves excited is directed oppositely to the direction
the electron drift and, hence, the direction of the wave pro
gation in the case of the Gunn effect. This is in agreem
with the theoretical prediction,29,30 which is valid for QW
structures, at least, for the wave lengthsl@L. A diminished
role of the Gunn effect in the cases modeled can be ass
ated with predicted previously17 a low value of negative dif-
ferential conductivity in the QW structures in question
comparison to bulk materials as well as with the combinat
of relatively low-mobile electron concentrations and sh
distances between contacts.

At not too high intensities, the total photocurrent~created
by both the injected and photoexcited electrons! and the mo-
bile electron concentration above the barriers are mode
Due to the latter, the electron space charge in the barrie
of little importance in determining the electric field. How
ever, at I>531023 cm22 s21 the mobile space charge o
electrons results in a nonuniformity of the electric field in t
barriers. This is seen in Fig. 5~c!.

The excitation of waves associated with the QW recha
ing can be attributed to the decrease of the electron cap
rate into a QW when the energy of electrons in some a
near that QW increases due to their heating by action of
electric field. Nonlocal character of the electron heating a
capture processes gives rise to specific domain structu
The creation of periodic domains specifically with the peri
equal to twice the QW structure period can be interpreted
follows. Due to the gain of energy by mobile electrons in
barrier with a strong electric field only a small fraction
them can be captured into the following QW. This leads
the decrease in the electron sheet concentration in that
resulting in its positive charge. As a consequence, the dif
ence in the electric fields in the barriers surrounding the Q
increases. Thus, the electric field in the right-hand side b
rier becomes lower and this, in turn, leads to a lower ene
which electrons gain in the latter barrier and, hence, t
higher capture rate in the next QW. The electric field in t
emitter barrier should be relatively high to cause necess
injection current providing the balance between the photo
cape and capture of electrons. Hence, the capture proba
of electrons strongly heated by the electric field in this b
rier is low. This gives rise to the depletion of the first Q
and, consequently, other QW’s with odd indexes, wh
even-numbered QW’s acquire excessive electrons. As a
sult, the electric field in odd-numbered barriers is higher th
that in even-numbered ones. In QW structures with a pe
shorter than the electron energy relaxation length, a sp
modulation of the average energy of mobile electrons can
rather weak. In this case, the domain structure can be
of
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pronounced@see the curve forL534 nm in Fig. 5~d!#.
Figures 6 and 7 show the transient photocurrents in st

tures with different number of QW’s and at different inte
sities. The transient photocurrents exhibit the following co
mon features. At the initial stage that takes about o
picosecond, the charges of QW’s change insufficiently
cause the injection of extra lectrons from the emitter conta
After this stage, there is a steep increase in the photocur
associated with a significant increase of the injected curr
The duration of this stage varies over slightly less than t
orders of magnitude with changes in the intensity fromI
51022 to 1024 cm22 s21. However, it is virtually indepen-
dent of the number of QW’s. At the next stage, the pho
current becomes oscillatory. This stage lasts more than 1
in all cases studied followed by the stabilization of the ph
tocurrent. The establishment of the photocurrent correspo
to the formation of stable domain structures. It is seen fr

FIG. 5. Stable periodic electric-field domains in QW structu
with N521 for ~a! E55 kV/cm and I 51023 cm22 s21, ~b! E
515 kV/cm and I 51023 cm22 s21, ~c! E515 kV/cm and I
51024 cm22 s21, and~d! the same as for~b! but with shorter pe-
riod (L534 nm).

FIG. 6. Densities of transient photocurrent in QW structure w
five QW’s for different intensities of radiation (E515 kV/cm).
Injection current densities are shown by dashed lines.
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Figs. 1, 3, 4, 6, and 7 that the establishment of the stea
state distributions and photocurrents requires different tim
depending on the number of QW’s and the photon flux.
QW structures withN55 and 21 atE515 kV/cm andI
51023 cm22 s21 the stabilization times are of about 15 an
50 ns, respectively. The revealed features of the trans
photocurrent in QW structures are similar to those exhibi
by structures on the base on compensated semiconduct29

The transient photocurrent also resembles~except the oscil-
latory stage! that in QW structures at low intensities studie
previously using a drift-diffusion model.32

The temporal evolution of the electron system in the Q
structures under consideration due to the recharging of Q
can be assessed by the following characteristic times:

t5
1

sI
, tc5

L

pcvd
, and t r5

æ

4ppcse
. ~5!

Here,t is the effective time of the QW emptying due to th
photoescape of electrons,tc is the capture time,t r is the
characteristic QW recharging time,pc is the macroscopic
capture parameter~capture probability! related to the QW
capture velocity32 vw by the formulapc5vw /vd , vd is the
electron drift velocity in the direction perpendicular to th
QW plane,se5(d je /dE)uE5Ee

is the differential conductiv-

ity of the emitter contact, andEe is the electric field at the
contact ~in the first barrier!. For the typical QW structure
parameters assumed for the calculationE515 kV/cm and
I 51023 cm22 s21, using the results of our modeling, w
obtain the following estimates for the characteristic tim
given by Eq. ~5!: t55 ns, tc.5 ps, andt r.160 ps,
hence,t/tc.1000 andt/t r.30. As it was pointed out
above, the capture rate in QW structures with perio
electric-field domains is higher than in those with nearly u
form electric field. Hence, the capture time in such structu
should be longer than the estimated value. The electron t
sit time for QW structures withN55 – 50 falls in the range
of 3–30 ps. Thus, in this case, the QW emptying and
charging times are much longer than other character
times. Comparing the transient total and injection photoc
rents in Fig. 6, one may conclude that the transition from
low photocurrent at the initial stage to the photocurrent

FIG. 7. Densities of transient photocurrent in QW structure w
21 QW’s for different intensities of radiation (E515 kV/cm).
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the order of its steady-state value is characterized prima
by the recharging timet r ~see also below!, responsible for
the redistribution of the potential and the formation of t
emitter electric field.

It is of interest, that the values of the steady-state pho
current in QW structures with the electric-field domains a
lower than those calculated for QW structures with nea
neutral bulk. Indeed, the photocurrent density in a QW str
ture with quasineutral bulk and, hence, uniform electric fie
in the main part of the structure, is given by the followin
formula:33

j 5esSdINg.
esSdI

pc
, ~6!

whereg.(N pc)
21 is the photoelectric gain. In this case, th

capture parameter is determined by the average electric
mainly via the electric-field dependence of the fraction
electrons having low-enough energy to be captured. Us
the calculated data17 for pc consistent with experimental re
sults (pc50.0620.07), we obtain for the photocurrent de
sity in a 21 QW structure with nearly uniform electric field
its bulk atE515 kV/cm andI 51023 cm22 s21 the follow-
ing estimate: j .4572533 A/cm2. These values exceed
that for a QW structure with a pronounced periodic electr
field domain by the factor of about 1.5 - 1.8. This can
explained by a significant difference in the total capture r
in QW structures with uniform and strongly oscillatin
electric-field distributions, especially, taking into accou
nearly exponential drop of the capture rate as a function
the local electric field.17,22Thus, for a rough estimate one ca
substitutepc in Eq. ~5!, corresponding to the electric fiel
equal to the average electric field, by^pc& averaged over the
electric field spatial variations. In such a case, the ratio of
photocurrents in a QW structure with nearly uniform elect
field and in a QW structure with a pronounced domain str
ture for the same average electric field can be estimate
^pc&/pc . A distinction betweenpc and^pc& originates from
the difference in average energies of electrons in these
situations.

Approximating the dependence ofpc on the local electric
field E in the form17,22 pc.exp(2E/Ec), and assuming tha
the electric fields in odd- and even-numbered barriers
Emax5E1DE/2 andEmin5E2DE/2, respectively, we obtain

^pc&
pc

.coshS DE
2 Ec

D . ~7!

The notationsEc andDE denote the characteristic ‘‘captur
field’’ and the span of the electric field variations in a d
main structure. This explanation is supported by the diff
ence in the average energy of electrons in QW structu
with and without domains found in our MC calculations. F
the characteristic capture field one may use the follow
estimate taken from the MC calculations17 and extracted
from the data obtained experimentally:34–36 Ec.6.5
27.5 kV/cm. For the case E515 kV/cm and I
51023 cm22 s21, from Fig. 5~b! we can obtain DE
.15 kV/cm. Substituting these data into Eq.~7!, we obtain
^pc&/pc.1.521.8 in excellent agreement with the above e
timate for the ratio of the photocurrents without and w
periodic domain structures.
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PRB 61 2747PERIODIC ELECTRIC-FIELD DOMAINS IN . . .
The dark current and photocurrent in QW structures w
out the domains under consideration are nearly insensitiv
the number of QW’s.31,37 This is seen from the right-han
side of Eq.~5!. A dependence of the current on the numb
of QW both in dark conditions and under illumination aris
due to the contact and charge effects.20,22This dependence is
weak when the number of QW’s is large enough. Howev
comparing the densities of steady-state photocurrents foN
55 and 21 in Figs. 6 and 7, we see marked distinctionsj
.130 and 300 A/cm2, respectively!. The difference in the
photocurrents for structures withN55 and 6 is also impres
sive ~their ratio is approximately of 0.5!. The later is attrib-
uted to fairly different electric-field distributions in thes
structures~compare Figs. 1 and 3!.

Using Eqs.~3!, ~5!, and~6!, t r can be estimated as

t r.
æEe

2

4pesSdEtI
.

For the emitter electric field one can obtain the estimate20,22

Ee.
Et

ln~ I m /I !
,

where

I m5
j m^pc&
esSd

.

As a result, we obtain

t r.
æEt

4pesSdI ln2~ I m /I !
}

1

I ln2~ I m /I !
. ~8!

According to Eq.~8!, the recharging timet r decreases with
increasingI slower thanI 21. This corresponds to the resul
shown in Figs. 6 and 7.

The formation of periodic electric-field domains caus
periodic distributions of the charges in QW’s. This results
the depletion and enrichment of QW’s by electrons. In str
tures with relatively high-characteristic tunneling elect
field (Et5340 kV/cm in our calculations!, periodic domains
correspond to the depleted odd and enriched even QW’s.
occupancies of QW’s by electrons (Sn /Sd) in a structure
with N521 are shown in Fig. 8. It is seen that the variatio
of the electron sheet concentrations in QW’s can be of
same order of magnitude as the donor concentration.

IV. DISCUSSION

The phonon mechanism of electron capture into QW
was assumed in the MC model implemented. The elec
capture due to electro-electron scattering, at sufficien
high-electron sheet concentrations~in heavily doped QW’s!,
can be nearly as important as that due to polar optical p
non emission.38,39 However, such a mechanism also corr
sponds to a strongly decreasing probability of the capt
with increasing electron energy. Hence, the inclusion of
electro-electron capture mechanism should not lead to an
sential change in the obtained results.
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Peculiar features of the QW recharging processes in
structures with periodic electric-field domains can manif
themselves in the QW structure frequency-dependent imp
ance at the frequencies commensurate with the reciproca
the characteristic timest, tc , and t r ~see for comparison
Refs. 31 and 40!. The interchange of the regions with high
and low-electric fields affects the electron dynamics in op
cally excited QW structures and devices on their base
particular, this can be actual for QW heterodyne infrar
detectors and mixers41,42 ~see also Ref. 21! as well as for the
generation of terahertz radiation in QW structures.18,19

We would like to point out some aspects, which were n
clarified above. First of all, this is the question whether p
riodic electric-field domains with the period equal to twic
the QW structure period can arise at much lower excitat
powers and in dark conditions. In such situations, the ch
acteristic times of transient processes can be in the micro
ond range. Indeed, whenI 51019– 1020 cm22 s21, one ob-
tains t50.5– 5 ms. However, the study of prolonge
transient processes~say, in the microsecond range! in the
structures in question by ensemble MC particle methods
unfortunately, complicated due to an inherent drawback
such calculation techniques-excessively long computa
time. Drift-diffusion models of electron transport in QW
structures similar to that used previously,11,13,32valid for an
overall assessment of such structures, cannot be applie
our case. This is due to the importance of nonequilibriu
electron processes when the characteristic dimensions~such
as the QW structure period! commensurate with the electro
energy relaxation length, i.e., when the effects of nonloca
are crucial. Possibly, the problem of periodic electric-fie
domains at low intensities and in dark conditions can
effectively resolved using a hydrodynamic electron-transp
model~for example, see Refs. 43–45 and references there!,
generalized by the inclusion of the QW recharging effec
Another question is concerned with the possibility of t
undamped photocurrent oscillations due to either the
charging waves38 or the Gunn effect complicated by the re
charging processes.16 It requires, however, a separate stud

FIG. 8. Occupancies of QW’s by electrons~squares! in QW
structure withN521 at the same average electric field and intens
as for Fig. 4. Squares are connected by dashed line to emph
oscillatory nature of electron charge distribution.
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V. CONCLUSION

We studied transient processes and formation of perio
electric-field domains in multiple QW structures excited b
infrared radiation triggering electron bound-to-continuu
transitions. An ensemble MC particle method was used
s

ic

to

calculate the electric-field and charge distributions and
transient photocurrents. The origin of periodic electric-fie
domains is associated with the excitation of recharg
waves due to decreasing capture rate of electrons with t
heating by the electric field.
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