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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.

[. INTRODUCTION (MC) particle method is used for this purpose. We show that
the evolution of electric-field distributions in multiple QW
Electron(hole) phenomena in semiconductor superlatticesstructures can be fairly complex. It exhibits the excitation of
have been the topic of extensive experimental and theoreticéie waves of QW recharging resulting in the formation of
studies for almost thirty years starting from the papers b)periodic electric-field and, hence, charge distributions in
Esaki and Tsd:? Electron transport phenomena in superlat-Wide ranges of applied voltages and powers of infrared ra-
tices and their device application have been extensivel)(/"at'on- In particular, p_erlodlc electrlc-_f|eld domain struc-
studied®® A great deal of attention has also been paid to thdures can have the period equal to twice the QW structure
electron transport and capture effects in multiple quantunP€riod. In this case, odd-numbered QW's are positively
well (QW) structures with a weak coupling between QW’s. charged while those with even indexes have negative
This, in part, is due to the use of such QW structures ircharges.
infrared photodetectors utilizing intersubband transitiths.
Apart from thermo- or photo-stimulated bound-to-continuum II. MODEL
transitions of electrons, the operation of QW infrared photo-
detectors(QWIP’s) is associated with the electron vertical ~We considern-type Aly,/Ga, 7;6As/GaAs multiple QW
transport above the barriers and capture into QW'’s, as webtructures with thin narrow-gap doped layé@W's) sepa-
as the injection of electrons from the emitter contact. Underated by relatively thick wide-gap undoped layers playing a
the effect of applied electric field and photoexcitation byrole of the inter-QW barriers. The QW structures are sup-
infrared radiation, the electron system in a QWIP is usuallyplied by contact regions made of a doped material of the
far from equilibrium. The diversity of effects determining the same type as the material of QW’s. Due to large thicknesses
characteristics of QWIP’s makes these devices very interestf the barriers, the tunneling of electrons between QW's is
ing from a physical point of view. neglected, so that the vertical electron transport across the
As reasoned previously;1° the electric-field distribu- structure is associated with the propagation of electrons
tions in QW structures in which the electron transport isabove the barriers. However, the electron injection from the
associated with electrons in the continuum states are primamitter contact is due to tunneling through the top of the first
rily monotonic. They correspond to rather smooth distribu-(emittep barrier in the structure stimulated by the electric
tions of the potential. The combined effect of optical excita-field in this barrier. The tunneling results in the appearance
tion and injection from the emitter usually results in the of the injected electrons in the continuum states above the
formation of the electric-field domain near the injecting con-barriers. It is assumed that the energy of incident infrared
tact (with either high- or low-electric fieldwith nearly uni-  photonsi()=¢;, whereg; is the ionization energy of QW’s.
form electric field in the structure bulk. The electric-field We restrict ourselves by the exploration of QW structures
distributions of this type were invoked for the explanation ofoptically excited by strong enough radiation, so that the
some features of multiple QW structures, in particular, thephotoionization of QW’s dominates the thermionic emission
details of their current-intensity and current-voltagefrom them.
characteristic$*~16 The response of the QW structure under consideration to
In this paper, we study the response of multiple QWinfrared pulses is associated with the following procesdgs:
structures to steplike pulses of incident infrared radiatiorphotoexcitation of electrons from the bound states in QW’s
causing the photoionization of QW’s due to the electroninto the continuum stateg?) propagation of mobile elec-
bound-to-continuum transitions. An ensemble Monte Carldrons across the QW structurg) capture of electrons and
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their reflection from QW’s,(4) tunneling injection of elec- significant scattering mechanisms, including the electron re-
trons from the emitter contact due to the increase of thdlection from the QW-barrier heterointerfaces. The capture of
electric field the first barrier caused by the redistribution ofelectrons(i.e., their transitions from the continuum states
the electric potential as a consequence of the recharging @bove the barriers into the bound states in QWssassumed
QW'’s, and(5) escape of electrons reached the collector conto be associated primarily with the optical phonon
tact. The heating of electrons in the continuum states leads temissior?>~2° The interaction of mobild™ electrons with
the change in electron energies and, hence, influences tl@@W’s is described as their reflection, transmission, or cap-
electron transport and capture. ture. The ratio of the reflection and transmission probabilities
We describe the nonequilibrium electron system in QWis calculated quantum mechanical(jn the Kane model
structures in response to infrared radiation in the frameworkramework using the previously obtained formul#sThe
of an ensemble MC particle method. The usual MC methodransport ofL and X electrons across the QW interfaces is
is adapted for peculiar features of the QW structures undeconsidered classically. This approach suggests that semiclas-
consideration by the inclusion of the electron capture andical modeling of the capture processes may be sufficient, as
photoionization processes. The self-consistent electric potenwvas shown recentl§? The MC method implemented in this
tial (field) obeys the Poisson equation which accounts fopaper is akin to that previously used by some of us for the
both the distributed charges of mobile electrons propagatingalculations of the velocity-field relation and the macro-
above the barriers and localized charges of QW’s: scopic capture parameter in QW structuteas well as for
the evaluation of their high-frequency performanteé’
d’¢ 4me The QW structure parameters used in the calculations are
Py n§=:l (Zn=2g)8(x=nL)+p=pa|, (D a5 follows: the number of QW'al= 5, 6, 21, and 50, the
QW structure periodL=52 nm (,=4 nm and L,
wheree is the electron chargeg is the dielectric constant, =48 nm), the barrier donor concentrationpgy

N

3., is the electron sheet concentration in théh QW (n =10 cm 3, the QW donor sheet concentratioB g
=1,2,...N), Nisthe number of QW's in the structure, =102 cm 2, the maximum emitter current densit,
is the concentration of electrons above the barriggsand  =1.6x10° A/cm?, and the emitter tunneling fielcE,

pq are the donor sheet concentration in QW’s and the dono& 340 kV/cm. A structure with five QW’s and significantly

concentration in the barriers, respectivelysL,+L,=L,  lower QW doping E4=2x 10" cm 2) and a structure with

is the QW structure period,,, andL,, are the thicknesses of 21 QW’s having the period df =34 nm were also consid-

the QW and the barrieg(x) is the QW form-factor, which  ered for comparison. The applied voltagésprovided the

is assumed to be similar to the Diracfunction (due toL,,  average electric field=V/W=5-30 kV/cm. Such struc-

<L,=L), andx is the coordinate in the direction perpen- ture parameters correspond to the standard QW structures in

dicular to the QW plane. QWIP’s and the above range of the average electric fields is
The boundary conditions have the following form: usual for these devices operati@ee, for example, Ref. 10

The photoescape cross section, average initial energy of pho-

toexcited electrons, and intensity of radiation were assumed

whereW=NL,,+ (N+ 1)L, is the net thickness of the QW 0 bel 0224>< 107_125 ETZ A=7{l—€=10 meV, and
structure and/ is the applied bias voltage. The density of the | =(107'—10°%) cm™? s™*, respectively.
injected current is given by

E, Ill. RESULTS
J =Jmexp< a E:) ' © We studied the response of QW structures with different

parameters at different applied voltages to steplike pulses of

Here, j, is the maximum current density provided by the iyfareq radiation. The initial states corresponded to nearly
emitter contactE; is the characteristic tunneling field, and hiform electric-field distributions with neutral QW's.

Ee=Elx-0 is. th_e electric field at the emitter contact. The rate Figure 1 shows the temporal transformation of the
of photoexcitation for theith QW is given by the formula  gjectric-field distribution in a QW structure with five QW’s
G— 0S| 7 and X4=10 cm 2 for the infrared photon flux ofl
n nt =10?® cm 2s . It follows from Fig. 1 that at the initial

where o is the cross-section of the electron photoescapestage the electric-field is a monotonic function of the coor-
from a QW andl is the intensity of infrared radiation. The dinate step-wisely decreasing in the direction from the inject-
Poisson equation, similar in form to E@L), with Egs.(2) ing contact to the collector. The steps are associated with the
and(3) were used previously in both numerita®!’~%and  depletion of QW’s due to the photoescape of electrons when
theoreticad®~?? studies of different effects in multiple QW the injected current does not provide yet the required capture
structures. rates to compensate the loss of electrons by QW's. At later

The momentum distribution of the injected electrons istimes the electric-field distribution becomes nonmonotonic,
assumed to be corresponding to the tunneling nature of ifRaving in the beginning one minimum. Thereafter, the num-
jection through a trapezoidé@linder the effect of the electric ber of minima and maxima sequentially increases. The
field) emitter barrier. The collector contact absorbs all elecelectric-field distribution stabilizes at arounbet 20 ns. The
trons passed the last barrier. electric-field distributions at different moments and, in par-

The MC model used for the calculations takes into ac-icular, the final steady distribution correspond to both posi-
count the features of the material band structures, and allvely and negative charges of QW’s. The temporal varia-

‘P|x:0=0 and ‘P|x:W=Vv 2
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FIG. 1. Temporal transformation of spatial electric-field distri-
bution in QW structure with five QW’'s aE=15 kV/cm and
=10 cm 2571

FIG. 3. Spatial electric-field distributions in structure with six
QW's at different moments E=15 kV/cm and |=10%
cm ?s™Y),

tions of electric fields in the barriers and electron sheef). Some of them, for example those corresponding to rela-
concentrations in QW’s indicate the excitation of the re-tively low and relatively high average electric fields, are less
charging waves similar in nature to those in compensateg@ronounced or have a longer periecbmpare plots in Fig.
semiconductors with tragS-3! From the physical stand- 2). In particular, the electric-field distribution in a QW struc-
point, the main distinction between recharging waves inture with five times lower QW doping foE=15 kV/cm
structures with QW’s and traps is associated with the spatidisee Fig. 2d)] is nearly uniform in the QW structure bulk.
periodicity of QW locations and random distribution of traps. The features of obtained electric-field spatial distributions
However, this distinction can lead to a pronounced differ-can be attributed to the interaction of recharging waves with
ence in final stable states arisen as results of nonlinear trang-short ¢ =2 L) and relatively long X<W) lengths.
formations of the recharging waves. As seen in Fig. 1, the The electric-field distributions and the final state in a QW
development recharging waves in QW structures can lead tstructure withN=6 shown in Fig. 3 reveal the behavior
stable periodic electric-field domain structures with the pe-different from that forN=>5. This implies that in structures
riod N equal twice of the QW structure peridd and the  with moderate numbers of QW’s, the character of the
amplitude damping in the direction from the emitter to col- electric-field domains may depend on whether the number of
lector contact. Such nearly periodic domains arise also in th©@W's is odd or even.
same QW structure but under different average electric fields The excitation of recharging wave with the formation of a
(bias voltagesand different infrared photon fluxésee Fig.  stable periodic electric-field domain structure having the pe-
riod of \=2L in the case of 21 QW'’s is shown in Fig. 4.
40 . The excitation of similar waves and the formation of short-

30 (@) - period electric-field distributions were also noted in a struc-
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FIG. 2. Stable periodic electric-field domains in structure with 0 4 8 12 16 20

five QW's for (8) E=10 kV/cm and1=10? cm 2s%, (b) E
=15 kV/cm and =10 cm?s™%, (c) E=15 kV/cm and |
=10 cm ?s7!, and (d) the same as fofb) but with 3,=2
X 10 cm™2.
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FIG. 4. Evolution of electric-field distribution in QW structure
with N=21 atE=15 kV/cm andl=10" cm ?s L.
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ture with 50 QW'’s. Figure 5 shows the electric-field distri- 40 —]
butions arisen in a structure withi=21 at different average 30 (@)
electric fields and intensities. As soon as the amplitudes of fg ! T
recharging waves become high enough, the ordered electric- 0 S LT LT
field domain structures with=2L begin to emerge from the 30 (b) .1
emitter side. As shown by our modeling of QW structures T 20 — M = - —

with a large number of QW'’s, the electric-field distributions 9 10 [] [l U | U | !_.l |

at relatively early stage of transient processes reveal multiple E 0

maxima and minimgthe distance between them is longer 3 ig ! o (c)"f:
then the QW structure peridd but significantly shorter than < 30

the total structure thickned®) moving backwards the elec- £ 20 FTFT =TT T A ﬂ

tron drift direction. Thus, the phase velocity of the recharg- a10¢ - L - vl

ing waves excited is directed oppositely to the direction of u 33 (d)
the electron drift and, hence, the direction of the wave propa- 20 ]
gation in the case of the Gunn effect. This is in agreement 10 p Ll =T Ty
with the theoretical predictiof?*® which is valid for QW 0 a 5 ] .

structures, at least, for the wave lengitisL. A diminished
role of the Gunn effect in the cases modeled can be associ-
ated with predicted previousiya low value of negative dif- FIG. 5. Stable periodic electric-field domains in QW structure
ferential conductivity in the QW structures in question inwith N=21 for (a) E=5 kV/cm and1=10% cm 2s%, (b) E
comparison to bulk materials as well as with the combination=15 kv/ecm and 1=102 cm 2s7%, (¢) E=15 kV/cm and |
of relatively low-mobile electron concentrations and short=10** cm™2?s7%, and(d) the same as fofb) but with shorter pe-
distances between contacts. riod (L=34 nm).

At not too high intensities, the total photocurréoteated
by both the injected and photoexcited electjoasd the mo-  pronouncedsee the curve fot.=34 nm in Fig. %d)].
bile electron concentration above the barriers are moderate. Figures 6 and 7 show the transient photocurrents in struc-
Due to the latter, the electron space charge in the barriers igrres with different number of QW’s and at different inten-
of little importance in determining the electric field. How- sities. The transient photocurrents exhibit the following com-
ever, atl=5x 10> cm ?s™! the mobile space charge of mon features. At the initial stage that takes about one
electrons results in a nonuniformity of the electric field in thepicosecond, the charges of QW’s change insufficiently to
barriers. This is seen in Fig(&§. cause the injection of extra lectrons from the emitter contact.

The excitation of waves associated with the QW rechargafter this stage, there is a steep increase in the photocurrent
ing can be attributed to the decrease of the electron captuegssociated with a significant increase of the injected current.
rate into a QW when the energy of electrons in some areghe duration of this stage varies over slightly less than two
near that QW increases due to their heating by action of therders of magnitude with changes in the intensity from
electric field. Nonlocal character of the electron heating and= 10?2 to 10?* cm ?s 1. However, it is virtually indepen-
capture processes gives rise to specific domain structuregent of the number of QW’s. At the next stage, the photo-
The creation of periodic domains specifically with the periodcurrent becomes oscillatory. This stage lasts more than 10 ns
equal to twice the QW structure period can be interpreted a all cases studied followed by the stabilization of the pho-
follows. Due to the gain of energy by mobile electrons in atocurrent. The establishment of the photocurrent corresponds
barrier with a strong electric field only a small fraction of to the formation of stable domain structures. It is seen from
them can be captured into the following QW. This leads to

Distance (QW periods)

the decrease in the electron sheet concentration in that QW s " "
resulting in its positive charge. As a consequence, the differ- 10° ¥ s loq0Borm -t

ence in the electric fields in the barriers surrounding the QW 10° [ E=19kViem PN
increases. Thus, the electric field in the right-hand side bar- i E A 1022/. .
rier becomes lower and this, in turn, leads to a lower energy G 10 !

which electrons gain in the latter barrier and, hence, to a § ,’ / 102‘1,~.._
higher capture rate in the next QW. The electric field in the g 10° |+ ’-’ et

emitter barrier should be relatively high to cause necessary % P zaul 7 7 /
injection current providing the balance between the photoes- s 10 / / /

cape and capture of electrons. Hence, the capture probability E 102 [ / / /

of electrons strongly heated by the electric field in this bar- ] / ,’ /

rier is low. This gives rise to the depletion of the first QW 10~ AR 4 //

and, consequently, other QW’'s with odd indexes, while . T L A
even-numbered QW'’s acquire excessive electrons. As a re- 10 s

sult, the electric field in odd-numbered barriers is higher than
that in even-numbered ones. In QW structures with a period
shorter than the electron energy relaxation length, a spatial FIG. 6. Densities of transient photocurrent in QW structure with
modulation of the average energy of mobile electrons can bive QW’s for different intensities of radiationEE= 15 kV/cm).
rather weak. In this case, the domain structure can be lessjection current densities are shown by dashed lines.

Time (ps)
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the order of its steady-state value is characterized primarily
by the recharging time, (see also beloyy responsible for
the redistribution of the potential and the formation of the
emitter electric field.

It is of interest, that the values of the steady-state photo-
current in QW structures with the electric-field domains are
lower than those calculated for QW structures with nearly
neutral bulk. Indeed, the photocurrent density in a QW struc-
E 3 ture with quasineutral bulk and, hence, uniform electric field
: N=21 ] in the main part of the structure, is given by the following
L/ E=15kV/em 1 formula33

[y
ow

™

N

Photocurrent (A/cmz)

1 j=eazd|Ng:eUEdl , (6)
1° 10 10° 10 10° 10° Pe

Time (ps) whereg=(N p,) ! is the photoelectric gain. In this case, the
capture parameter is determined by the average electric field
mainly via the electric-field dependence of the fraction of
electrons having low-enough energy to be captured. Using

. . the calculated datafor p. consistent with experimental re-
Figs. 1, 3, 4, 6, and 7 that the establishment of the steady—uItS (0.=0.06-0.07) \F,Jv% obtain for the phol?tocurrent den-
C . . 1]

Zzgznd(;iségbggcizz a;]rsjc:n%z?tg;: lg:/(\a/?;tsa;e(;ql#]ree Spﬁl(ii;e%grqigity in a 21 QW structure with nearly uniform electric field in

QW structures withN=5 and 21 atE=15 kV/cm andl| its bulk atE=15 kv/cm andl=10* cm s " the follow-
~10% cm 25 * the stabilization times are of about 15 and "9 €Stimate:j=457-533 Alcnt. These values exceeds

50 ns, respectively. The revealed features of the transie(njpat for a QW structure with a pronounced periodic electric-

photocurrent in QW structures are similar to those exhibite eld (_Jlomaln by _the_ _factor .Of about _1'5 - 1.8. This can be
by structures on the base on compensated semicondﬁ%tors(?Xplamed by a S|gn|f|pant d|_fference in the total capture rate
The transient photocurrent also resemhlescept the oscil- in QW structures with uniform and strongly oscillating

latory stage that in QW structures at low intensities studied ﬁfgﬁm&elgngﬁgrﬁﬁfnzf tek?é)igalgr,e t?;g‘%;n;ﬂuiigg%néf
previously using a drift-diffusion modéf. Y exp P P

i fia1A7.22 :
The temporal evolution of the electron system in the QWthe local electric field”**Thus, for a rough estimate one can

structures under consideration due to the recharging of QW'gugztl'ttl:)t?Eé ;\]/eErg' éS)e’Ie(:g?:S?i%cl)gd{IJ;g) t:\/g;z Zldecg\r/'(e:rfiﬁled
can be assessed by the following characteristic times: quai to age elec ' YBEC 9 .
electric field spatial variations. In such a case, the ratio of the

1 L ® photocurrents in a QW structure with nearly uniform electric
T=—, T.= , and T,=——. (5) field and in a QW structure with a pronounced domain struc-
PcVd 4mPcoe ture for the same average electric field can be estimated as
(pc)!pe- A distinction betweemp, and{p,) originates from
the difference in average energies of electrons in these two
situations.

Approximating the dependence pf on the local electric
field £ in the formt"?2 p.~exp(—&/E,), and assuming that
the electric fields in odd- and even-numbered barriers are
Emax= E+A&I2 and&,in=E—AE&/2, respectively, we obtain

10

FIG. 7. Densities of transient photocurrent in QW structure with
21 QW'’s for different intensities of radiatiorE(E15 kV/cm).

Here, 7 is the effective time of the QW emptying due to the
photoescape of electrons, is the capture timey, is the
characteristic QW recharging tim@,. is the macroscopic
capture parametefcapture probability related to the QW
capture velocity? v,, by the formulap,=v,,/v4, Vg is the
electron drift velocity in the direction perpendicular to the
QW plane,o.=(dj./d E)|E=Ee is the differential conductiv-
ity of the emitter contact, an#t, is the electric field at the (pe) AE
contact(in the first barriey. For the typical QW structure D :COS”(Z E )
parameters assumed for the calculat®s 15 kV/cm and ¢ ¢
I=10?® cm ?s 1, using the results of our modeling, we The notationsE. and A£ denote the characteristic “capture
obtain the following estimates for the characteristic timesfield” and the span of the electric field variations in a do-
given by Eq.(5): 7=5 ns, 7.=5 ps, and7,=160 ps, main structure. This explanation is supported by the differ-
hence, 7/7.=1000 and7/7,=30. As it was pointed out ence in the average energy of electrons in QW structures
above, the capture rate in QW structures with periodicwith and without domains found in our MC calculations. For
electric-field domains is higher than in those with nearly uni-the characteristic capture field one may use the following
form electric field. Hence, the capture time in such structurestimate taken from the MC calculatidhsand extracted
should be longer than the estimated value. The electron trafirom the data obtained experimentaffi*® E.~6.5

sit time for QW structures wittN=5-50 falls in the range —7.5 kV/cm. For the caseE=15 kV/cm and |

of 3—-30 ps. Thus, in this case, the QW emptying and re=10" cm 2s™!, from Fig. 5b) we can obtain AE
charging times are much longer than other characteristie=15 kV/cm. Substituting these data into E@), we obtain
times. Comparing the transient total and injection photocur{p.)/p.=1.5—1.8 in excellent agreement with the above es-
rents in Fig. 6, one may conclude that the transition from aimate for the ratio of the photocurrents without and with
low photocurrent at the initial stage to the photocurrent onperiodic domain structures.

)
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The dark current and photocurrent in QW structures with- 120 T T T T
out the domains under consideration are nearly insensitive to
the number of QW'S¥" This is seen from the right-hand
side of Eq.(5). A dependence of the current on the number
of QW both in dark conditions and under illumination arises
due to the contact and charge effet$ This dependence is

[ ] ]
b I S A I

Relative QW occupancy (%)

I

weak when the number of QW's is large enough. However, 100 \ :J | ‘\ \ Py .
comparing the densities of steady-state photocurrentdfor ! J’ ,‘ H’ \; b ,‘ by \\l '\
=5 and 21 in Figs. 6 and 7, we see marked distinctigns ( Vo \ Yy \ oy ‘il \
=130 and 300 A/crh respectively. The difference in the 90 | m i * e & @ u | 1
photocurrents for structures with=5 and 6 is also impres- ! N=21
sive (their ratio is approximately of 0)5The later is attrib- l E=15kviem
uted to fairly different electric-field distributions in these 80 |-u 1=10"cm"s .
structuregcompare Figs. 1 and)3 ; ; N ;

Using Eqgs.(3), (5), and(6), 7, can be estimated as 5 10 15 20

QW index
®B . , .
F=—° FIG. 8. Occupancies of QW's by electroifisquares in QW
" 4mecyEl structure withN= 21 at the same average electric field and intensity

as for Fig. 4. Squares are connected by dashed line to emphasize

For the emitter electric field one can obtain the estifiste . Y T
oscillatory nature of electron charge distribution.

= i Peculiar features of the QW recharging processes in the

¢ In(In/1)” structures with periodic electric-field domains can manifest
where themselves in the QW structure frequency-dependent imped-
ance at the frequencies commensurate with the reciprocals of
. the characteristic times, 7., and r, (see for comparison
:Jm<pc> Refs. 31 and 40 The interchange of the regions with high-
eoy and low-electric fields affects the electron dynamics in opti-
cally excited QW structures and devices on their base. In
particular, this can be actual for QW heterodyne infrared
detectors and mixets*? (see also Ref. 21as well as for the
®F 1 generation of terahertz radiation in QW structute¥’
= > x— : tS) We would like to point out some aspects, which were not
4meaZgl IN*(Im/1)  1In*(1m/1) clarified above. First of all, this is the question whether pe-
According to Eq.(8), the recharging time,, decreases with riodic electric-field domains with the period equal to twice

increasing slower thanl ~1. This corresponds to the results the QW structure period can arise at much lower excitation
shown in Figs. 6 and 7. powers and in dark conditions. In such situations, the char-

The formation of periodic electric-field domains causesacteristic times of transient processes can be in the microsec-
periodic distributions of the charges in QW’s. This results inond range. Indeed, when=10""-10"> cm ?s™*, one ob-
the depletion and enrichment of QW’s by electrons. In structains 7=0.5-5 us. However, the study of prolonged
tures with relatively high-characteristic tunneling electric transient processe&ay, in the microsecond rangé the
field (E,=340 kV/cm in our calculationsperiodic domains ~ structures in question by ensemble MC particle methods is,
correspond to the depleted odd and enriched even QW’s. THénfortunately, complicated due to an inherent drawback of
occupancies of QW's by electronE (/34) in a structure such calculation techniques-excessively long computation
with N=21 are shown in Fig. 8. It is seen that the variationstime. Drift-diffusion models of electron transport in QW
of the electron sheet concentrations in QW’s can be of thétructures similar to that used previously;>*?valid for an

m

As a result, we obtain

same order of magnitude as the donor concentration. overall assessment of such structures, cannot be applied in
our case. This is due to the importance of nonequilibrium
IV. DISCUSSION electron processes when the characteristic dimengmumh

as the QW structure peripdommensurate with the electron
The phonon mechanism of electron capture into QW’senergy relaxation length, i.e., when the effects of nonlocality
was assumed in the MC model implemented. The electroare crucial. Possibly, the problem of periodic electric-field
capture due to electro-electron scattering, at sufficienthdomains at low intensities and in dark conditions can be
high-electron sheet concentratiofiis heavily doped QW's  effectively resolved using a hydrodynamic electron-transport
can be nearly as important as that due to polar optical phomodel(for example, see Refs. 43—45 and references therein
non emissiort>® However, such a mechanism also corre-generalized by the inclusion of the QW recharging effects.
sponds to a strongly decreasing probability of the capturénother question is concerned with the possibility of the
with increasing electron energy. Hence, the inclusion of theindamped photocurrent oscillations due to either the re-

electro-electron capture mechanism should not lead to an esharging wave® or the Gunn effect complicated by the re-
sential change in the obtained results. charging processés.It requires, however, a separate study.
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V. CONCLUSION calculate the electric-field and charge distributions and the
We studied transient processes and formation of periodigansient photocurrents. The origin of periodic electric-field
electric-field domains in multiple QW structures excited bydomains is associated with the excitation of recharging

infrared radiation triggering electron bound-to-continuumwaves due to decreasing capture rate of electrons with their

transitions. An ensemble MC particle method was used tdeating by the electric field.

*Electronic address: v-ryzhii@u-aizu.ac.jp
1L. Esaki and R. Tsu, IBM J. Res. De¥4, 61 (1970.
2R. Tsu and L. Esaki, Appl. Phys. Lett9, 246 (1971).

3S.H. Kwok, H.G. Grahn, M. Ramsteiner, K. Ploog, F. Prengel, A.

Wacker, E. Schdb S. Murugar, and R. Merlin, Phys. Rev. B
51, 9943(1995.

4A. Wacker, M. Moscoso, M. Kindelan, and L.L. Bonilla, Phys.
Rev. B55, 2466(1997.

5M. Morifujii and C. Hamaguchi, Phys. Rev. B8, 12 842(1998.

24p W.M. Blom, C. Smit, J.E.M. Haverkort, and J.H. Wolter, Phys.
Rev. B47, 2072(1993.

25D, Morris, D. Deveaud, A. Regreny, and P. Auvray, Phys. Rev. B
47, 6819(1993.

263 .M. Gerard, B. Deveaud, and A. Regreny, Appl. Phys. 168t.
240(1993.

21p. Zakharova and V. Ryzhii, Fiz. Tekh. Poluproved?b, 402
(1999 [Sov. Phys. Semicon@5, 244 (1991)].

28 F. Register and K. Hess, Appl. Phys. Lett, 1222(1997.

6M. Helm, W. Hilber, G. Strasser, R. De Meester, F.M. Peeters?®R.F. Kazarinov, R.A. Suris, and B.l. Fuks, Fiz. Tekh. Polu-

and A. Wacker, Phys. Rev. Le®2, 3120(1999.

provedn.7, 149 (1973 [Sov. Phys. Semicond, 102 (1973].

7]. Faist, F. Capasso, D.L. Sivco, C. Sirtori, A.L. Hutchinson, and®°R.A. Suris and B.I. Fuks, Fiz. Tekh. Poluprovedn1556(1973

A.Y. Chou, Science64, 553 (1994).

[Sov. Phys. Semicond, 1039(1973].

8E. Schomburg, T. Blomeier, K. Hofbeck, J. Grenzer, S. Brand|, 1.3*R.A. Suris and B.I. Fuks, Fiz. Tekh. Poluprovedn1507(1980

Lingott, A.A. Ignatov, and K.F. Renk, Phys. Rev. 38, 4035
(1998.

9A.A. Ignatov and A.-P. Jauho, J. Appl. Phy&5, 3643(1999.

0B F. Levine, J. Appl. Phys74, R1(1993.

115 R. Andrews and B.A. Miller, J. Appl. PhyZ0, 993 (1991).

2M. Ershov, V. Ryzhii, and C. Hamaguchi, Appl. Phys. L&,
3147(1995.

1L, Thibaudeau, P. Bois, and J.Y. Duboz, J. Appl. PH§g.446
(1996.

14 M. Ershov, H.C. Liu, Z.R. Wasilewski, M. Buchanan, and V.
Ryzhii, Appl. Phys. Lett70, 414 (1997).

[Sov. Phys. Semicond.4, 896 (1980].

32M. Ershov, C. Hamaguchi, and V. Ryzhii, Jpn. J. Appl. Phys.,
Part 135, 1395(1996.

33H.C. Liu, Appl. Phys. Lett60, 1507 (1992.

34E. Rosencher, B. Vinter, F. Luc, L. Thibaudeau, P. Bois, and J.
Nagle, IEEE J. Quantum Electro80, 2875(1994.

35H.C. Liu, M. Buchanan, and Z.R. Wasilewski, J. Appl. Phga,
889 (1997.

363.-C. Chang, S.S. Li, M.Z. Tidrow, P. Ho, M. Tsai, and C.P. Lee,
Appl. Phys. Lett.69, 2412(1996.

3’A.G. Steele, H.C. Liu, M. Buchanan, and Z.R. Wasilewski, J.

5A. sa‘ar, C. Mermelstein, H. Schneider, C. Schoenbein, and M.  Appl. Phys.72, 1062(1992.

Walther, IEEE Photonics Technol. Left0, 1470(1998.

16N. Schneider, C. Melmelstein, R. Rehm, C. Schein, A. Sa’ar,
and M. Walther, Phys. Rev. B7, R15096(1998.

M. Ryzhii and V. Ryzhii, Jpn. J. Appl. Phys., Part3B, 5922
(1999.

18M. Ryzhii and V. Ryzhii, Appl. Phys. Leti72, 842 (1997.

9M. Ryzhii, V. Ryzhii, and M. Willander, J. Appl. Phy84, 3403
(1998.

20y, Ryzhii, J. Appl. Phys81, 6442(1997).

21y, Ryzhii, I. Khmyrova, and M. Ryzhii, Jpn. J. Appl. Phys., Part
1 36, 2596(1997).

22y Ryzhii and H.C. Liu, Jpn. J. Appl. Phys., Part3B, 5815
(1999.

233J.A. Brum and G. Bastard, Phys. Rev.3B, 1420(1986.

38p_ Sotileris and K. Hess, Phys. Rev.4B, 7543(1994.

39K. Kalna, M. Mosko, and F.M. Peeters, Appl. Phys. Lé8, 117
(1996.

40R.A. Suris and B.I. Fuks, Fiz. Tekh. Poluprove®@n1717(1975
[Sov. Phys. Semicon®, 1130(1975)].

41E. Brown, K.A. Mclntosh, F.W. Smoth, and M.J. Manfra, Appl.
Phys. Lett.62, 1513(1993.

42H4.C. Liu, J. Li, E.R. Brown, K.A. McIntosh, K.B. Nichols, and
M.J. Manfra, IEEE J. Quantum Electro82, 1024(1996.

43R. Stratton, Phys. Rewl.26, 2002(1962.

4p A. Sandborn, A. Rao, and P.A. Blakey, |IEEE Trans. Electron
Devices36, 1244(1989.

“SD.L. Woolard, H. Tian, M.A. Littlejohn, and K.W. Kim, Phys.
Rev. B44, 11 119(1991).



