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Nonlinear dynamics of recharging processes in multiple quantum well structures
excited by infrared radiation
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We study the spatiotemporal variations of electric-field distributions in multiple quantum well structures
excited by infrared radiation due to bound-to-continuum electron transitions using ensemble Monte Carlo
particle simulations. The occurrence of self-sustained pulsing and the formation of spatially periodic electric-
field domains with weakly oscillating amplitudes demonstrated in the simulations are associated with the
excitation of the recharging waves. It is shown that the dynamics of electric-field distributions and photocurrent
can be different in the structures with even and odd numbers of quantum wells.

. INTRODUCTION ductors with deep trap$:?® The excitation of recharging
waves in QW structures is due to the instability of smooth
Electron phenomena in semiconductor heterostructuresionotonic electric-field distributions with respect to the per-
with a large number of uncoupled or scarcely coupled quanturbations in which different QW's are charged
tum wells (QW’s) have been the topic of extensive experi- differently 26273 The formation of stable periodic electric-
mental and theoretical studfetsee also references therein field domains is accompanied by strong spatiotemporal
This, in part, is due to a wide interest in QW infrared pho-Vvariations of the electric field and pronounced pulsing of the
todetectors (QWIP’s) utilizing intersubband bound-to- photocurrent.
continuum(bound-to-bounylelectron transitions. Despite the ~ Here we present the results of MC simulations of nonlin-
re|ative|y Simple structure of a QW“D’ the physics of the€ar electric-field and current oscillations in multlple QW
processes responsible for its operation is fairly complexStructures with doped uncoupled QW's irradiated by infrared
Such processes include the intersubband transitions accofdiation stimulating the electron bound-to-continuum inter-
panying the electron thermoemission, photoexcitation, angubband transitions. We show that depending on the parity of

capture, the tunneling injection of electrons from the emitter.Ihe number of QW's, the peI’IO'dIC domaln§ are for”?ed either
immediately upon the completion of transient procésshe

contact, strongly nonequilibrium transport of the electrons . )
excited to continuum states in the self-consistent electricStrlJCtureS with odd numbers of QW'er after a long stage

. . . of strong chaotic pulsationsvhen the numbers of QW'’s are
field, and, finally the collection of electrons by related C(m'ever). In both cases, the spatial amplitude of the established

tact. In contrast to the structures with cou.pled QW'S INperindic electric-field domains exhibits temporal oscillations.

Wh'(,:h the electron Clﬂr?m is due to sequential t“””e"”g OHowever, the swing of such oscillations is much smaller than
miniband transport;** in  the QW structures used in ihat of the oscillations before the domain formation. The

QWIP's, electrons propagate primarily over the continuuMieayres of the recharging dynamics studied favors the cha-
states above the interwell barriér§everal physical models otic nature of the latter. The QW structures under consider-
using both analytical and numerical simulation approachegtion are similar to those used in QWIP’s. Hence, the ob-
have been proposed for steady-state and transient operatigflned results can be beneficial for an in-depth understanding

of QWIP's!>7® Early models of QWIP’s with multiple of physical processes in these devices, particularly those op-
QW’s assumed that the electric-field distribution in the ac-erating at high-power excitation levels.

tive region is uniform'>13 Later, it has been shown that the

space charge gives rise to the nonuniformity of the electric

field either near the emitter contatt’*%-2!or spread across 1. MODEL

the whole structuré® Some features of the QWIP character- '

istics were attributed to the occurrence of high- and low-field We considern-type Aly,/Ga 7As/GaAs multiple QW

domainst® structures with doped QW's separated by relatively thick un-
Very recently the formation of periodic electric-field and doped barrier layers. The QW structures are supplied by con-

charge domains in QW structures excited by infrared radiatact regions made of a doped narrow-gap material. Due to

tion has been predicted in our Monte CarlgvC) large barrier thicknesses, the tunneling of electrons between

simulations?®?’ As it has been shown, contrary to the previ- QW’s is neglected, hence, the vertical electron transport

ous assumptions that the electric-field distributions, even beacross the structure is associated with the propagation of

ing nonuniform, are relatively smooth and monotonic, stablezlectrons above the barriers. However, the electron injection

periodic electric-field structures with a period equal to twicefrom the emitter contact is due to tunneling through the top

the spacing between QW’'s can occur. The occurrence abf the first(emitten barrier in the structure. The density of

periodic domains is attributed to the excitation of the wavednjected currenf is determined by the electric field in this

of QW recharging similar to those in compensated semiconbarrierE.: j=j,,exd—(E/Eg], wherej,, is the maximum
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current density provided by the emitter contact &ads the 400 T T T
characteristic tunneling field. I
The intensity of incident infrared radiatidris assumed to

be high enough, so that the rate of QW photoionizatén
=o02,l, significantly exceeds the rate of thermionic emis-
sion from QW'’s. Heren is the QW index (=1,2,... N,
whereN is the number of QW'’s in the structyres is the
cross section of the electron photoescape from a QW2and
is the electron sheet concentration in tith QW.

We study the nonequilibrium electron system in QW
structures under the influence of infrared radiation in the
framework of an ensemble MC particle method described
previously?®?” The MC model used for the calculations
takes into account the features of the material band structures
and all significant scattering mechanisms, including the elec- 100 L L L
tron reflection from the QW-barrier heterointerfaces. The % Tim120(ns) 150 200
electron capture is considered as the transition of an electron
from the continuum states above the barriers into the bound FIG. 1. Transient photocurrent in response to a steplike infrared
states accompanied with the optical-phonon emis&ioff.  pulse in the structures with 20 and 21 QW's.

The interaction ofl" electrons with QW’s is described as
their reflection, transmission, or capture with the probabili- The QW structure parameters utilized in the calculations
ties calculated quantum mechanicalfyThe transport ol.  are as follows: the number of QWHN=4-21, the QW

300 |

Current density (A/cmz)
[+
o
o

and X electrons is considered classically. structure period.=52 nm (L,=4 nm andL,=48 nm),
The self-consistent electric potentigfield) obeys the the barrier donor concentratigny=10"* cm™2, the QW do-
Poisson equation nor sheet concentratidti;=10'> cm™ 2, the maximum emit-

ter current densityj,,=1.6x10° A/cm?, and the emitter
d’¢ 4me tunneling fieldE,=340 kV/cm. The photoescape cross sec-
@:? zl (Zn=2a)(x—nL)+p—pq D tion, average initial energy of photoexcited electrons, and
intensity of radiation were assumed to be=2

N

with the following boundary conditions: X10 ™ cn?,  A=#0-¢=10 meV, and |=107
cm ?s 1 respectively. The applied voltages were chosen to
¢lx=0=0 and ol _w=V, (2)  provide the average electric field in the structiie V/W

=15 kV/cm. All simulations correspond to the liquid-

wheree is the electron charge is the dielectric constanp,  nitrogen temperatureT(=77 K).
is the concentration of electrons above the barriEgsand
pq are the donor sheet concentration in QW's and the donor
concentration in the barriers, respectivelysL,,+Ly=L,
is the QW structure period,,, andL,, are the thicknesses of We followed the response of QW structures with different
the QW and the barrieg(x) is the QW form factor, which is  parameters at different applied voltages to steplike pulses of
assumed to be similar to the Dirat function (due toL,, infrared radiationi(t)=10(t), where®(t) is the unity step
<L,=L), W=NL,+(N+1)L, is the net thickness of the function. The initial states corresponded to nearly uniform
QW structure,V is the applied bias voltage, andis the electric-field distributions with neutral QW's.
coordinate in the direction perpendicular to the QW plane.  Figure 1 shows the transient photocurrent in QW struc-

To eliminate statistical problems inherent in ensembletures with N=20 and 21. The temporal variations of the
MC particle simulations, the quality of the randomizer usedelectric fields in the fifth and sixth barriers of these structures
in the MC procedures was specially checked and the timare shown in Fig. 2. As seen from Figs. 1 and 2, the struc-
step and the mesh size were chosen sufficiently small, corredres with such a small difference in the numbers of QW'’s
sponding to 10 fs and 2 nm, respectively. The number okxhibit substantially different transient behavior. In the QW
particles(electrong used in simulations was up to 150000 structure with 21 QW'’s, the photocurrent and the electric
depending on the applied voltage and the number of QW'sfields in different barriers are established upon a relatively

The initial momentum distributions of the injected and short period of timgabout 50 ng Typical electric-field dis-
photoexcited electrons are determined by the emitter barrigributions in the structures under consideration are shown in
(modified under the effect of electric figldnd by the differ-  Fig. 3. The establishment of photocurrent in the structure
ence between photon energy) and ionization energy of with N=21 is accompanied by the formation of stable peri-
QW'’s €, respectively. The collector contact absorbs allodic electric-field domairisee Fig. 3. Both the established
electrons passed the last barrier. photocurrent and electric field include time-independent

The spatiotemporal distributions of the concentrations oicomponents modulated by low-amplitude undamped oscilla-
bound and mobile electrons and the electric field obtainedions. These oscillations appear to be chaotic. Their ampli-
employing MC procedures and E({), are used to calculate tude being small compared to the spatial periodic variations
macroscopic characteristics of QW structures, in particularpronouncedly exceeds the level of statistical fluctuations.
the photocurrent. The occurrence of spatially periodic electric-field domains

Ill. RESULTS
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electric field in odd-numbered barriers and low-electric field
in even-numbered ondsee the electric-field structures for
N=20 corresponding t6=200 and 500 ns in Fig.)2 The
amplitude of the formed periodic structure is modulated akin
to that in the structure wititN=21. The transition from a
strongly pulsing state to a more or less calm and spatially
ordered one is accompanied by a pronounced reduction in
the averaged photocurrent densiffrom about 250 to
150 Alcnf).

Similar spatiotemporal oscillations of the electric field
were found also in the structures with some other even num-
bers of QW’'s(with N=12, 14, and 18 For even-numbered
N, the formation of periodic electric-field domains via a
strongly irregular stage, requires essentially a longer period

8

-
o

8

Electric field (kV/cm)
(-]

8

N=21 of time (nearly ten times longgthan the formation of such
10} Ee 4 domains wherN is an odd number. WheN is an odd num-
NN SN YA AN S S NS ber, the evolution of the electric-field distribution usually

gives rise to relatively fast formation of periodic domains
with period .. One may suggest that the parity of the num-
ber of interwell barriers promotes the occurrence of periodic
electric-field distributions. This is because in the case of an
even number of the barriers, boundary conditid@s are
automatically satisfied for periodic spatial distribution of the
electric field. Indeed, taking into account that in the cases
under consideration, the space charge of mobile electrons
and donors in the barriers is negligible compared to the
dcharges of QW'’s, and, hence, the electric fields in the barri-
ersE, are uniform; from condition$2) one can obtain

Time (10 ns/div)

FIG. 2. Temporal variations of the electric fields in fifth and
sixth barriers in the structures with 20 and 21 QW's.

with the period equal to double the period of the QW struc-
ture with N=21, is the manifestation of the direct develop-
ment of the excited recharging waves.

In contrast to this, the photocurrent and the electric-fiel
distributions in the structure with 20 QW'’s did not show any

trend to the establishment of stationary or even near station- N+1
ary states demonstrating strong self-sustained pulsations for E —(N+1)E 3
rather long timgup tot=400 ns). This can be attributed to nZl n=t )E. &

the excitation of several modes of large amplitude rechargin% ) ) o
waves?®2730 At t=415 ns the behavior of the 20 Qwth Consequently, if N+1) is an even number, any periodic
structure suddenly changddee Fig. 3 with the transition ~ €lectric-field distribution with6E,=—6E, 1, where 6E,
from the spatiotemporal oscillations with strongly fluctuating = En—E, satisfies Eq.(3). For near periodic distributions

ratio of the electric fields in the neighboring barriers to spathis equation can be satisfied by a slight adjustment of the
tially nearly periodic electric-field structure with high- amplitudes of spatial variations. Once the number of barriers

(N+1) is odd one, the development of periodic perturba-
I tions at the linear stage is forbidden while the formation of
N = 21, t = 200ns periodic domains at later stages is hampered by the occur-
30 1 ] rence of relatively long recharging waves.

The structures with even numbers of QW'’s exhibit a
markedly larger swing of the spatial variations of the electric
field and large electric field in the barrier adjacent to the
collector contact than those with odd numbers of QW's. As
follows from Eq.(3), the occurrence of near periodic distri-
butions with a strong electric field in the collector barrier is
possible if the spatial variations of electric field throughout
the QW structure are sufficiently large to compensate the
imbalance caused by the potential drop in tfesld num-
bered barrier.

It is worth noting that in QW structures with sufficiently
small number of QW’'s l=4—11) in all cases investigated
N i in our simulations, the nonlinear development of recharging
waves resulted in relatively fast formation of periodir
0 ] near periodig electric-field domains disregarding the parity

: Al P e Sl Sl of number (N+1). This can be explained by the effect of
2 4 6 8 0‘1’\‘; inﬁexﬂ 16 18 20 emitter contact suppressing long-wave excitation in QW

structures with small or moderatd. Conversely, in QW

FIG. 3. Spatial distributions of the electric field in the structuresstructures with a very large number of QW's, one may ex-
with 20 and 21 QW's at different moments. pect that the restrictions imposed by both the fixation of the
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FIG. 6. The same as in Fig. 5 but for fifth and tenth barriers.
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E; (kV/cm) 4-6. These figures correspond to the period of time from the

FIG. 4. Phase-space attractors, constructed from time Seriergoment when the transitive processes, triggered by the turn-
(400 r{§t'$500 ns) for the electric fields in two neighboring M9 ON of infrared irradiation, were terminated to the distant

(fifth and sixth barriersand two far-away(fifth and tenth picked ~moment, more specifically frorr=400 to 500 ns. TQLS pe-
arbitrary barriers in the structure with 21 QW’S. I’IOd IS mUCh |0ngel’ than the Chal’aCterIStIC t"%? rre-
sponsible for different electron processes in the structure. As

voltage drop between the contacts and the effect of the emiseen from Figs. 5 and 6, the transition from the state with
ter contact are lifted, so that the formation of periodic do-large amplitude variation of the electric field to a more calm
mains becomes independent of whetNeis an even or odd spatially ordered state, coincides with a change in the trajec-
number. tories in phase space. Figure 7 shows the phase portrait for
The observed pulsations of the electric-field distributionsthe electric field in the fifth barrierdEs/dt vs Es) in the
and the photocurrent both at the initial stage and upon thetructure with 20 QW’s, which can be interpreted as support-
formation of periodic structures resemble chaotic of@®.  ing the hypothesis on chaotic behavior of the electron system
To find arguments in favor of the chaotic nature of thejn the QW structures under consideration. The main distinc-
electric-field distributions behavior, we constructed thetijon petween the trajectories before and after the transition is
phase-space attractors using the calculated temporal depep-pronounced difference in the swing of oscillations. The
dencies of the electric fields in different barriers in QW peringic electric-field distribution formed in the structure
structures with different numbers of QW’s shown in Figs.,ith 20 OW's resembles that in the structure with 21 QW's
(see Fig. 3, although their phase-space attractors exhibit

i i i some distinctions seen from the comparison of Figs. 4, 5, and
6.
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FIG. 5. Phase-space attractors, constructed from time series
(400 ns<t=<500 ns) for the electric fields in fifth and sixth barri- o 0 20 20
ers in the structure with 20 QW’s. The thick curve corresponds to E, (kV/cm)

the moments of timé=417 ns, i.e., after the transition from large
amplitude chaotic oscillations to chaotic oscillations of amplitudes FIG. 7. Phase portraits of the electric field in fifth barrier in the
of established periodic electric-field structure. structures with 20 QW's before and after the transition.
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IV. CONCLUSION domains in the structures with odd numbers of QW's is a
direct consequence of the development of recharging insta-
bility and it takes the time commensurable with the charac-

0teristic recharging times, the formation of similar domains in
the structures with even numbers of QW’s can pass through
a long stage of strong spatiotemporal oscillations. The pre-
dicted effects can substantially influence the performance of

ing with double the period of the QW structure, can occur in , . .
the structures with a different number of QWs. The featuresQWIP s and other infrared devices based on QW structures.

of the dynamics of electric-field distributions and the occur-
rence of spatially periodic electric-field domains is attributed
to the instability of waves associated with the recharging of
QW'’s. The formed periodic domains exhibit aperiodic oscil- The authors are grateful to Professor R. Suris for stimu-
lations of their amplitude. As a fast formation of periodic lating discussions.

In summary, we studied nonlinear nonequilibrium pro-
cesses in multiple QW structures with uncoupled QW'’s un
der the influence of infrared radiation using the Monte Carl
simulation technique. It was shown that spatially periddic
near periodig electric-field domains with the period coincid-
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