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Microscopic theory of vertical-transport phenomena in semiconductor heterostructures:
Interplay between two- and three-dimensional hot-carrier relaxation
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Fausto Rossi
INFM and Dipartimento di Fisica, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy
(Received 12 October 1998

A theoretical analysis of vertical-transport phenomena in semiconductor heterostructures is presented. In
particular, the scattering coupling between two- and three-dimensional states in multiple quantum wells is
investigated. To this purpose, a fully three-dimensional approach for the description of both localized and
extended states in the heterostructure is proposed. Starting from such three-dimensional states, obtained from
a self-consistent Schdinger-Poisson calculation, a Monte Carlo solution of the corresponding Boltzmann
transport equation is performed. In contrast to various phenomenological transport models, the present simu-
lation scheme allows a kinetic description, i.e., based on microscopic scattering rates, of vertical transport
across a generic heterostructure. Our results provide a rigorous description of hot-carrier relaxation between
extended and localized states. This simulation scheme has been applied to finite multiple quantum wells with
different geometries and doping profiles. A detailed analysis of the electron current as a function of tempera-
ture in quasiequilibrium conditions shows good agreement with experimental results. Moreover, in non-
equilibrium conditions(i.e., hot-carrier regimethe scattering coupling between three- and two-dimensional
states is found to play a significant role in modifying the carrier mobility as well as the fraction of conducting
electrons[S0163-1829)00924-§

[. INTRODUCTION the relevant scattering rates and coupling constants.
The theoretical investigation of carrier transport in hetero-

Semiconductor heterostructutdsave been the subject of structures proposed so far, however, was always limited to
an impressive research activity! owing to their great flex- Monte Carlo simulations of systems with a well-defined di-
ibility as model systems for basic research as well as effecmensionality, i.e., no interplay between propagating and lo-
tive “building blocks” in modern solid-state optoelectronic calized states was treated at a fully microscopic level. While
devices. For the case of periodic heterostructures in particthe carrier dynamics within a given structure, e.g., a
lar, among the most successful applications one must memuantum-wel(QW) laser, is usually modeled in terms of the
tion a variety of photodetectors, i.e., avalanchecorresponding Boltzmann equation, its coupling with the
photodetectors far-infrared detector$! and, more recently, three-dimensional continuum is typically described in terms
hot-carrier photodetectors operating in the microwaveof purely phenomenological ionization/capture times.
range®® In this paper, we present a microscopic theory of vertical-

The principle of operation for most of these solid-statetransport phenomena in semiconductor heterostructures. The
devices involves nonequilibrium carrier dynamics betweeraim is to investigate the scattering dynamics between two-
propagating and localized states in the heterostru¢tit®, and three-dimensiond2D and 3D states in multiple quan-
i.e., ionization vs capture processes. This dynamics isum wells(MQW'’s). To this end, a fully 3D approach for the
strongly influenced by phonon scattering as well as by carriedescription of both localized and extended states in the het-
concentration and temperature. erostructure is proposed. Single-particle states are obtained

The most commonly used approach for the theoreticafrom a self-consistent Schidinger-Poisson calculation
analysis of energy-relaxatidrand transport experimefitss ~ within a plane-wave representation, and are exploited to de-
the Monte Carlo methotf° both in bulk and in low- rive a set of Boltzmann-like kinetic equations describing ver-
dimensional structures. This has proven to be a very powettical transport across a generic heterostructure in the pres-
ful technique, allowing the inclusion at a kinetic level of a ence of carrier-phonon scattering. Our numerical approach is
large variety of scattering procesdesirrier-phonon, carrier- based on a Monte Carlo solution of this set of coupled equa-
carrier, carrier-plasmon, inter-valence band, intervalleytions within a multiminiband scheme. It can be regarded as a
etc). The role of these scattering processes, in turn, is influgeneralization to heterostructures of the Monte Carlo simu-
enced by the choice of the experimental conditions. For iniation proposed in Ref. 16 for the analysis of Bloch oscilla-
stance, carrier-carrier scattering and hot-phonon effectSons in semiconductor superlatticé€SL'’s).
strongly depend on the density, and intervalley transitions Compared to various phenomenological transport
are suppressed if the excitation is below the threshold for thisnodels®"**1"~1%he present simulation scheme allows a ki-
process. Thus the combination of direct measurements anetic description, i.e., based on microscopic scattering rates,
“simulated experiments” provides detailed information on of transport phenomena, thus providing a rigorous descrip-
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tion of hot-carrier relaxation between extend8®-like) and Since our interest is mainly devoted to unipolar vertical

localized(2D-like) states. transport, most of the relevant structures are characterized by
The above simulation scheme has been applied to finiteslatively high doping concentrations. Thus the solution of

MQW'’s with different geometries and doping profiles. A de- the 1D Schrdinger equation fozz&kz(z) has to be performed

tailed investigation of the electron current as a function Ofself-consistently with that of the corresponding Poisson
temperature in quasiequilibrium conditions shows a gooGquation. Our numerical approach to this self-consistent so-
agreement with experimental results. Moreover, for nonequitytion is described in Appendix A; it is based on a plane-
librium conditions, i.e., the hot-carrier regime, the phonon-wave expansion of both equations with periodic boundary
induced scattering between 3D and 2D states is found to playonditions. Compared to more conventional Sdmger-

a significant role in modifying the carrier mobility as well as poisson calculations in real-space coordinates, the use of a
the actual fraction of conducting electrons. _ full plane-wave description for the self-consistent solution of

The paper is organized as follows: In Sec. Il we introducepygth equations is rather stable and efficient.

the physical system, the theoretical approach, and the The single-particle Hamiltonian in Eq1) can be sche-
weighted Monte Carlo procedure used for the solution of ounatically written as

set of Boltzmann transport equations. In Sec. Il the results
of our “simulated experiments” are presented and compared
) ; P P . ) comp Ho=Hc+He+H,. (4
with available transport measurements. Finally, in Sec. IV,
we shall summarize and draw some conclusions.
More specifically,

II. THEORETICAL APPROACH
He= kE vl A (5)
v

A. Physical system

The physica| System under investigation is a gas of Carrij.S the free-carrier Hamiltonian written in the usual second-
ers confined in a quasi-2D semiconductor heterostructure. Aguantization picture. Herke=(k,k,) and v denote, respec-

usual, the total Hamiltonian of the system can be regarded d&/ely, the 3D carrier wave vector and miniband index, while
the sum of two terms: a,, and ay, are creation and destruction operators of elec-

trons with wave vectok in minibandv. &, is the 3D elec-
H=Hy+H'. (1) tron energy band:

The first term describes single-particle properties, e.g., free 72K2
carriers and phonons plus heterostructure potential profile Er= €., -1
plus applied field; the second term describes many-body ef- ‘
fects, e.g., carrier-phonon interaction.
Quantum confinement induced by the heterostructure isor each 1D miniband leved, ,, we thus have a 2D para-
described in terms of a potential profigy(z) (z being the  y,jic subband characterized Zby an effective mass
growth direction whose value is dictated by the conduction-  The term
band discontinuities. Since the energy region of interest is
relatively close to the semiconductor band gap, we describe
the bulk band structure in terms of the usual effective-mass +
approximation. Moreover, we describe the electronic states He= E ) Ay kv i, Bk v7 (7)
in the heterostructure within the well-known envelope- kvk'y
function picture. As a consequence, the full 3D carrier wave
function can be factorized in terms of a 2D plane wave timeglescribes the effect of a uniform applied electric fiEldhe
a one-dimensional envelope function along the growth direcquantitiesay, x,» denote the matrix elements of the corre-

©6)

+ .
2m||

tion, sponding scalar potentiat eF-r in our kv representation.
. The term
P(r)=e"I"Ip(2), 2
}/;rr]ereku is the in-plane component of the carrier wave vec- Hp:Z ﬁwqbébq ®)
. q

Moreover, in order to describe a large variety of hetero-
structures, i.e., ranging from single- or double-well structure
to infinite SL’s, we employ a periodic-boundary-condition
scheme along the growth direction. This corresponds to wri
ing the carrier wave functiog(z) as

Sdescribes the free-phonon dynamics. As usln@(lbq) denote
t;he creation(annihilation operators of phonons with wave
vectorq, while w is the phonon dispersion. For simplicity,
we consider a single-phonon mode; the generalization, if
o (2)=€e*2u, (2), ©)) necessary, is obvious.

z z For what concerns the last contribution in Eg)), in this
where the periodic function (over one period length, ) paper we shall consider exclusively the dominant contribu-
has been introduced:kz(z)zukz(er L,). tion due to carrier-phonon interaction:
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1
H,: E [gkv,k’v’;qalvbgak’v’+g:V'k’V’;qal’V’bqakv]' aka:m<[alvakV1H]>' (13)
kv,k'v';q
€)

Here, the quantitieg denote the matrix elements of the pho- According to the separatiod=Hy+H’ in Eq. (1), we can

non electrostatic potential in thlev representation. As wWe  iqentify two contributions in the equations of motion of the
shall see, the above Hamiltonian describes both intraminig;istripution functions:

band (w=v') and interminiband %# »") carrier-phonon
scattering processes.
In this paper we shall describe the phonon system in terms

of a.single GaAs bulk_ LO-phonon mode. In this case, the dika:difk” +dif"” (14)
matrix elementgy are given by t t Hy t,
Ok» k,y,.q:"gqf dr ¢, (€4 g (r), (100 By neglecting interminiband terms in E() the time evo-
S lution induced by the HamiltoniaH, can be evaluated
exactly*
where
~ 1 [27mehwy/ 1 1)\]Y21 d : eF
=go==|———|———|| = —f =—k-Vifr,=— 5 Vifi,. 15
9q goq QO (Sw 80) q (11) dt kv y k'ky A k'l kv ( )
0

is the coupling constant for the Frich interaction with dis-
persionless bulk LO phonons of enertyy,. Heree .. ande, This is the well-known drift term in the Boltzmann transport
denote the optical and static dielectric constants of the “eftheory!® which in the present context describes the carrier
fective” medium, andQ is the 3D normalization volume.  acceleration within each miniband induced by the applied
This simplifying approximation neglects any heterostruc-electric fieldF. . _
ture effect on the phonon dispersion, such as confinement of The second term on the right-hand side of Ety)—
optical modes in the wells and in the barriers, and the presghduced by the carrier-phonon Hamiltoni&9)—cannot be
ence of interface modé8.However, while these modifica- treated exactly within our kinetic description. Here we shall
tions have important consequences for phonon spectroscogynploy the standard semiclassical approximatian, mean
(e.g., Raman scatteriijgthey are far less decisive for trans- field plus Markov limiy, and we shall not discuss the details
port phenomena. Indeed, by now it is well knd®@t that  of the derivation which is similar to that of Ref. 22 for the

the total scattering rates are sufficiently well reproduced ifcase of a bulk semiconductor. Within such an approximation
the phonon spectrum is assumed to be bulklike. scheme, a Markov limit is performed, and therefore various

memory and intracollisional field effects are neglected. How-

ever, the vertical-transport phenomena discussed in this
paper—induced by moderate electric fields—are not sensi-
) o ) tive to such effects.

Let us now introduce the set of kinetic variables used to \wjthin this semiclassical approximation the carrier-
describe the carrier system within our semiconductor hetergsponon contribution in Eq14) is given by the rate equation
structure. We choose the various carrier distribution func-
tions corresponding to the different conduction minibands:

B. Kinetic description

flo="{(al,a)- (12 gt e Cp: kz,,r [Prvkro fin = Piwriofinl, (16)

As usual these distribution functions correspond to the diag-

onal elementsvy=k’v") of the single-particle density ma- where P, ., is the carrier-phonon scattering probability
trix. These are the only kinetic variables of interest in thefor a transition from stat&kwv to statek’»’. It is easy to
present work since we shall not consider coherent interbantecognize the typical structure of the “Boltzmann collision
phenomena which play a significant role only in determiningterm,” i.e., an in-scattering contribution plus an out-

the ultrafast dynamics of photoexcited carrigré® scattering contributioh>*® Within our semiclassical ap-
Let us now discuss the time evolution of these kineticproach, the explicit form of these scattering probabilities is
variables in terms of their dynamic equations: given by

2w 1 1
Pk =2 2 Gk bl Nq+515)(1—fkrvrw(skryr—ekytﬁwq), (17)

*
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where Ny, is the phonon occupation number and the upper Schematically our total simulation time is divided into a
(lower) sign refers to phonon absorptigamission. sequence of time-steps. For each of them the following are

By inserting the explicit form of the various contributions true.
into Eq. (14), we can finally write down the set of coupled (i) A random sequence of free flights and scattering
Boltzmann equations which govern carrier transport in ourevents is generated for each carrier in the various minibands.
semiconductor heterostructure: The result is a random walk both ovierand over the differ-
ent minibands.

(ii) The carrier distributions$,,, (i.e., the occupation num-
bersn;, over ourk-space griglare updated at the end of the
(18)  time-step.

As we shall see, for most of the hot-carrier phenomena
discussed in this paper the fraction of carriers involved in the
] ) ) o transport process is very small. In fact the number of elec-

As discussed in Sec. IIB, the carrier dynamics in oUryong occupying the extende8D-like) states is several or-
semiconductor heterostructure is described in terms of thgers of magnitude smaller than that relative to the localized
coupled set of Boltzmann-like equatio(fd) for the various  (2p.jike) ones. This is basically due to the large energy sepa-
distribution functionsf,, in the different minibands. It can ation (compared to the thermal enejgyetween localized
be schematically written as states and the 3D continuum. From the point of view of the

MC simulation, this implies that, in order to have a reason-
—fy, (190  ably high number of transport electrons, one would need to
dt cp simulate a huge number of particles. To overcome this prob-
lem, we have modified the simulation scheme presented

Following the approach described in Ref. 15, we can inaphoye by implementing a weighted Monte CafWMC)
troduce a coordinate transformation to a new set of variablegchnique along the lines of Ref. 15. The basic idea of any

d

eF
Efkv"_? V=2 [P v Tiror = Pirvr o fiol-

kv’

C. Weighted Monte Carlo procedure

J eF

i fot 7 Vidio=

called “path variables”: weighted approach is to profit from the freedom of choice of
~ the various probability distributions involved in the simula-
k=k—k(t=to), 20 tion process, e.g., initial carrier distribution, scattering rates,

etc. This allows us to devote a large part of the simulation
resources to a specific phase-space region of interest,
namely, the energy range involved in transport processes.
The specific WMC technique employed in our “simulated
experiments” is summarized in Appendix B.

with k=eF/#, and a corresponding transformed distribution
functionf defined by

?Evszv' (21)

This transformation eliminates the drift term on the left-

hand side of Eq(19), which can now be rewritten IIl. NUMERICAL RESULTS
£~f~ :£~f~ 22) In this section we present our “simulated experiments”
dt kv dt kv Cp' of vertical transport for two different MQW's. We start with

a description of the computed band structures and then de-
The acceleration induced by the applied electric field, previscribe intraminiband and interminiband scattering rates due
ously described by the drift term, is now implicitly contained to O phonons. The analysis of our simulated experiments
ink, i.e.,k is a function of timg'see Eq(20)]. In the absence starts with a discussion of the quasiequilibrium-response re-
of carrier-phonon scattering, the transformed distributiongime. In this case the validity of the proposed Monte Carlo
function is constant in time, and thus from E1) we (MC) approach is demonstrated by comparing our numerical
obtain: simulations with available experimental dét&inally, we
discuss the hot-carrier transport regime. More specifically,
fkv(t):fk—k(t—to),v(to)- (23)  we show how the phonon-induced scattering between ex-
tended and localized states can play a significant role in
Following the spirit of the number representation intro- modifying the carrier mobility as well as the fraction of elec-
duced in Ref. 22 for the bulk case, we employ a suitablgrons involved in the vertical-transport process.
k-space discretization similar to that used in Ref. 16 for the
study of Bloch oscillations in SL’s. In particular, due to the
symmetry of our system, we define a cylindricéivo-
dimensiona) grid, and for each cell of the grid we introduce  The single-particle Schdinger equation—which may in-
an integer numben;,, which denotes the number of carriers clude a self-consistent potential term—is solved using the
in thei-th cell and minibandv. plane-wave expansion presented in Appendix A. In Figs.
Due to the dependence of the scattering rates on the did{a) and Xb) we plot the calculated band structures relative
tribution functiong see Eq(17)], the set of kinetic equations to two different potential profiles of interest for the present
(22) is nonlinear and, therefore, we are forced to perform awvork.
time-step solution. In particular, we employ a fixed time-step  (a) An Alj 3.Ga ¢AS/GaAs(Ref. 25 MQW heterostruc-
At over which our kinetic equations are locally linear andture, with undoped barriers of widthg=300 A and wells
decoupled? of width Lyy=45 A dopedn=1x10 cm™3;

A. Carrier band structure
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FIG. 1. Calculated band structures for(a)

Al 3G ¢As/GaAs multiple-quantum wellMQW) heterostruc-
ture, withLg=300 A andLy=45 A (barriers are undoped, and
wells are dopedh=1x 10" cm 3%); and(b) an Aly ,Ga, sAs/GaAs
MQW with Lg=300 A andL,=73 A (GaAs layers are doped
n=1x107 cm~

3)'

Scattering rates from miniband 3 (1/ps)

an

(@)

total emission

T=300K

total absorption

B \

absorption to 1,2

100 200 300

(b) An Al, ,Ga As/GaAs MQW withLg=300 A, and
Lw=73 A. GaAs layers are dopat=1x10"" cm 3.

In Fig. 1 the differentBrillouin-zone widths are due to
different real-space periodicities. These are equallLio
=Lyw+Lg=345 and 373 A for MQW’ga) and(b), respec-
tively. To perform these band-structure calculations for each
k, in the first Brillouin minizone a set of about 300 plane
waves[see Eq.(A4)] was used. This is by far sufficient to
describe accurately the energy range of interest.

B. Carrier-phonon scattering rates

One of the main objectives of our MC analysis is to ob-
tain a deeper insight in the interplay between delocalized
(3D) and localized2D) states mediated by electron-phonon
interaction. These effects can be greatly amplified if we
choose a band structure like the one reported in Hb), 1
where the interminiband transition42 is resonant with the
optical-phonon energgi.e., 36 meV. An electron initially at
the bottom of miniband 4 can be accelerated by the external
electric field, and reach a region where the phonon emission
rate is particularly strong owing to low momentum transfer.
Indeed, fork;=0 an abrupt change in the optical-phonon
emission rate from miniband 4 to bound subband 2 is found
as the threshold for emission is reacliatiroom temperature
we obtain a jump from 0 te-4 ps'1).

Figure 2 shows(continuous ling the total calculated
emission and absorption room-temperature scattering rates
from miniband 3[panel(a)] and subband Ipanel(b)] as a
function of in-plane energfthek, wave vector is fixed at the
minizone center For comparison we also show the scatter-
ing rates for transitions involving as final states bound sub-
bands 1 and 2 onlydashed lines i.e., transitions 3»1,2
[panel (a)] and 1—1,2 [panel (b)]. In Fig. 2a) one can

L (b) J
P T =300 K
Q -
=
= total emission
— 8 -
=
: -
o]
=
= 6 emission to 1,2 R
7
= ]
s
h = -
- 4
]
N
ES | ab i ]

total absorption

%n 2| \\’\"N -
= | | W TTT/TYR===
g absorption to 1,2 J
3
g op — -

0 100 200 300

In-plane energy (meV)

FIG. 2. Continuous line: total emission and absorption room-temperature scattering rates for the structurglnffbigk, = 0. All rates
are plotted as a function of the in-plane ener¢p). Rates from miniband 3 anth) rates from subband 1. Dashed line: emission and
absorption room-temperature scattering rates ftemminiband 3 andb) from subband 1, to bound subbands 1 and 2 only.
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[T T T to an applied bias yielding a potential drop per period of 2.5
E meV and an electric-field strengh=800 V/cm. The data
0.01 A Simulated current 3 exhibit a linear behavior with slop,,=—80 meV(dashed
:r W Measured current 1 line in Fig. 3. The slope value is particularly important be-
cause it is often used to determine the confinement barrier
104 3 . height by comparison to some appropriate analytical model.
i F = 800 Viem ] In the same figure we also report the values of the simu-
] E lated current obtained for the Aba,_ ,As/GaAs MQW with
10 4 x=0.34[see Fig. 18] corresponding to a conduction-band
_ discontinuity of 285 meMtriangles.?® We observe that the
~ ] 3 experimental linear behavior is successfully reproduced by
£ 10 - . our sim_ulation(thc_e solid line ir_1 _Fig. ;& The given disconti-
= ; 3 nuity (i.e., barrier composition yields a slope Sgin,
S 3 3 =—80.5 meV in agreement with the experimental slope
w1k ] value. The fact that, for a fixed, the simulated current is
higher than the measured one can be linked to a difference
3 1 between the nominal doping of the QWsn=1
012 r ’ X 10" cm™®) and the effective one. Moreover, the effect of
interface roughnedsot considered hejeould also lead to a
s 4 decrease of the electron mobility without changing signifi-
14 F 3 cantly its temperature dependence. Here, however, we want
1077F 3 to stress that our MC simulation reproduces the correct cur-
b ] rent variation with temperature, yielding ail-numerical
20 40 60 80 100 120 140 160 180 determination of the slop& as well as of the conduction-
1k, T (1/eV) band discontinuity without the need of an approximate ana-
lytical model.
FIG. 3. Simulated current vs K4T in the 77—-300 K tempera- Indeed, this fact could be used to determine which ana-
ture range for experimental and simulation data. Experimental dathytical expression best reproduces the actual barrier value. To
are taken from Ref. 8. this end it is useful to analyze the temperature dependence of

the electron mean velocity in the continuum. This is shown

clearly see the steep change of the scattering rate as the iinrFig. 4(a) for the sameé==800 V/cm applied field: in con-
plane energy reaches the threshold for transition into boungtast to the large current chanf@bout nine orders of mag-
state 2 by phonon emissiéh. nitude; see Fig. é)], here we find a variation of less than

The effect of the envelope-function overlggee Eq(10)]  one order of magnitude. Furthermore, as expected, we ob-
in determining transition probabilities is particularly evident serve adecreaseof electron mean velocity as a function of
for 3—1 and 1-2 emission. In Fig. @) at low energies the temperature due to enhanced scattering with optical phonons.
emission rate is virtually zero owing to the fact thlagz3 has  The temperature dependence for the calculated drift velocity
a strong antiresonance in the well region while the boundV) is well described by
state 1 is strongly confined. After the threshold for emission
into bound state 2 is reached—12 coupling [Fig. 2(b)], cm
instead, produces a jump in the emission rate~df ps ! (v)=2.5<10"—(6.9x 104)1—(?)' @49
due to the strong overlap between wave functie;lzrazs2 and
brc1- Finally, it should be underlined that the sharp peaks From this we deduce that by restricting the thermionic

visible in Fig. Za) occur every time the threshold for emis- @nalysis to a temperature span of few tens of K, the assump-

sion (or absorptiohin a new miniband is reached. tion of a drift velocity independent of is a good approxi-
mation (within a few percent errgr
C. Quasiequilibrium regime '!'he_zse results support the _ modeling of thermionic-
' q 9 emission current by use of the simple expressi§r’
Thermionic-emission current in MQW heterostructures
has been widely studied since the end of the 1980s owing to l=eny(T)vo[1—e eV /keT], (25)
its role in determining the “dark current” in MQW infrared
photodetector§-81"~1°|n this section we shall demonstrate where e is the electron chargen (T) the density of 3D
that the present MC simulation approach can accurately repropagating electrons,yy=2.5x 10’ cm/s the characteris-
produce the experimental thermionic-current temperature ddic drift velocity, andV, the average potential drop per pe-
pendence. To this end, a comparison will be presented baiod. The charge densityn,(T) is proportional to
tween simulations and experimental data available for th@%el¢~#(MVkeT \whereu(T) ande are the chemical poten-
MQW heterostructure of Ref. 8. tial and the confining potentialj.e., the energy difference
In Fig. 3 we show a plot of the experimental curréintvs ~ between the onset of the continuum and the bound-state en-
1/kgT (squaresrelative to the mentioned AGa, _,As/GaAs  ergy). From Eq.(25) we finally obtain
MQW structure with arx=0.3 nominal aluminum concen-
tration (see Ref. 8 for details Here data shown correspond | e T32e Lo~ n(MIkeT (] — @ eVp/keT), (26)
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'(a) F <800 Viem 10° ' ' ' 3 QW thickness. These values, as well as an oscillatory depen-
o) T=300K dence on QW thickness, are in substantial agreement with
5 010’ =77 K i 10 ] experimental results which are obtained from time-resolved
| F=800Viem photoluminescence spectroscaPy? Conversely, a study of
170K electron-capture processes in MQW's in the presence of a
10° F 3 static driving electric field still remains a controversial sub-
T=105K ject because of its great complexiy*? This is an important
10° F 4 issue, however, and can have significant implications for the
L5x10T ] E operation of MQW infrared detectdras well as intersub-
_ i band QW lasers?
E T=170K 10" | 3 As discussed in Sec. lll B, in order to emphasize carrier-
2 2 I phonon coupling between 3D and 2D states we have studied
.*E’ < 10°F 4 the Aly .Ga gAs/GaAs heterostructure whose band structure
S ook | 8 i T=105K is reported in Fig. (b). Figure 5 shows the time dependence
z O‘s W ] of the simulated current and mean velocity(v) at T
£ 3 =77 K for two driving electric fields, namelys =500 and
= A 3000 V/cm. These two quantities are calculated according to
T=300K 10
505107 | Avrar® - 1=eS>, f(&,)vik,) (27)
10" F 3 kv
T=77K and
10-12 g- -
i > F(EuVIky)
0.0 L ] 10" F E kv=3
t (v)= , (28)
o ok 2 (&)
0 5 10 15 0 5 10 15
Time (ps) where
FIG. 4. Aly;Ga g6AS/GaAs heterostructure of Fig.(a. (a) 1 de,(k,)
Simulated mean velocity an@) simulated current as a function of Vg( k,)=— vz (29
time in the 77-300-K temperature range fo+=800 V/cm. ho 9k,

is the carrier group velocityw@ is equal to zero for disper-
By using this expression to fit the calculated temperaturgjonless subbands 1 and 2). Hefeis the structure cross
dependence of the thermionic current in Fig. 3, we Obta'nsection(perpendicular to the growth axjsandf is the Fermi-
¢=199 meV, in excellent agreement with the value actuallypjrac distribution function. Velocity and current overshoots
used in the MC simulationsg(=197 meV). in Fig. 5 are linked to the fact that carriers accelerated by the
A number of analytical model§™**have been used in the electric field increase their energy in the continuum mini-

literature to provide a simple fitting procedure for the pands, finally exceeding threshold for phonon emission by
thermionic-emission data and to obtain the value for the congontinuum= continuum and continuus bound-subband 2
fining potential. For low fields and low transmission barriersiransitions. Note that Eq$27) and(28) clearly show that as
Eq. (26) is probably the most suitable for appropriately nar-jong as no carriers transfer between 3D and 2D states, any
row temperature ranges; however, similar expressions hav@|ative current variatioa /1 will be equal toA(v)/{v). For
been used in the past with different values for the expoaent poth field intensities examined, however, we find that rela-
in the firstT® factor (e=1,3,2) 1’~1°Starting from the same tive current overshoots are greater than the corresponding
MC data discussed above, we obtainge: 203, 199, and Vvelocity ones. This suggests that carriers have transferred
187 meV fora=1, 2, and 2, respectively. Indeed, such from 3D to 2D bound states. F&=3000 V/cm the effect is
discrepancies are in most cases within experimental errorsmuch more pronounced, denoting a marked field depen-
dence. Carrier trapping can be directly seen by inspecting
Fig. 6, where we report the relative population variations
during the first several ps for the same field intensitresre

In this section we shall examine in some detail the prob-N3, N3*, andN** denote carrier populations of minibands
lem of carrier capture by QW’s in MQW heterostructures inwith indices v=3, v=3, and v=4, respectively After a
the presence of an external static electric field applied alongmall increase, population of the continuuh®(, solid line
the growth direction. Carrier-capture lifetimes are dominatedn Fig. 6) indeed exhibits a strong decrease to less than half
by optical-phonon emissichand most theoretical studies its initial value. The field dependence of this effect is shown
deal with this single scattering mechaniécapture mediated in Fig. 7, where relativéN®* andN*" variations at different
by impurities and carrier-carrier scattering was alsofields are displayed. For very low field intensities (
considereé® 9. Numerical calculations predict capture life- <10 V/cm), the fraction of carriers in the continuum
times 0.5s7c=2 ps depending on carrier temperature andslightly increases: the carrier mean kinetic energy is not suf-

D. Hot-carrier regime
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FIG. 5. Heterostructure of Fig(li). Time dependence of simulated currétand mean velocityb) at 77 K. Two different applied fields
are considered= =500 and 3000 V/cm.

ficiently high to reach the threshold for scattering into sub-populated minibands at equilibrium. One can give a condi-
band 2. At higher fields we observe an increasing carrietion for the onset of continuum depopulation effect as

trapping in the QW, saturating in the regi&®=800 V/cm. N*"/N3"<1 at timet=0, i.e.,kgT<36 meV.

The temperature dependence of this carrier-capture process

is iIIl_Jstrat3e+d by Fig. 8 f(_Jr_the casE:8C_)O V/cm. Here, IV. CONCLUSIONS

relative N°" and N*" variations are monitored in the 77—

300-K temperature range. They display a suppression of In summary, we have proposed a microscopic approach
population variation at increasing temperatures. This is exfor the analysis of vertical-transport phenomena in semicon-
pected since larger temperatures imply a larger number aductor heterostructures. By means of a fully three-

T y 8

4 — T T T (lb T T T T T
@  T=77K O 177k ]
[ :"‘F"|L = 500 Viem ] r F = 3000 V/em }
iy i :
3r Py ea ] 6 it 4
Py, h e
L H \‘-, N3+/N°3+ i 5 B 1 N °3+ |
E i ‘: ........ N"‘*/NO"‘* - \\‘ —_— N4 /N04 J
Z 2F | \‘m . 4 \, """" N +/Nu T
I , 'MM‘W"JVA"‘ 3tk \\\\ 4
. I '\W
1-5 = 2 i
\\ | _
L . 1 - -
—— [ :
0 ] ) ] ) ] . 0 ] y 1 v - -
0 5 10 15 0 5 10 15

Time (ps)

FIG. 6. Heterostructure of Fig(l). Time variation of the carrier population f6r=500 V/cm(a) andF=3000 V/cm(b). N, N**, and
N** denote carrier population of minibands with=3, »=3, andv=4, respectively. Populations &0 are labeledN,. T=77 K.
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21 T T T T 1 The proposed MC simulation scheme has been applied to
L ] finite MQW’s with different geometries. A detailed analysis
sql T=77K ‘] of the electron current as a function of temperature shows
good agreement with experiments. Moreover, our analysis of
the electron current through the heterostructure shows the
21r R ] role played by phonon-induced transitions between extended
and localized states. In particular, in addition to a reduction
1.8 4 . of the carrier mobility, a field-induced suppression of the
I LY ] number of “conducting carriers” is found to take place. For
7 15k f i a better understanding of this phenomenonadrhocquan-
Z A NUNF tum structur_e—characterized by a strong scattering coupling
I . N3+/N°3+ between high-energy _conductlon states and Iocah;ed
123 o ] states—has been considered. Although we do not believe
that this depopulation effect could be easily probed experi-
09 ® . mentally, we nevertheless think that our simulations results
° l could be of help in optimizing the design of MQW infrared
o6l ] detectors.
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0 pop APPENDIX A: SELF-CONSISTENT

. . o _ _ SCHRODINGER-POISSON CALCULATION
dimensional description of carrier wave functions and energy OF SINGLE-PARTICLE STATES

bands, all relevant electron-phonon scattering rates for both

intraminiband and interminiband transitions have been con- [N this section we shall discuss the numerical approach
sidered. This has allowed a quantitative evaluation ofused for the self-consistent calculation of the carrier wave
scattering-induced coupling between extend#d-like) and functions in a generic heterostructure. To this end, let us
localized(2D-like) states in hot-carrier transport across a geJecall the explicit form of the 1D Schdinger equation for

neric heterostructure. the envelope functiorpy (2):
v ) 1 1 1 1 (9 (9 V _ Al
N | = | Y2 | V@ | b2 = e b (D), (AD
F= 800 Vem with y(z)=%2/2m(z). HereV(z) =Vy(2) + AV(2) includes
L6 ] both the heterostructure potential profilg and the internal
potential AV, which in turn is obtained by solving the Pois-
1.4+ A - son equation
A
9 p(2)
1.2 A e [ =7
- a 2,2V o (A2)
4 A
“ 10} - = Here p(2)=po(2) + Ap(2) is the sum of the fixed charge
- l density po (due to the particular doping profjl@nd of the
08 free charge
0 - . =
06| - . NN Ap(2)=e (8|2, (A3)
A N4+/Nu4+
04 ] wheref denotes the Fermi-Dirac distribution function.
" Our aim is to perform a self-consistent solution of Egs.
50 100 150 200 250 300 (A1) and(A2). Contrary to the conventional methods based

on real-space finite-difference schemes, the proposed ap-
proach is based on a plane-wave expansion of both equa-

FIG. 8. Temperature dependence of relative population variations.
tions for F=800 V/cm. Let us consider the following set of basis wave functions:

Temperature (K)
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APPENDIX B: WEIGHTED MONTE CARLO

Xk, .6(2)= Te‘@*kzﬁ, (A4) (WMC) PROCEDURE
z

In this section we shall briefly discuss the specific WMC
whereL, denotes the periodicity interval along tkelirec-  approach used in our simulated experiments. As anticipated
tion, G,=2mn/L, are the corresponding reciprocal-lattice in Sec. Il C, the aim of any weighted approach is to profit
vectors i=0,£1,£2,...), andk, is the quasimomentum from the freedom of choice of the various probability distri-
limited to the first Brillouin zone ¢ #/L,<k,<w/L,). butions involved in the simulation process, e.g., initial carrier

Since the above basis functiogsobey the same bound- distribution, scattering rates, etc. This allows us to devote a
ary conditions as the wave functiogsin Eqg. (3), the latter large part of the simulation resources to a specific phase-
can be expanded over the reciprocal-lattice ved®ascord-  space region of interest, which in our case coincides with the
ing to energy range involved in the vertical-transport process. A

general discussion of the WMC method, including some ap-
plications to semiclassical as well as quantum-transport
d’kz(z):% Ck, .6Xk,.6(2)- (A5) " problems, can be found in Ref. 15 and will not be repeated
here. Instead, we will briefly describe the specific nature of
By inserting the above plane-wave expansion into E4%)  our weighted simulation scheme.
and(A2), we obtain the following set of coupled equations:  To this end, let us rewrite the set of Boltzmann-like equa-
tions (18) as

> (Hy 6o’ ~ €k 96 )Ck =0, d eF
G’ ’ ’ ’ —frt = Vifio=—Tiofiot 2 Pk T s
e g =,
e © (BY)
_ = *
GAVe=1 2 f(ek»g C oChcrors  (AB) o
with Fkvz E Pk’v’,kv (BZ)

_ J— kv’
Hi, o (ke+G)ye-er(kt G+ Vo o (A7) is the total scattering rate for intraminiband and intermini-
The bar indicates Fourier transforms with respect to ouPand processes. As described in Ref. 15, the MC method
reciprocal-lattice vectors, i.e., prowdes a statistical sampling of the_ various d|_str|but|on
functionsf,, through a random generation of free flights and
1 (L2 scattering events. More specifically, the total scattering rate
Kez_f ‘ e 1%2A(z2). (A8) I', (which can be regarded as the semiclassical lifetime of
\/L_z —Lg/2 statekv) determines the free-flight duration, while the prob-

. . . abilities Py, ,,,» determine the carrier state after scattering.
The system of cogpled eq.uat|o()%6). ConS'StS.Of an eigen- Let us now consider a generic probability distributhdf
valug problem(which proy|des carrier energies and WaVe- 55 a function of the miniband index only: O<W,<1 and
functions plus an algebraic version of th‘? qusson equatlonEVWV=1. Starting from such distribution we introduce a
They are solye@ by means of the following lterative proce'weighted carrier distribution functioh”V according to
dure. As an initial condition, we evaluate the carrier eigen-
states by solving the eigenval_ue probl_em_in the absence of f\l:\{/:WkaV_ (B3)

internal potential, i.e., we tak&V=0—V=V,. The result- . ) . )
z

wave-function coefficient$ckZ,G}) are then inserted into the Eq. (B1) as

Poisson equgtu&whmh, in turn, provides the flrst-orQer in- ifW_{_i VAo W, S pw (W

ternal potentialAV. The above two-step procedure is re- ot kT VKT Tl ™ 2 Pk T
peated until convergence is achieved. ki (B4)

For the typical heterostructures considered in this paper,
we have used a set of about 300 plane waves with a period a¥ith
about 50 nm. This allows us to obtain with great accuracy
the wave functions and miniband dispersions corresponding
to the confined(2D-like) states. However, for a detailed
analysis of continuum stat€3D-like) convergence problems
may arise for two reasons: first, the number of plane waveés we can see, EqB4) has exactly the same form of the
may be inadequate; and second, a fictitious coupling due toriginal Boltzmann-like equatioriB1); therefore it is still
the finite dimensions of our periodicity box may play somesuitable for a MC solution, provided we replace the original
role. By increasing the number of plane waves and the sizeates with the weighted ond&qgs. (B5)]. Such a weighted
of the box, we have checked that this is definitely not theapproach can be regarded as a proper phase transformation
case for the “close-to-gap” energy region discussed in thisover the miniband index, which leads to a fictitious modi-
paper. fication of the carrier density of states.

W
W v
Fx\{/zrkv' Pky,k'v’:V\Tka,k’v’ . (BS)

!
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Since our aim was to devote a significant fraction of simu-{here ¢;, denotes the carrier energy in minibamdat the
lated carriers to the continuufiranspor}t energy region, we center of the Brillouin zonek=0)]. The above probability
have artificially reduced the statistical weight of the mini- distribution allows us to increase the fraction of simulated
bands corresponding to bound states. More specifically, wearriers in the continuum by several orders of magnitude,
have chosen the distribution probability thus strongly reducing the statistical fluctuations in the sto-
chastic evaluation offy’. Given such fictitious carrier

W efv/keT (B6) distribution—obtained as a result of the above weighted MC
v E T approach—any single-particle physical quantity e.g.,
; e~’e charge current, mean kinetic energy, etc., is evaluated ac-
cording to
with
- w
€o, for bound-state minibands fiw
E,= ) . B7 A=, Aufi,=2 Ao B8
" |0  for continuum-state minibands &7 (A) %’ kvtke % KW, (B8)
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