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By using three analytical phonon models in quantum wells—the slab model, the guided-mode model, and
the improved version of the Huang-Zhu mo@ehys. Rev. B38, 13 377(1998], —and the phonon modes in
bulk, the energy-loss rates of hot carriers due to thehliro potential scattering in GaAs/AlAs multiple
quantum wellfMQW's) are calculated and compared to those obtained based on a microscopic dipole super-
lattice model. In the study, a special emphasis is put on the effects of the phonon models on the hot-carrier
relaxation process when taking the hot-phonon effect into account. Our numerical results show that, the
calculated energy-loss rates based on the slab model and on the improved Huang-Zhu model are almost the
same when ignoring the hot-phonon effect; however, with the hot phonon effect considered, the calculated
cooling rate as well as the hot phonon occupation humber do depend upon the phonon models to be adopted.
Out of the four analytical phonon models investigated, the improved Huang-Zhu model gives the results most
close to the microscopic calculation, while the guided-mode model presents the poorest results. For hot
electrons with a sheet density around?6n?, the slab model has been found to overestimate the hot-phonon
effect by more than 40% compared to the Huang-Zhu model, and about 75% compared to the microscopic
calculation in which the phonon dispersion is fully included. Our calculation also indicates that Nash’s im-
proved versiorfJ. Lumin.44, 315(1989] is necessary for evaluating the energy-loss rates in quantum wells of
wider well width, because Huang-Zhu's original analytical formulas are only approximately orthogonal for
optical phonons associated with small in-plane wave nump8es63-182@99)08919-5

[. INTRODUCTION to the temperature, these relevant phonons are hot. Since the
electron—LO-phonon interaction depends on the phonon
In most optical experiments the incident photons usuallymode, each phonon mode will have its distinct temperature;
create “hot” carriers; that is, the temperature characterizingn other words, the hot-phonon distribution is at nonequilib-
the carrier distributionT ., is higher than the lattice tempera- rium. The first experimental evidence of such hot phonons
ture T_ . The hot carriers have to relax to the bottom of thewas obtained by Shah, Leite, and Scoll in 170.
energy band before radiative recombination occurs with sig- The hot phonons result in a slower cooling rate for hot
nificant probability. This energy dissipation process is gov-carriers of high density than estimated by a simple mddel,
erned by emitting phonons, in particular longitudinal-opticalbecause the probability of reabsorbing the hot phonons by
(LO) phonons via the Fidich interaction in polar semicon- carriers is greatly enhanced. The hot-phonon effect has been
ductors whenT =45 K. accepted as the main factor responsible for the reduced cool-
When the density of the photoexcited carriers is moderatéing rate of hot carriers with a sheet density as high as
to high, a large number of LO phonons may be generated in0'% cnm?—10"%/cn?, which is also supported by much theo-
the hot-carrier relaxation process. The generated opticaktical research-®
phonons will decay into acoustic phonons via anharmonic The hot-phonon effect in the hot carrier relaxation in
interaction. Since the average lifetime of optical phonongjuantum wells has been extensively studied during the past
through anharmonic decay is typically several picosecondsjecade. However, the Hifich interaction potential in bulk
e.g., about 7 ps in GaAswhich is much longer than the materials was often used in most previous theoretical
Frohlich scattering time, the LO-phonon modes emitted dur-calculations,® which will be referred to as the three-
ing the relaxation process may be accumulated, leading to affimensional phonon model in this paper. In principle, to
occupation number of these modes that is larger than thetudy hot-carrier relaxation in quantum wells, the phonon
population at equilibrium. If we relate the phonon populationeigenmodes in such structures should be considered. In the
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past several years several research groups have calculatedalytical formulas and proposed a double boundary condi-
and compared the electron Ttich scattering rates based on tion for the bulklike modes, in which both the electrostatic
different analytical phonon modél¥ as well as microscopic potential and the optical displacement vanish at the inter-
phonon modeld®! They found1%12%3that the total or av- faces. However the interface modes in Huang-Zhu model are
erage electron-phonon scattering rate in a quantum well waslentical to that in the dielectric continuum model. In fact,
insensitive to the phonon basis set selected, as long as the ¢eé Huang-Zhu model is essentially the dielectric continuum
was orthogonal and complete. Thus it seems reasonable model taking account of phonon dispersion and the double
evaluate the hot-carrier relaxation rate by using any propeboundary condition.
phonon model. In the early 1990s, experimental and theoretical investiga-
The claim above should be treated with caution. Firsttions devoted to comparing these three analytic optical-
there is no simple sum rule when all the phonon modes inphonon models in quantum wells was one of hot topics in the
cluding the interface modes and bulklike modes are not dephysics of semiconductofé-241%Since Tseret al?! pointed
generate. Usually, the interface phonons, which play an imeut that their experimental data were in excellent agreement
portant role in the electron-phonon scattering, deviatewith the Huang-Zhu model, this model has obtained wide
significantly from the bulk LO-phonon frequency. Second,acceptance. However, as indicated in their original paper, the
another prerequisite of the independent scattering rate rdduang-Zhu analytic expressions are orthogonal for phonons
guires the orthogonality and completeness of the phonon bavith an in-plane wave number less than or comparable with
sis set. The orthogonality and completeness of a basis set igW, (W, is the well width, beyond which the orthogonal-
defined by the differential equation, the spatial region, andty of the modes as well as their agreement with the micro-
the boundary condition. Compared with the easily verifiedscopic calculation deterioraté Thus an improved version of
orthogonality, the completeness of these bases, or the feasire analytical formulas is required, and was given by
bility of the one-to-one transformation between differentNash®2® which will be referred to as the improved Huang-
phonon basis sets, has only been verified numerically by uszhu formulas in this paper.
ing a sufficiently large number of basis functichBut, in Recently, by using the microscopic phonon model, the
reality, the number of branches of the LO bulklike modespresent authors performed a numerical calculation on hot-
involved in the scattering is restricted to the number ofcarrier relaxation dynamics in GaAs/AlAs multiple quantum
monolayers in a well. The completeness of the basis, whiclvells (MQW'’s) in which the hot-phonon effect was taken
spans a Hilbert space of infinite dimension, does not alwayito account®?’ By using the microscopic phonon model,
guarantee the equivalence between two sets of phondhe relationship between the hot-phonon effects and the ef-
modes which are finite for an given parallel wave vector, infects due to the dimensionality, the carrier density, the pho-
particular for an ultrathin quantum well. Last and most im-non dispersion, and the hot-carrier temperature is presented.
portantly, all the above considerations are based on an equitowever, the full microscopic calculation on the ELR of hot
librium phonon distribution; when the hot-phonon effect oncarriers including the hot phonon effect is indeed very diffi-
the hot-carrier relaxation process must be taken into accountult work. As the analytical phonon models are convenient
phonon modes are at nonequilibrium, and some modes wifor practical usage, people naturally want to know whether
play a more important role than others. Thus, as speculatettie different phonon models affect the ELR of hot carriers,
in Ref. 9, it is necessary to use the correct normal modes aind, if so, what is the quantitative discrepancy between
the system to evaluate the energy-loss (&teR). ELR’s calculated with various analytic phonon models and
In the late 1980s, three analytic optical-phonon modelsthose calculated by the microscopic phonon model. In par-
namely, (1) the dielectric continuum model, known as the ticular, it is of interest to know the macroscopic model by
slab model in some of its applications to the quantumwhich the ELR most close to the microscopic results can be
wells* (2) the guided-mode, or mechanical modfet®and  obtained when including the hot-phonon effect. In addition,
(3) the Huang-Zhu modé&f have been proposed to describe it is not easy for the microscopic phonon model to single out
the polar optical vibration and the associatedHfiah inter-  the contribution from certain phonon modes in the carrier
action potentials in quantum wells. The three analyticrelaxation process. Thus, in order to understand behaviors of
optical-phonon models predict quite different optical-phonondifferent orders of confined modes and various interface
modes and potential functions based on different boundargnodes in the coupled carrier-phonon system, it is also nec-
conditions. essary to calculate the cooling rate of hot carriers by using
According to the dielectric continuum model, the polar analytical phonon models. For these purposes, in this paper,
vibration modes in semiconductor quantum wells are dividedve intend to present a quantitative comparison among the
into confined(i.e., bulklike) modes and interface modes. The ELR’s of hot carriers in GaAs/AlAs MQW'’s calculated
bulklike modes in the slab model obey the electrostatiddased on the microscopic phonon model and various macro-
boundary condition; that is, the electrostatic potential of thescopic models, including three analytical phonon models in
modes vanishes at the interfaces. On the other hand, trguantum wells as well as the three-dimensional phonon
optical-phonon modes in the guided-mode model satisfy thenodel, in which an emphasis is put on the phonon model
mechanical boundary condition, i.e., the optical displaceeffect on the ELR’s when the hot-phonon effect is taken into
ments have nodes at the interfaces. Based on their micr@&ccount. Although the inadequacy within the guided-mode
scopic calculation from a dipole superlattice motfél?  model has been admitted by the proponents of the nf8del,
which is compatible with the dielectric continuum model andwhich was widely adopted and is still used by researchers
will be referred to as the microscopic dipole superlatticeunfamiliar with the debate on phonon models in quantum
model in this papef’ Huang and Zhu presented a set of wells, we shall choose the guided-mode model as one of
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models in examining the phonon model effect on ELR’s of sinn7z/W), n=1,35...
hot carriers. d.(2)= B (5)
This paper is organized as follows. In Sec. Il, the cogn7z/W), n=248§...,

electron—optical-phonon interactions in MQW'’s are illus-
trated for various phonon models. The electronic structure
used in our calculation are described in Sec. Ill. Then th

formalism for calculating the hot-phonon population and the In the Huang-Zhu model, both the phonon mode potential

carriers ELR is given In Sec; IV. Numerical results on the and the optical displacement vanish at the interfaces, and the
hot-carrier relaxation in MQW'’s evaluated based on dlfferentnth potential is formulated as

phonon models are presented in Sec. V, where a critical com-
parison among these macroscopic models are performed and
discussed and judged by the ELR’s calculated with the mi- _

- : . . d.(2)=
croscopic model. Finally, in Sec. VI our conclusions are

where the derivative of the potentials satisfy the mechanical
Boundary condition at the interfaces, that is, the optical dis-
lacement has nodes atw/2.

sin(u,mz/W)+C,zZ/W, n=357...

cognmzZ/W)—(—-1)"2, n=244§..., ®

drawn.
where u, and C,, are constants to be determined by the
Il. ELECTRON-OPTICAL-PHONON INTERACTIONS double boundary conditions, so that gigf7/2)= —C,/2 and
IN QW's cosunml2)=—Cpy/pnm.
In the improved formulas for the Huang-Zhu model, the
A. Confined modes nth mode potential is written as follows:

The electron-confined-phonon Hilch interaction Hamil-
tonian in multiple quantum wells can be formally written as
n

COS upgmz/W) +Dyqcosiiq;z), n=2,46...
SiN(ngmz/W)+Dpgsinh(qz), n=357....

Heo(1) = V™ Y002 2 10 (ay) ™
q,n
e - This set of mode potential corresponds to an orthogonal basis
XDy(z)e NI a, +a, o1, (D) setfor the optical-phonon modes with arbitrayy. The con-

stantsu,q andD 4 in Eq. (7) are determined by the double

where the subscripteb denotes the electron—bulklike- boundary boundary conditions; that is, for onld

phonon interactiond is the period of the MQW'sYV is the

normalization volumeénva, and é:’a are the annihila;[ion fngT| g QW

and the creation operators for the phonon modemfj), t > |~ qHWL 2 |
respectively, in whicm denotes the LO mode order index, ®
andﬁz(ﬁ” ,0,) is the phonon wave vecto,, depicts the LT QW

potential function for thenth branch of LO modes, which, Dng=— sin( nq )/ Sim—(L);

being the analytic confined modes, is assumed to be indepen- 2 2

dent of the phonon wave number.representg—Ild, which,

for the confined modes, is confined to the region|nf
<W)/2, where the effective well width for the phonon modes
W=W,+ag (agis the thickness of one monolayg? v is a tar( /'an77> _ qthanI‘( C]|W)

and, for evem,

constant decided by 2 MngT 2
9)
2=27eh(wlo— wio)l €., 2
Y m (wLO wTO) € ( ) D —— MnqT qHW
wherew, o and wrg, respectively, are the LO-phonon and ng= — €O 2 cos 2 )

transverse opticalTO)-phonon frequency at thE point, €
is the electron charges.. is the high-frequency dielectric Notice that for MQW’s with a well width oM monolay-
constant, and is the Plank constant. In E@L), I5(q))) IS @  grs, the maximum value ofin Egs.(4)—(7) is M—1 for the
constant determined by the normalization condition for theg|zp and Huang-Zhu models, andVisfor the guided model.
optical displacement, namely, Only whenM is large can the bulklike modes together with
1 rwiz oD, )2 the interface modes be approximately assumed to be
|n(qH)—af_W/2 e

F22)+ dz. 3  complete’ If M is small, it is hard to map one basis set into
In the slab model, the potential of tikh phonon mode is

another set with an acceptable accuracy.

B. Interface modes

cognwz/W), n=135... According to the dielectric continuum model, in addition
Pn(2)= sinn7z/W), n=2,46..., (4) to the bulklike o.ptical modes, there are fpur branche:s of
interface modes in GaAs/AlAs MQW's. Unlike the bulklike
which vanishes at the interfaces to meet the electrostatimodes, the interface modes exhibits a strong phonon disper-
boundary condition. sion. The frequencies of the interface modes are determined
In the guided-mode model, theh mode potential is by the following equation, in which, for simplicity, an equal
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thicknessdo is taken for both the well and the barrier, i.e., and: are the Corresponding dielectric functions, respec-

d=2dg: tively:
62+:2 0% o— 02 _ _ 52 —w?
cog(q,d) = —— sint?(q)do) + costf(qdo).  (10) fw)=e.——;, ew)=e—m—7. (1D
266 wTO_ w wTO_ w

Here letters with or without an overbar are used to label The Hamiltonian for the electron—interface-phonon inter-
physical quantities in the barrier or in the well layers, &d action can be written as

33lms)

2wn(q)

Xl ngdng(z) € TI3, kRt ], (12)

() 77_)1/2
Hei(r)=e

2V

where the subscrip¢i represents the electron—interface-phonon interactien], 2, 3, and 4 label four interface modes
according to their frequency increase, and the funcligyiz) is defined a¥

AeliP—Be 1%, |z|<dy/2
JIng(2) =1 Aediz ) —Be aix ), dy/2<z=<d, (13)
[Aed(z+do) —Be~(ztdo)eidd —do<z=<—dy/2.

The coefficientsA, B, A, andB are defined as

A=(e—e)e U2+ (e+ €)e3902— 2 e 0271020, (143
B=(e—€)e%2+ (e+e)e 2192 2¢e %% 1921, (14b)
A=(e—€)eI%2— (e+ €)™ 3%+ 2 eelld0/Zgi0x, (149
B=(e—e€)e W02 (e+ ¢)e3%/24 2 e~ 9)%/2gi020, (149

Herel 4 is a normalization constant given by

Ing=[1— cogq,d)] Y4 (e— €)[ €S*(w) — €S*(w)]} YA qdo/sinh qd) 1Y% q, (15)

whereS(w) andg(w) are written as C. Microscopic LO-phonon mode potential

In Huang and Zhu's dipole superlattice model, the

1/2(wLO w3o)? —1,2(wLo w2o)? optical-phonon mode of the multiple quantum wells_,ci),_
S(w) =€ 5 ( )= o Ty 5 - is expressed as the linear superposition of the vibrational

w10~ ® Wro™ ® 16 mode of the bulk dipole lattice, namely,

When a pair of GaAs- or AlAs-like interface phonons are - S 3 ~ RS
degenerate, the potential functions given above will be trans- udlin.a)=N z‘ 3s;n(Q)exiigs x(1)]e(ds.]),
formed into the linear combination of the degenerate func- (17)
tions according to the symmetry, which are not shown here
for simplicity. - - -

In the Huang-Zhu model, the mode=1 is automatically whereag; ,(q) is the coefficient of ther( g) mode expanded
excluded from the bulklike mode series. As indicated byin terms of the bulk LO mode Oé(QS,J) Here| is the
Huang and Zhd! then=1 modes exhibit typical dispersion polarization index (=1, 2, and 3, qs q+sKz K=2x/d
curves and potentials for the interface modes predicted bythe unit reciprocal lattice wave vector along theirection),
the dielectric continuum model. Thus the identical potentialands is an integer. Thus the Hntich electron-phonon inter-
functions with the interface modes in the dielectric con-action derived from this microscopic model can be written
tinuum model are taken in the Huang-Zhu model. as’
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=2 - 2 [ ? 9\ K% 1
Heo 1) = V2 0, M 0)a, g HO == | 2 _)‘__—— V(a),
a.n 2mi\ >x Py 2 9Zm*(z) 9z
- (29
Xz asn(q)e '"/gs+c.c., (18)  wherem*(z) was used to distinguish the electron mass in

the well region,my;,, from that in barrier regionmj ; for

in which we have left out the polarization ind¢since the  holes, we simply taken),=mg . V(z) is the MQW potential:
transverse bulk modes do not contribute to the potential.
0, |z|=dy/2

Vo, do/2<|z|<d/2. 20

= + =
Ill. ELECTRONIC SUBBAND STRUCTURES V(z)=V(z+nd) ‘

IN MQW'’s .
The envelope function of theth subband state can be

In the present calculations, the electronic states irexpanded in terms of the bulk plane wavesas?
MQW's are treated within the effective-mass formalism. For 1
simplicity, the hole is considered to be a simple particle, - _ KT (Kot 1K) Z
whigh di);fers from the electron only in the effegtivepmass K prkz) = \/_Ve H HE| Cun(ke)e! 0%, (21)
Due to the different effective masses between the heavy and
light holes, there are two series of hole subbands in thavherec,  is the linear coefficient for the expanS|or||1| (2)
MQW’s denoted by the heavy- and light-hole subbands, reis the coordinate of the electrgor holg, and Q(H, k,) is the
spectively. In the following, the formal notations for the wave vector of the carrier.
electron and hole are often left out unless necessary. The matrix element of the single Hamiltonighbetween

The single-particle Hamiltonian can be written as two plane waves can be written as

(ko + 1K Ki [HIK) K+ 1K) = 5 &

2 2 , ., d=dg
—— kP —— (k,+1K)2+ Vg S,

2mi, ' 2m* d
52 i (1—1"
—Vo+—(kZ+IK)(kZ+I’K)]Slr{( Jmdold] )5, g), 22)
2m* (-1 :

where 1% =(dy/d/mj) +[(d—dg)/d/m§], and 1m* =1/mj,—1/m§ . By solving the above secular equations, we can
obtain the superlattice electrghole) subband structure, i.e.,

e h?
En(kj k)= mkﬁ en(ky) , (23
W

and the corresponding coefficierts (k) in Eq. (21), wheren is the index for the electrothole) subband.

IV. ENERGY-LOSS RATE FOR HOT CARRIERS IN MQW'’s

As the nondegeneracy statistics are not appropriate to the case of a high density of carriers at a relatively low carrier
temperature, in this calculation the Fermi-Dirac distribution function is used to describe the distribution of the hot-carriers, i.e.,
f(E)=1/(1+eE~ErkeT) 'whereE is the Fermi energy, which is determined by the carriers’ type, density, and temperature.

According to Fermi golden rule, for a given phonon modemﬁo, the phonon generation ra,; by hot electrons or the
hot holes can generally be expressed as

2 I,
Wna=7ﬁ EQ M(n; K+a;ne K){(gng+ DF(En k+)[1—F(En, 01— gng F(En, O[1-F(Eq g1}
ning
X 5(Eni k+q~ nf hwnq)
= Vna[gn&(Tc) - gna]1 (24)

where M (n; K+ ﬁ;nf ,IZ) stands for the square of the TRiich scattering matrix element between the electronic states of
(n; K+ (i) and (s ,IZ), Eni K+ (Enf,,;) denotes the corresponding energy of the hot carrier at the ifftral) state as
expressed by Eq23). g,4(T) denotes the phonon occupation number at the temperafuramely,

Ung(T)=1/(e"*nal*eT—1),

dng denotes the nonequilibrium phonon population, and
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TABLE |. Parameters used for the calculationg, is the mass of a free electron.

Symble Meaning Numerical value
a(GaAs) lattice parameter of GaAs 5.653 A
a(AlAs) lattice parameter of AlAs 5.660 A
m; (GaAs) electron effective mass of GaAs 0.0665
m} (AlAs) electron effective mass of AlAs 0.1481%
Y1 valence-band parameter of GaAs 6.85
b2 valence-band parameter of GaAs 2.10
€,.(GaAs) high-frequency dielectric constant of GaAs 10.48
€.(AlAs) high-frequency dielectric constant of AlAs 8.16
| o(GaAs) LO-phonon frequency of GaAs 296.4 thn
wto(GaAs) TO-phonon frequency of GaAs 273.1 ¢
| o(AIAS) LO-phonon frequency of AlAs 404.9 cnd
wto(AIAS) TO-phonon frequency of AlAs 363.5 cmi
2 L .
Vng=— 2 MK Gy KT (Bny 0= F(En, @)} O(En, kg En, i ond) (25
Ny

The total generation rate for the mode,q) is the sum- Wheren, is the incident photon number per unit area, and
mation of the phonon generation rate due to electwﬁa the in-plane isotropy for hot phonons has been assumed.

dthat d holaa/" der th ion th h Note that if there is only one type of hot carrighe electron
and that due to holed/,; . Under the assumption that at each yo5 o1 the hole gasn the system investigated, only one term

instant of relaxation process the net generation rate of phqsy vyq is retained in the above expression, and accordiRgly
non by hot carriers is equated to the phonon decay rate dug p 'is the average ELR per carrier.

to the anharmonic interaction, which is referred to as the
guasistatic approximation, the nonequilibrium population for

a given mode ma), Ung» is determined by V. RESULTS AND DISCUSSIONS

: In our previous paper$:?” by using the microscopic di-
WE o+ W =[Gng— Gng( T/ 70, (26)  pole superlattice phonon model, we investigated in detail the
hot-phonon population produced during the hot-electron
where 7o is the lifetime of the optical phonon due to the and/or hot-hole relaxation in GaAs/AlAs MQW's. Since
anharmonic interaction, which is assumed to be independefere is no essential difference between the ELR contributed
of the phonon mode and the phonon wave vector. Thus thgy the electrons and that contributed by the holes within the
hot-phonon population can be readily obtained from Eqssimple effective-mass approximation, in this section we will

(24) and (26): concentrate on the phonon model effect on the ELR and the
R h hot-phonon population contributed by the led¢ctrons
 VngOng(Te) +7558na(Th) + Gng(TL) 70 In Table | we list the parameters used in the calculations,
ng— Vot U ' most of which are taken or derived from Ref. 34. The band-
na’ “nq 0

gap difference between GaAs and @&k, _,As is taken to be
whereT,, represents the temperature of the hot electrons, antl. 155+ 0.37%2(eV), and the conduction-band offset be-
Ty, is that of the hot holes which are considered identical intween GaAs and AlGa, _,As is taken to be 60% of their

the following calculation. band-gap difference. The average optical-phonon lifetige
Therefore, without the hot-phonon effect, the average enis taken as 7 ps for all optical-phonon modes. The following
ergy loss rate per electron-hole pair is given by calculations are carried out at a fixed carrier temperature of
. 100 K and at a lattice temperature of 10 K, with no other
- - ” r.e . h adjustable parameters used.
PO_27TI’]AN r%z fo q quﬁwnq[an-i- an]

X[gnd(Tc)_gna(TL)]; (289 A. Nonequilibrium phonon population
The hot-phonon occupation humber depends strongly on
the phonon moder(d), because of the quite different matrix
1 * e h elements of electron-phonon coupling. In general, the value
P= 27N r% fo q dojfr@ngl Vgt vngl of the hot-phonon population is in the intengls(T,) and
‘ Ong(Te). In the following comparison of the hot-phonon
X[9ng(Tc) —Gngl- (28b) population evaluated with different phonon models, a fixed

and, with the hot-phonon effect, the average ELR is
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Hot Phonon Occupation Number(000)
Hot Phonon Occupation Number(1000)
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16 (b) (@
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12} n=1 slab

10}
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6.

4.

2t | “w 1 2t | .m n=2 guided

0010 20”30 40 50 8 70 010 20 30 40 50 80 70
- g, (10°%cm™) g, (10°cm”)

FIG. 1. The nonequilibrium phonon population from the electron relaxation as functiansfof 10/10 MQW's calculated fronfa) the
microscopic model(b) the original Huang-Zhu formulag¢) the improved Huang-Zhu formulas, afd) the slab model and the guided-
mode model. The electron temperature and sheet densiff=ai®0 K andn,=5.0x 10Ycn?, respectively. The nonequilibrium phonon
population curves labeled with IF are for the interface modes.

sheet density of 5:010'%cn? of the hot electrons is consid- With the potential function of even parity with respect to the
ered, and the-component of the phonon wave vectyyis  Well center appear. When the well becomes wider, the inter-
taken to be zero. In order to examine the effect of the wellsubband electron-phonon scattering become more and more
width on the hot-phonon population, we choose two MQW'simportant. Since the parities of the neighboring electronic
with the well thickness of 10 and 50 monolay@iL), re-  subbands are opposite, as illustrated in Fig. 2, in addition to

spectively. the even modes a hot-phonon population for confined modes
Figures 1 and 2 display the calculated hot-phonon occuwith odd parity appears.
pation numbers in 10/10short for (GaAs)(AlAs);d and In Fig. 1, both the original and improved Huang-Zhu for-

50/50 MQW'’s, respectively. Figuregd, 2(a) and Ze) rep-  mulas give almost identical phonon occupation numbers with
resent results based on the microscopic dipole superlattighat from the microscopic model. As shown in Fig$a)2
model with a vanishingly small bulk dispersion, while Figs. 2(c), the improved Huang-Zhu model and the microscopic
1(b)-1(d), 2(b)—2(d), and Zf) are the corresponding calcu- model lead to quite similar results for the population of the
lations with macroscopic models, in which all the bulklike confined modes; however, the agreement between the origi-
modes are degenerate. In Figgh)land Zb) the population nal and improved Huang-Zhu formulas deteriorates when the
of the bulklike modes based on the original Huang-Zhu anamode index or the parallel wave number increases, because
lytical formulas are shown. The population curves for inter-the original Huang-Zhu analytical formula are orthogonal
face modes which are identical for both the dielectric con-only wheng) is not large compared withr/W,,.
tinuum and Huang-Zhu models are also shown in Fi@),1 Unlike the microscopic model and the Huang-Zhu model,
and shown separately in Fig(f2 Figures 1c) and Zc) rep-  in which all modes with proper symmetries participate in the
resent the population of the bulklike modes calculated basebot-carrier relaxation procesthough the occupation number
on the improved Huang-Zhu analytical formulas; while thedecreases significantly with an increase of the mode order
corresponding one in the slab model and that in the guidedndex), in MQW’s with thin wells [Fig. 1(d)] only the n
mode model are shown in Figs(dl and Zd). =1 mode in the slab model and the=2 confined mode in

As shown in Figs. 1 and 2, the calculated nonequilibriumthe guided-mode model are generated significantly during
phonon numbers vary strongly with the transverse wavehe relaxation process of the hot electrons, in addition to the
numberq;. Because of the requirements of conservation ofinterface modes in the dielectric model. Other modes’ con-
both energy and transverse momentum, the most probabtebutions are 2—3 orders of magnitude smaller than that of
hot optical phonons produced in thin wells are located withinthe lowest allowed mode. When the well width increases
a region around the parallel wave number of[Fig. 2(d)], or when the contributions from the hot holes is
[2m* w_ o /%]Y? while the occupation number of the modes taken into account, several lower bulklike modes may make
with g out of the region are several orders of magnitudecontributions to the intersubband and higher intrasubband
smaller except for the case where the resonant intersubbarsdattering.
scattering is available. It needs pointing out that the hot-phonon occupation num-

The confined bulklike modes and the interface modeder calculated with the guided-mode model is significantly
with zeroq, in the macroscopic models have definite parity.smaller than that in other models, becagsgethe interface
As the intrasubband relaxation {11) dominates in thin modes are absent from the guided-mode model, (@hthe
guantum wells, in Figs. (b)—1(d) only modes associated lowest even-mode potential in this model has the form of
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FIG. 2. The calculation for the dependence of nonequilibrium phonon population emitted in the hot-electron relaxation process in
50/50 MQW’s. All the notations and illustrations are similar to Fig. 1 except that the population for interface modes is respectively shown
in (e) (the microscopic modgland (f) (the macroscopic model

cos(2rZ/W), which has negative antinodes at the interface®f the bulklike modes are enhanced at the expense of the
and a positive maximum value at the well center, leading toeduced population of the interface modes. This reflects the
a largely canceled overlap integral in the interaction matrixfact that the potentials accompanying the interface modes
element. decay exponentially when moving away from the interfaces,
As regards the nonequilibrium phonon population contrib-and thus lead to decreased electron—interface-mode coupling
uted by the interface modes, there is little difference betweety, \wide wells.
the rfnacroscgplc and the mc:josc_ohplcdpr;pljon mpdefls. The  Another point we should mention concerns comparing the
Intertace modes are associated with a definite parity for Zer8ccupation numbers of the GaAs- and AlAs-like interface

9. N the_ macroscopic models, thus in FiglblL only t_he . modes. The fact that the population of GaAs-like interface
symmetric interface modes of GaAs and AlAs are emitted "Mmodes is significantly larger than that of the AlAs-like inter-
the intrasubband relaxation. In the microscopic calculation 9 ylarg

the interface mode potential does not manifest itself in Jace modes does not imply that the r'natn'x element between
definite parity, even whemj,—0. However, as shown in the electron states anq the GaAs-like interface modesils
Figs. Xa)and Ze), if we linearly combine the pair of nearly stronger than the AlAs-like one; on the contrary, the latter is

degenerate interface modes, the obtained hot-phonon popironger than the former in a thin well. This is owing to the
lation is not significantly different from that in the macro- fact that the upper limit for the hot-phonon population of the
scopic models. GaAs-like interface modegy,r(GaAsT,.), is much larger

When taking a close look at Figs. 1 and 2, we have foundhan that of the AlAs-like modes, as(AlAs) is higher
that, with increasing well width, the hot-phonon populationsthan w,e(GaAs).
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FIG. 5. Comparison of the electron differential ELR’s by vari-

ous confined modes calculated with) the improved Huang-Zhu
{nodel and(b) the slab model, as functions of the parallel wave
numberq; in 10/10 MQW’s (T.=100 K, and the volume density is
1.0x10%® cm™3). Total denotes the differential ELR contributed
from all the confined modes, but, in slab mode), the total con-
tribution and the contribution from the lowest order of modas (
=1) coincide. Solid lines: hot-phonon effect excluded; dotted lines:
hot-phonon effect included.

Sheet Density (101°cm'2)

FIG. 3. Comparison between the electron ELR’s as functions o
sheet density in 35/35 MQW'sT(= 100 K) calculated with different
phonon models, including the improved Huang-Zhu madidl),
the slab model(Slabh, the three-dimensional phonon model
(3DPM), and the microscopic model wifMDSM(disp ] and with-
out [MDSM(no disp] bulk-phonon dispersion. Within the two
curves labeled with same phonon model, the lowsgmpe) curve
represents the calculated ELR with the hot-phonon effect include

(excluded. disp stands for including the bulk-phonon dispersion. ?rom the Huang-Zhu model, if not specifically denoted. For

the sake of comparison, two groups of curves are drawn in
Fig. 3, in which the upper group is the calculated ELR'’s
without the hot-phonon effect, and the lower group is the
Figure 3 shows the sheet density dependence of the elecerresponding one with the hot-phonon effect. Each curve is
tron ELR’s in the 35/35 MQW'’s evaluated by various ana-labeled by the phonon model used.
lytical phonon models as well as the microscopic model. Without the hot-phonon effect, ELR’s as functions of the
Because the ELR calculated with the guided-mode model iglectron density calculated by the Huang-Zhu model, the slab
several times less than the results of other models, the dataodel and the microscopic modglhether the bulk-phonon
will be omitted. Since the improved Huang-Zhu formulas aredispersion is included or nptrespectively, are very close.
more exact than the original one, the ELR’s calculated withThe only exception is the ELR’s calculated with the three-
the original Huang-Zhu formulas will not be shown here dimensional phonon model, which are a little larger com-
either. In the following, results calculated with the improvedpared to others. When the electron density is as high as
Huang-Zhu formulas will be referred to simply as results10'%cn?, the finite probability occupied by final electronic
states obviously reduces the ELR’s. Our calculation indicates
that if the ELR’s contributed the confined modes and the

B. Energy-loss rate of hot electrons

0 10 2

30 40 50 60 70 80 90 100

Sheet Density (10'°cm?)
FIG. 4. The hot-phonon reduction factors for electron ELR's asPhonon reduction factoe, which is defined as the ratio of

§———— T
%\b/ interface modes are evaluated separately, the carrier degen-
7r - . eracy effect mainly affects the ELR’s through the confined
I / 3 P'\f modes, and only slightly affects the ELR’s by the interface
5 6 e T modes owing to their dispersive character.
E 5 i ,/ 'H\% When including the hot-phonon effect, with the sheet den-
L'C- /,{ ST e sity of carrier increased, the hot-phonon effect reduces the
S 4} ,, e ELR’s of electrons substantially, and the different phonon
S Vr MDSM 1 models do give different ELR’s. As shown in Fig. 3, the
E 3 ; MDSM  (disp) Huang-Zhu model and the microscopic model without the
(no disp) bulk-phonon dispersion give roughly the same ELR’s, which
2 ] are significantly faster than those based on the three-
; (A dimensional phonon model and the slab model, but slower

than the results based on the microscopic model with the
bulk-phonon dispersion.
To measure the hot-phonon effect, we introduce the hot-

functions of the sheet density in 35/35 MQW£100 K) calcu-  the ELR without the hot-phonon effect over those with the

lated based on the various phonon models: the slab modellot-phonon effect, namelyy=P,/P, whereP and P, are
the three-dimensional phonon modé8DPM), the improved the expressions of Eq$28h) and (289. The reduction fac-
Huang-Zhu mode{IHZ), and the microscopic phonon model with tors for electron ELR’s given by different phonon models as
[MDSM (disp)] and withouf MDSM(no disp] bulk-phonon disper-  functions of the sheet density are shown in Fig. 4. It is evi-
sion. dent that the hot-phonon effect on the ELR is sensitive to the
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FIG. 6. Electron ELR’s as functions of the well widths, calcu-  FIG. 7. The phonon model dependence of the hot-phonon reduc-
lated by using different phonon modelsT£100 K, n,=1.0 tion factors as functions of the well width for electronsTat 100
X 10' cm™3). The labels for the phonon models are the same as irK, and with a volume density of 1:010'® cm™3. The labels for the
Figs. 3 and 4. The uppélower) group of curves stands for ELR’s phonon models are the same as in Figs. 3 and 4.
without (with) the hot-phonon effect, respectively. disp denotes that

the bulk-ph di ion i idered in the mi i del. . . - .
© bulk-phonon CISpersion s considered in e MICToScopIc mo eperswe bulk phonon, although it exhibits no influence on

phonon models adopted. Among all these models shown iFLR’s without the hot-phonon effect whether the bulk pho-
Fig. 4, the slab model overestimates the hot-phonon effedion is dispersive or not.
most as compared to the microscopic model. Second, for MQW'’s with thin wells and barriers, when

Why are ELR’s calculated based on the slab model sigthe hot-phonon effect is not considered, ELR’s based on
nificantly slower than those calculated based on the Huang#arious macroscopic phonon models are not exactly in agree-
Zhu model when the hot-phonon effect is included, whilement, and deviate from the results of the microscopic mod-
they are almost identical without the hot-phonon effect?els. The possible reasons for this might (¢ the coupling
Since the interface modes are identical in both models, weffect due to the thin barrier on the phonon potential which is
will only examine the behaviors of the bulklike modes. As anaccounted for in the microscopic model but ignored in the
example let us take an electron gas with a volume density ahacroscopic models, an@) the incompleteness of the basis
1.0x10'® cm 2 in the 10/10 MQW’s[Figs. 5a)-5(b)]. In  set in the thin well.
the slab model, the confined phonons emitted in the electron Third, for a well width of less than 45 ML, all phonon
relaxation process concentrate to a lowest ordenofl, models predict that the ELR’s of hot electrons decrease with
while for the Huang-Zhu model all the confined phononincreasing well width. This arises from the facts that when
modes with even parity take part in the relaxation processthe well width iincreases, the electron—interface-phonon
The hot phonons in the slab model= 1 mode, being part  scattering decreases, and the degeneracy effect is enhanced
of the strongest coupling matrix elements, are hotter than theecause the sheet density increases with the well width for a
hot-phonon modes in the Huang-Zhu model; however, the
nonequilibrium phonon population of thre=1 mode in the 9
slab model, being restricted lm{T..), is less than the sum of
the nonequilibrium phonon population of all the confined 8
=even modes in the Huang-Zhu model, which is respon- | ol e gz d
sible for the larger hot-phonon reduction factors in the slab
model.

In order to investigate the influence of well width on the
electron relaxation, we have calculated the well-width depen-
dence of ELR’s in MQW'’s with equal well and barrier width
by using several macroscopic and microscopic phonon mod-
els. In the calculations, the concentration of the hot electrons
is fixed to be 1.x10*® cm 3. In Fig. 6, two groups of
curves stand for ELR’s without and with the hot-phonon
effect, respectively. Some interesting results can be seen 10 20 30 40 50 60 70
from Fig. 6. )

First, in agreement with our very recent papewhen the Well Width (Monolayers)
hot-phonon effect is considered, among several macroscopic FiG. 8. Well-width dependence of hole ELR’s obtained from
phonon models the Huang-Zhu model gives cooling rates ofiifferent phonon modelsT(=100 K, ny=1.0x10'® cm 3). The
hot electrons that are closest to the microscopic model witlsubbands involved in the resonant intersubband scattering are la-
the dispersionless bulk phonon, but significantly slower tharbeled near the peak in the curves. The notations labeled for the
ELR’s calculated with the microscopic model with the dis- phonon models are the same as in Figs. 3 and 4.

HH4-HHZ

HH3-HH1

DSM,
IHZ & Slab

ELR (10°eV/s)




13194 JIAN-ZHONG ZHANG, BANG-FEN ZHU, AND KUN HUANG PRB 59

fixed volume density. For a well width larger than 45 ML, hole relaxation compared to the microscopic model. In addi-
the ELR tends to increase slightly as the intersubband scation, owing to the larger density of states for holes, the de-
tering strengthens. generacy effect on the ELR’s of holes is not important, and
Fourth, the cooling rates estimated by the threethus the hole ELR varies little with the well width for wide
dimensional phonon model are good for a wide well, but theMQW's.
error increase notably as the well becomes thinner.
The hot-phonon reduction factors for electron ELR’s as VI. CONCLUSIONS
functions of the well width, calculated from several phonon In conclusion. we have calculated the carrier enerav-I
models, are displayed in Fig. 7. It is seen that when the wel| . . ' : 1€1gy-10SS
thickness is less than about 40 ML, the hot-phonon effect oﬁate in multiple quantu'm wells .by using four ana!ytlcal pho-
the electron relaxation is expected to enhance with the well°" models and the microscopic dipole sup_erlattlce r_nodel. It
width for a fixed volume density, with the three-dimensional > foun(?]that when the htt))lt-pdhonond effect 'SF] takﬁn into acd-
phonon model the only exception. Both the three—cfum' tdetELR 's T‘Ot'ce"’.‘t. y teptehn er;]t on the pd olnon_trEo t
dimensional phonon model and the slab model overestimatt Z L;]SO?_ ’hor?cl:rg\] e;fnes(in;(g: tofor ?hg oﬂﬁjr:ati]r%o%z modc;llj
the hot-phonon effect compared to the microscopic modelO t fthp ic oh P del 9 tigated. the i i
The slab model gives a hot-phonon reduction faetabout yt ot the macroscopic phonon Modets investigated, the im

40% greater than that given by the improved Huang-ZhLProved Huang-Zhu model presents the results closest to the

model, and about 75% percent greater compared with thanicroscopic model: it is roughly the same as the microscopic

. ) . . . model when the bulk phonons are assumed to be dispersion-
microscopic model with the dispersive bulk phonons. : . )
. ) less, and deviates somewhat from the microscopic model
Figure 8 shows the hole ELR’s calculated from the

Huang-Zhu model, the slab model, and the microscopicWhen the phonon dispersion is fully considered. The slab

model (dispersive bulk phononas functions of the well model and the three-dimensional phonon model overestimate

width, in which the hole temperature and volume density are’ghe hot-phonon effect on the hot-carrier relaxation compared

fixed at 100 K and 1.8 108 cm23. respectivelv. The results with the microscopic model without bulk-phonon dispersion,
show that without lthe hot—pho’non peffect );.he hole ELRand deviate furthermore from the microscopic model with a
reaches a maximum value at a certain V\'/ell width Whichdispersive bulk phonon. Owing to the fact that the formulas

arises from the resonant intersubband scattering when t ven by Huang and Zhu are not strictly orthogonal, Nash's

separation between two hole subbands is equal to the optica{ Niprovement is necessary for quantitatively evaluating the

phonon energy. The two subbands involved in the resonant <" ELR’s in wide quantum wells.
transition are labeled near the corresponding peak in Fig. 8.
Similar to the case for hot electrons, when ignoring the hot-
phonon effect the phonon models give nearly equal ELR’s; We wish to acknowledge support from the National Natu-
however, when the hot-phonon effect is taken into accountral Science Foundation of China, and the Qiu-Shi Science

the slab model overestimates the hot-phonon effect on thand Technology Foundation in Hong Kong.
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