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Based on the dielectric continuum model, we have studied the electron-optical phonon scattering
rates in GaAs/AlGa, _,As quantum wells with different structure parameters. It was found that the
scattering rate of the symmetric interface phonon mode has a stronger dependence on the Al
composition in the barriers than that of the confined mode. The effective phonon energy emitted by
hot electrons in GaAs/AGa _,As quantum wells with various Al compositions was estimated and

the calculated value agrees with the experimental results qualitatively. For the dependence on the
well width, scattering rates of th&+ mode drop considerably as the well width is increased. The
dependence of the electron-optical phonon interaction on structure parameters can be clearly
explained by theHd and G factors defined in the article. @002 American Institute of Physics.
[DOI: 10.1063/1.1481963

I. INTRODUCTION namics in semiconductors. Leet al!*'* and Lobentanzer
et all® used time-resolved photoluminescence to study the

Electron-polar optical phonon interaction in IlI-V semi- hot carrier relaxation in a quasitwo-dimensional system.
conductor quantum wells plays an important role for hot car-Their experimental results were analyzed with the average
rier relaxations, which influence the high-speed responses @fiectron’s energy-loss rdfe(AELR) and indicated that the
many quantum devices. In the past, electron—phonon scattqfidth of a quantum well had little effect on the hot carrier
ing rates in a quantum well were typically calculated usingye|axation. However, the AELR in their analysis was calcu-
the bulk phonon model or the bulklike phonon motiélin ~ |40q using the bulk phonon model,
the bulklike phonon model, the optical phonon modes are ;4. recently, a better method using the hot-electron

;}SSUTei o be the fsams as those n tTe bulk rtnatenal ;’_Vhw‘?eutral—acceptor luminescertéavas developed to study the
€ (t—:-e'c\:/lron wave tlunctr:onsd.w;cotrpora € t‘?“a” um ;gglmeéarrier relaxation mechanisms. It gives a better spectral reso-
ment. More recently, the dielectric. continuum m lution at lower carrier excitation densities than those of the

fjligecl:el\giri?;ngl:buarr]gt:lirnus rgﬁi%s\lzrgﬂ)mvgféeaiiﬁgzeﬁ];r thuItrafast spectroscopy technique. This method has been used
b By Mirlin et al,’® Sapegeet al.'® and Sunet al? to deter-

bulk and the bulklike phonon models. The fundamental types”. . .
of phonon modér‘)i's and  the electron—phongﬂ mine the effective phonon energy in GaAs/@hk _,As

Hamiltoniar®#in heterostructures have become an interestdUantum wells with various structure parameters. The effec-
ing subject. Experimentally, Sooett al®'° discovered the tive phonon energy can be estimated in our calculations and

evidence of the confined longitudinal opticdlO), trans- be compared with experimental measurements.

verse opticalTO) phonons, and interface phonons in GaAs/ The purpose of this _article is to calculate the electron—
AlAs superlattices using Raman scattering. An order of magPOnon scattering rates in GaAs|@ig ,As quantum wells

nitude reduction in the intersubband scattering rates ifVith various structure parameters based on the DCM model.

GaAs/ALGa, _,As quantum wells was reported by Schlapp Spgcifically, we focus on the dependence .o.f th'e electron-
et al. using an infrared bleaching techniqtieThe reduced optical phonon interaction on the Al composition in the bar-
scattering rates were explained successfully by Jain and DA" Which is the subject that is still lacking in earlier reports.
Sarma using the DC# model. The calculated results are compared with earlier experimen-
In the last decade, techniques involving ultrafast spectal results?®
troscopy became very powerful tools in studying carrier dy- [N the following content, we first describe the calculation
methods and the assumptions made in this study. We then

calculate the electron—phonon scattering rates with and with-
dauthor to whom correspondence should be addressed; present address: P g

1001 Ta Hsueh Road, Hsinchu, Taiwan; electronic mail: out dynamical screening for all types of polar optical
u8711819@cc.nctu.edu.tw phonons based on the DCM model. The calculated effective

0021-8979/2002/92(1)/268/6/$19.00 268 © 2002 American Institute of Physics
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phonon energy is estimated and then compared with experi- 50] B
20 1 A
mental results reported by S al. 48] —ac semodestq,, W
o~ ] —4—S+modeatq, .
% 46 —v— S- mode at q”,:m
E 441 -<-5-modeatq,
Il. THEORY 3 42
[} 4
A. Phonon energy in GaAs /Al,Ga,;_,As quantum & 40-
wells g 38-:
Base on DCM, there are six types of optical-phonon £ 36
mode§ in a dielectric slab. However, due to selection rules 34 ] MR -
for the intrasubband scattering, only the confined LO mode, 321, ¥ — : : .
the half-space LO mode, and the symmetric interface modes 0.0 0.2 0.4 0.6 0.8 1.0
were taken into consideration in our calculations. The con- Al composition x

fined phonons propagate in the well, and the component of
the phonon wave vector along the Iayer growth direction FIG. 1. The dependence of _the phonon energy of $he mode and the

. . . . S— mode on the Al composition &y, and omax-
direction g, is quantized. The half-space phonons, whose
component of the phonon wave vector is not restricted,
propagate in the barrier. The symmetric interface phonons
propagate along the interface, and the in-plane atomic dis-
placement is symmetric with respect to the center of the wellenergy of the well whemj, approaches zero. The weak de-
The symmetric interface mode can be further divided into thependence on the Al composition is easily understood because
symmetric plus branclinoted asS+ in the tex}, and the there is no Al in the well.
symmetric minus branctS—). These two phonon branches
also have different dispersion characteristics.

The energy of theS+ and theS— interface phonon

modes is given by the solution of

&1(ws:)tanh(qL/2) +ex(ws:) =0, .Y

where the subscripts 1 and 2 denote GaAs an&GAl_,As,
respectivelyl is the well width, andg, is the in-plane pho-
non wave vector. The lattice dielectric function is given by

B. Electron-optical phonon scattering rates with and
without dynamical screening

Electron-optical phonon interaction Hamiltonians for all

modes in a dielectric slab are taken from the work of Mori
and Andc® With the assumed average phonon energy in
Al,Ga _,As alloy shown in Eq(3), intrasubband electron-
, 2) optical phonon scattering rates in the lowest subband can be
wéi —(wn)? calculated using the Fermi’s golden rule. The scattering rates
. . . L are obtained by integrating over all possible states using the
where .., is the high-frequency relative permittivity of the two-dimensionz);l degsity ?)f state fEnction with statesgre-

nth layer. The optical phonon energy in the, 8k _,As . : .
layer has two modes: the GaAslike mode and the AIASIikestncted by energy and momentum conservations. Scattering

mode.(w_111)) represents the LOTO) energy in the GaAs rates of the interface moded/s.. , the confl_ned queNc,
layer. (w_or2) represents the LOTO) energy in the and the half-space mod#/,s, are respectively written as

Al,Ga, _,As layer, and is taken as the average of those of the

2 2
Ws+ —(win)
en(Wg+) = Kup

AlAslike mode wﬁ'zA(STz)(X) and the GaAslike mode e? Umax s
Gans Wge=—"— m*f —[N(wg+)+1
W 5(12)(X) S+ 47780713'(“1‘2[ i — [N(ws:)+1]
(@L2(12)) = X0 12y(X) + (1= X) 05(%)(X). 3 1
2] [ p-1
In our calculations, all parameters of the, &k _,As X[ il dsl i)l th (“’Sr)tam(iqL)
alloy were taken from the work of Adacht. .
In Fig. 1, we show the dependence of the phonon energy +hy N wse) dq 4)
of the S+ mode and th&— mode on the Al composition in 2 VESE "
the barrier at the minimung);,;, and the maximungmax
in-plane phonon wave vectors with a well width of 5 nm. For )
the S+ mode, the phonon energy increases quickly with the W mi e“wc 11 N i1
Al composition for bothq;min and g;max. It @pproaches the C_wzsofr"k Ke1 Kol [N(wc)+1]

LO phonon energy in the barrier layer whep approaches

zero. The increase of the calculatedt mode energy with Al xS 1 el deledl?
composition atg;mi, agrees with the increased LO phonon = p| '\ ®f ¢clei)
energy in AlGa _,As layer as Al composition is increased.

For the S— mode, the phonon energy has a weak depen- Qminl-)
dence on the Al composition. It approaches the TO phonon pm

tan !

Qmaxl-)
P

—tan !

] 1 (5)
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mt e2 1 1 TABLE I. The electric potential in a quantum well structure for {8e
_ﬂ - mode, and th&&— mode, the confined mode, and the half-space mode.
Wys= 3 [N(st)+1]
2728 gh 3K \ Keo2
_ L L L >L
7<— = - = -
»1 Qimax 2 2 2 2
Xf — (@t sl )] ?| tan | -
0 qz|< | | |>| q bs- gu(z+ L/2) coshgz)/cos }‘( %) e u(z- L12)
o[ Yimi nmz
—tan Y M7 |gq,, ® % 0 T 0
z
bus sina(z+3L)] sin(,(z—31)]

wherem? is the effective mass of the electrorg, is the
static relative permittivity of theith layer, andk is the wave
vector of the electrorfN(ws+), N(wc), and N(wyg) are
phonon occupation numbers of the interface modes, the con- . .
fined mode, and the half-space mode respectivgland o; In order to clearly explain the dependence of scattering
are the wave functions of the electron of the initial and the'at€s on the structure parameters for the interface modes, we
final states in the quantum welhs., ¢c, and¢pyg, given introduce theH factor, defined as

in Table I, are the potential functions of the interface, the
confined, and the half-space modes respectively. The func-

. . 1 -1
tion, hy(ws-), is expressed as Hz[hl_l(w5+)tanl‘(§q||L +hy Y ws) (8
1 1 <wLOn>2
hp(wse)=| ———
nl@se) (Kocn KOn)( wéi

It appears in the scattering rate equafifug. (4)] for the
w2, —(wron)? 2 interface modes. In addition, we call the overlap integral,
( sr \TTon ) (70 {¢il¢|e:), for the electric potentiab factors for the phonon
modes. FoiS+ and S— modes, theG factor in the well is

(wL0n>2_ (wTOn>2

1 2

cosh(1/2q)L) [A/\N2my(AEc—Eq)][1+cod (V2mE /A)L] ]+ L+ (A/V2miE ) sin (V2mE /A) L]
1s'n)'(1q L) q,sinh(1/2q,L)cod (vV2mE/A) L1+ 2(y2m,E4/#)cosh1/2q,L)sin (v2m,E, /ﬁ)L]
.| —sSI —_
2 II

wo_
GSi_

9
qZ+ (8myE4 /1:2)
In the barrier, it is
G2, = 4
S g+ [VBMy(AEc—Ep)/#i]
coS[(v2m,E /) L] 10
[#/2my(AEc—E,)] {1+cog V2m,E /%) LT} + L+ (A/2m,Eq)sin[ (V2mE /A) L]
For the confined mode, th® factor of thepth mode is
e _£+ 1] sinf[(pm/L) — (V8mE4/%)] (L/2)} . sinf[ (pm/L)+ (V8M,E /%) ](L/2} 135 a1
) (pmiL) — (\V8MLEL/H) (pm/L) + (\8M,E4/%) L
GR=0, p=246... (12)
For the half-space mode, it is
4cog[(\2m,E /27) L]
[h/\/ZmZ(AEC E.)]{1+cog (V2mE /A) L]} + L+ (/y2m,E;)sin (vV2m,E /A) L]
d: (19

[8My(AEc—Ey)/h%] +q2’
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7] 0.0184 —a— G factor at Al composition x=1 10
] ‘\\ —e— G factor at Al composition x=0.7[
61 0.016 G factor at Al composition x=0.3| g g
| {1 N
5 0.014 1 N\
8 %] S+ mode without screening ) 10.8 5
o 4 —a— S+ mode with screening S 0.0124 B
§ i - — — Confined mode without screening 'g g
o 34 —e— Confined mode with screening * 0.0104 L0.7 @
£ —-=-=~ 8- mode without screening T E
g 24 —v— S- mode with screening . 00084 TR N
8.1 ocsmme e et H factor at Al composition x=1 : -0.6
n 14 W 0.008 - - - H factor at Al composition x=0.7 i
1=-="--H factor at Al composition x=0.3
0 0.004 —T T T 1 0.5
T T T \ T — T T T 0 1 2 3 4 5 6
0.2 04 0.6 0.8 1.0

- In-plane phonon wave vector q, (10a m'1)
Al composition x

FIG. 3. The dependence of tléfactor and theG factor for theS+ mode

FIG. 2. The dependence of the electron—phonon scattering rate &Hthe on g, at three Al compositions in the barrier, 0.3, 0.7, and 1.

mode, the confined mode, and tBe- mode on the Al composition. The
well width is 5 nm, the lattice temperature is 15 K, and the amount of the
excess kinetic energy of the electron is 50 meV.

small-angle scattering, this dependence follows the behavior
) ) ) of theH and theG factors at smalf),. For theS— mode, the
whereE, is the ground-state energy, addE is the barrier  gcattering rate increases from 0.32 to 1.1 pas the Al

height of the quantum well. . composition is increased from 0.2 to 1. The strong depen-
We used the DCM instead of the HZNbr the treatment  jence on the Al composition is mostly due to tdactor. In

of the boundaries. It is because the scattering rate calculatqqg_ 4, we show the dependence of thdactor ong, . As

by HZM gives an unreasonably large scattering rate evVeRacreases toward zeres_ approaches the TO phonon en-

with very narrow well width due to the slow convergence Ofergy in the well. This leads to the decrease of khéactor.

the modes of the higher order. _ __ Because of this, the small-angle scattering for $he mode
Dynamical screening in electron—phonon interaction isig not a5 important as that for other phonon modes. In Fig. 2,

treated by random phase approximation, and the tWoye have also found that the screening effect for Sre

dimensional longitudinal dielectric function of plasffas mode and th&s— mode is not significant.

given by Comparing to theS+ and theS— modes, the scattering
e(q,0)=1-VIly(q,0), (14) rate of the confined phonon mode does not show strong de-

pendence with the Al composition in the range that we have

investigated. It is because that tBefactor in the expression

of the scattering rate equation for the confined phonon mode

is less sensitive to the Al composition. The screening effect

for the confined mode is stronger than that of e and the

¢ S— interface modes.

energy. andaizw Iyi%_ w is the phonon energy, For the 5 nm well, the elgctron wave function dogs not

qQue F penetrate deep into the barriers. Therefore, the contribution

dalmpitng coefficiertt y=(0.2-0.3), andvg is the Fermi ¢ o half-space mode to the scattering rate is insignificant
velocity.

where V= €%/2ek..nq is the two-dimensional Fourier
transform of the Coulomb interaction, andlly(q,w)
=— (nop/Ep) (ke /0) [(alke) — (8% — 1)+ (a2 —1)"7] is
the zero-temperature polarizability function, whekg is the
sheet charge densitlge is Fermi wave vectorEg is Fermi

IIl. RESULTS AND DISCUSSION

0.0035+

In our calculations, band-offset ratidE;:AE, in )
GaAs/ALGa, _,As quantum wells was chosen to be 65:35. 0.0030
The electrons were given an excess energy of 50 meV so that
the intersubband transition can be neglected. The sheet- 0.00254
charge density was chosen to b §0'° cm™2. 5 ]

In Fig. 2, we show the calculated dependence of E 0.0020
electron-optical phonon scattering rates on the Al composi- T
tion for various types of phonon modes a 5 nmwide 0.0015 —a—H factor at Al composition x=1
GaAs/ALGa _,As quantum well with a lattice temperature ] —e— H factor at Al composition x=0.7
of 15 K. For theS+ mode, the scattering rate increases from 0.0010- —— H factor at Al composition x=0.3

4.1 to 6.9 ps! as the Al composition, x, is increased from D S A
0.2 to 1. In order to interpret the results, we show in Fig. 3 In-plane phonon wave vector q (10° m)
the dependence of théfactor and thes factor ong; . As we planep b

can see, b(_)Fh thiel factor and_the’s factor increase withthe g 4. The dependence of tiefactor for theS— mode ong, at three Al
Al composition at smally,. Since theS+ mode favors the compositions in the barrier, 0.3, 0.7, and 1.
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50 7]
s 8 Experimental results
g 48+ - - - Calculated resuits with screening 6-
= ~—— Calculated results without screening e
) 46 j 'Tw 5
() R
5 44 4 o 44 Total contribution
5 © {—&— S+ mode
£ 42 o 3-{—e— Confined mode
2 £ |——S5-mode
;- 40 % 2 J—a— Half-space mode
g B 1-
& 384
w 0-
36 T M T T T T T T T T T T T M T ] T M T M T M T T T
03 04 05 06 07 08 09 10 2 4 6 8 10 12

Al composition x Well width (nm)

FIG. 5. The comparison of experimental results and calculated results fo'erG' 6. The dependence of the electron-optical phonon scattering rate of the

the dependence of the effective phonon energy on the Al composition, The ™ Mede, the confined mode, tige- mode, the half-space mode, and the
well width is 5 nm, the lattice temperature is 15 K, and the amount of thetotal rate contributed by all types of phonon modes on the well width. The
excess kinetic energy of the electron is 180 meV. Al composition is 0.3, the lattice temperature is 15 K, and the amount of the

excess kinetic energy of the electron is 50 meV.

in comparing to the other three types of phonon modes and is

not considered here. well gets narrower, the increasing of tkiefactor has been

The calculated results were compared with the experizanceled out by the decreasing of tdactor and results in
mental result® performed by hot electron neutral-acceptor the weak dependence for well width narrower than 4 nm.
luminescence for GaAs/fBa _,As quantum wells with  This pehavior was not found in the earlier calculated
various Al compositions. The calculated effective phonon enyegyit€? where the assumption of an infinite quantum well
ergy (wer) is given by was made.

W, s, + Ws_ s +Weog ~ FortheS— mode, due to the smal factor, the scatter-

Wef= We T We W (15  ing rate is much smaller than the rate of t8¢ mode. In

st s ¢ addition, the increaseld factor with the well width compen-

In Fig. 5, we show the dependence of the effective phosates the decreased factor each other. This results in a
non energy on the Al composition of both the experimentalveak dependence of scattering rates on the well width.
result® and our calculations. There are two calculated curves  The scattering rate of the confined mode increases from
in Fig. 5. The solid line represents the results without screeng.27 to 2.2 ps* while the rate of the half-space mode de-
ing and the dash one with screening. Since $ie mode  creases sharply from 0.13 to 0.12 Asas the well width is
plays the dominant role in the calculated scattering raténcreased from 2 to 12 nm. The increase of the scattering rate
among all phonon modes, the calculated effective phonosf the confined mode is due to the increagéactor as the
energy basically follows the behavior of tie- mode. The  well width is increased. On the contrary, ti@ factor de-
tendency of the calculations is in good agreement with thereases for the half-space mode.
experiments. There is a crossover point of the scattering rate for the

The minor difference between the measured result andonfined mode and th8+ mode at a well width of 10 nm
the calculated result on the effective phonon energy is attriband an Al composition of 0.3. So the confined mode is the
uted to the assumptions that we made in the calculations ghajor relaxation channel for hot electrons in wide quantum
the average phonon energy in, 8l _,As alloy, which  wells and theS+ mode is responsible for the narrow wells.
probably simplified the complexity of the phonon spectrumAlthough the total scattering rate only varies slightly with the
in the ternary compound. well width, there still can be a strong dependénasf the

In Fig. 6, we show the dependence of scattering rates OAELR on the well width when the phonon energy of the
the well width for various types of phonon modes with an Al corresponding modes is considered.
compositionx= 0.3 in the barriers. Other parameters are kept
the same as in previous calculations. For 81 mode, the
scattering rate decreases considerably from 5.3 to T4 a5
the well width is increased from 4 to 12 nm. We attribute this
to the decrease of thd factor and theG factor as the well In conclusion, the dependence of electron-optical pho-
width is increased. When the wells move toward wider wells,non interaction in GaAs/AGa, _,As quantum wells on the
the electron wave functions centered at the middle of thedl composition and the well width is studied numerically
well do not spread deep into the interfaces as in the narrowdyased on the DCM model. The scattering rate of the symmet-
wells. The interface is the place where the strongestic interface mode shows a stronger dependence on the Al
electron—phonon interaction took place. Thus, it leads to theomposition than that of the confined mode. THe mode
decrease of th& factor. But, the tendency on the decrease ofhas the strongest dependence on the Al composition due to
the G factor does not hold for extremely smaj|. As the theH factor. The effective phonon energy was estimated and

IV. CONCLUSION
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