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Electron-phonon scattering rates in semiconductor quantum wells with thin AlAs layers
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We have studied the effects on the phonon spectrum and on the electron—longitudinal-optical-phonon scat-
tering rates in GaAs/AlAs quantum wells of additional thin AlAs layers in the wells. The confined and
interface phonon modes and the electron-phonon scattering rates in these structures have been calculated using
a dielectric continuum approach for the phonons. Model electron wave functions are used for the quantum well
that are taken to be unaffected by the additional AlAs layer. The system with an additional AlAs layer is found
to have intrasubband electron scattering rates that are increased modestly compared to those for the corre-
sponding quantum wells due to the influence of the interface phonon modes associated with the additional
layer. These results confirm that scattering rates in general depend only weakly on the effects of the structure
of the quantum-well system on the phonon sped®8163-1827)03140-9

I. INTRODUCTION II. PHONON MODES AND THEIR POTENTIALS

L We use a macroscopic dielectric continuum model to de-

Electron-phonon scattering in quantum-well systems con-__ . : .

) . . . scribe the optical phonons in these systénishas been

trols carrier relaxation on the picosecond time scale and de- : . : :
. . . . shown, based on lattice dynamical calculations, that the di-
termines their optical and transport properties at room tem- . : . .
. ) electric continuum model gives a good representation of
perature. In recent years there has been interest in how th

guantum-well structure affects these scattering rates and al{?’ggrwénggOglei??cfﬁggge:;tebsoL?] dq:r;ngé?;i’;ilrl]ss)gtrem:

on the possibility of ”.‘Od'fy'”g these scattering rates advanghononEIhat have been shown to give a good representation
tageously by structuring of such systems. For example, Zh

etall have proposed that additional thin AlAs layers in of electron-phonon scattering rafe$Wwithin each semicon-

) : .. ductor material the displacement field satisfesD=0 and
GaAs/ALGa _,As quantum wells increases carrier mobili- e e = . :
) R the electric field is given b= ¢(w)E. The dielectric func-
ties significantly. . tion is taken o bes(®)=g.. (02— w? o)/ (0’ — w2 1)

It is now well known that the optical-phonon spectra of h C11 2 fw’nAIA “véo n.To/
quantum wells such as the GaAs/AlAs system are modiﬁeef;’1 e:en—_ d_or lGaAzn— or AIAs, an lw”vL%’vaTo are
significantly from plane-wave states and are characterized b € _ongrgu inal- an transverse-opnca mode frequencies.
interface and confined optical-phonon modést has been ithin this approach .the frequencies of.the conf|neq ,LO
shown that these modifications in quantum-well systems iﬁ“OdeS arev, 0. The interface modes satisfy the condition

general do not have a large effect on electron-phonon scat@tV - E=0 and the conditions tha, andD, are continu-

tering rate~® Here we consider the effects of additional ©US at the interfaces. The parameters used here for GaAs are
structure in quantum wells on the phonon spectra and thus dile =0.06651;, fiw o=36.2 meV, iwro=33.2meV, &1
the electron-phonon scattering rates, which ultimately con=12.35, and ,.,=10.89; for AlAs fiwro=44.9 meV,
trol mobilities and relaxation rates. fiw 0=50.1 meV, g,,.=8.16, ande,=10.06. Herem is

In recent work Tsuchiya and Anddave investigated the the electron effective mass.
effects of the modification of the electron wave functions on
carrier mobilities in quantum-well systems with such addi-
tional AlAs layers. Here we address the effects of changes in AAs AlAs AlAs
the phonon spectra due to such additional AlAs layers. To do i
so, we use a model of the electron wave functions in which [
we take them to be unchanged by the additional AlAs layers. Gons :
It is known that thin layers have large effects on the phonon [
spectra of these systems but have less effect on the electron :
states. Here we consider thin AlAs layers. We have studied [
theoretically the role of interface and confined phonons on I -
the scattering of electrons both in simple GaAs/AlAs quan- 2 2
tum wells (SQW’s) and also in structurally modified
GaAs/AlAs quantum wells(SMQW’s). The structurally FIG. 1. Sketch of a simple quantum wéBQW) and a structur-
modified quantum wells contain a thin AlAs layer in the ally modified quantum wellSMQW). The quantum-well material
center of a GaAs well and are shown schematically in Fig. lis GaAs. The barriers and the thin layer in the quantum well are
The quantum wells range from 50 to 150 A in width. AlAs. All calculations have been done with=8 A.
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For a simple GaAs/AlAs quantum well of width, the
frequencies of the symmetric interface modes satisfy the con-
dition

qL -
€Gaad w)tanl‘( 7) =—egppns(w) 1) <. b
2l
and the antisymmetric modes satisfy gezr
Yaof
qL 259
SGaAs( w)CO'[?’( 7) = - 8A|As(w). (2) = R
S
Applying the same conditions to the quantum well of width Rl 5
L with an additional AlAs layer of widthd in the center 82
yields, for the frequencies for the symmetric interface modes . . s s . s s . . .
Of a SMQW, 0 1 2 3 4 q5L ] 7 8 9 10
- q(L—d) FIG. 2. Symmetric interface ph i function of
qd . <. Sdymmetric Intertace pnonon energies as a function o
SGaAS(w)[ scandw)(1+e€ )tanl‘( 2 e nns(®) wave vector for the SQW and a quantum well with a thin AlAs

layer (SMQW). The two symmetric phonon modes for the simple
e aas(@)] & aac(@)(1— e~ 9%)tan q(L—d) well are given by solid curves. The four symmetric phonon modes
AlAs AlAs 2 for the structurally modified quantum well are given by the two
dashed curves plus the two solid curves. The upper two dotted lines
n ~0 3) givefiw o andfwrg for bulk AlAs and the lower two dotted lines
£cand ) : give fiw o and i wo for bulk GaAs. All calculations have been
done withd=8 A.
The antisymmetric interface modes in the SMQW satisfy

q(L—d)
2

} phonon scattering rates properly the confined dispersionless
LO phonons must satisfy Maxwell equations, and that addi-
tional boundary conditions on the phonon displacements are

+8A|As(w)[ e aps(@)(1+e799 not necessary. Her_e we use confined p.honon. modeg satisfy-
ing Maxwell equations given by the dielectric continuum

] model, which requires that the potentials go to zero at the

£Gaad w)[ ecand @)(1—e 9% + 8AIAs(w)COU<

teg Mgw)cotf(@ =0. (4) interfaces. The electrostatic potentials of the confined

phonons for the SQW at®

In Figs. 2 and 3, respectively, we show the dispersions of
the symmetric and antisymmetric interface modes of the
SQW and the SMQW. Their frequencies lie within the rest- BOR =~ f ottt te s
strahl regions of the two bulk materials. The solid lines cor- et
respond to a 50-A SQW. The SMQW has modes that are
shown by the dashed lines in addition to those shown by

solid lines. The additional modes are those from the inter- %44-
faces associated with the thin AlAs layer. For small wave 3|
vectors the frequencies of the interface modes approach th 2

bulk mode frequencies, and for large wave vectors their fre- §4°’
quencies approach those of a single interface, which lie in £38f

the middle parts of the reststrahl regions. The confined mode 34!
frequencies are dtw g, in €ach material.
The LO phonons of quantum-well systems separate into IR e
confined modes, which are restricted to one or the other ma: %
terial, and interface modes. We have calculated the potential:  so;
of both the confined and interface phonons of the SQW and al
SMQW. The potentials are normalized by equating the en-
ergy density of the oscillating ions to the energy of a [g. 3. Antisymmetric interface phonon energies as a function
quantum-mechanical harmonic oscillatFhe confined and  of wave vector for the SQW and for a quantum well with a thin
interface modes are either symmetric or antisymmetric withp|As layer (SMQW). The two antisymmetric phonon modes for the
respect to a plane at the center of the well for both wellsimple well are given by solid curves. The four antisymmetric pho-

configurations. non modes for the structurally modified quantum well are given by
It has been showirthat in order to describe the electron- the dashed curves plus the two solid curves.
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1 1 For the SMQW, the electrostatic potentials due to the con-
beonfined ) = \/47TﬁwLo( - S) fined modes are
€x,GaAs £0,GaA
x> 2 v q)un.(2) ¢§o“ﬂ$?¥v<q>=q2n cevreMMag)la(g)+al(—q)]
q,n a==* '
X [Bna(Q)+ AL~ )], ©) xcos{—zfn (|z|—§ }
where
n=135... 6
ta M a) = Tﬂﬂl'
T SR @ =3 CertMMq)la) +a'(~q)]
nmwz
u Y+=cos<—>, n=135... | 2mn L
n L Xsin —— |z] 7|
nmz
unvzsin<%), n=24.6... . n=24.6..., (7

The plus and minus signs indicate symmetric and antisym\-’vhere

metric modes, respectively. For the SQW, the first confined

phonon mode rf=1) has a nodeless potential, the second tﬁMQW(q):
mode has one node at the center of the well, etc. All confined

phonon potentials have nodes at the interfaces.

o[ _A47h vz 1
N AwGaAs,L L_d d 12

+
2 1 1 1 1
WGaasLld . WDapasLol .
"\ €x GaAs £€0,GaA ' €0 AlAs  €0,AlAs

whereA is the area of the quantum well. The first confinedand

mode has a node in the potential at the interface between the

GaAs well material and the additional AlAs layer in addition

to nodes at the interfaces of the AlAs barriers. Higher-order

confined modes have additional nodes in the GaAs well. It is B/ZMAS;GaAs: 7 2 2
expected that these nodes will result in substantially reduced (@™ 70 AasGand
scattering from the confined modes due to reduced electron-

; ; MQW .. . .
phonon matrix elements given h§"'?"(q). In the case of the SMQW, additional symmetric and anti-

_ The potentials of the interface phonons decay exponensymmetric interface modes are introduced by the AlAs layer
tially away from the interfaces and extend into both materi-;o <hown in Figs. 2 and 3. For small wave vectors, these

als. For the SQW there are symmetric and amisymmem%dditional modes are AlAs TO-like and GaAs LO-like

interface modes, both of which correspond to Iongitudinal—modes for the symmetric case and AlAs LO-like and GaAs

glp:etlcc;?(isr?;(ijcﬁ.‘;l;gﬁzglgy;énetr|()+) and antisymmetri¢--) TO-like modes for the antisymmetric case. The electrostatic
P potentials of these interface modes for the SMQW are

2 2
8oo,A|As;GaAs( W0 AlAs;GaAs wTO,AIAs;GaAs)

SQW, eqzi e*qZ —qL/2,5iqg-r
bir= () =C(0)| qquzy garz|€ T € Svow - o
N Pircand ) =C(q)e -2 Ta(q) +a'(—q)]
x[a(g)+a'(—q)], ®) L L
where X | coshq z+§ +x sinhq z+§ ,
27h \ 12 1
Cla=l L@ {

—qL] o2 2 qL v —L —d
2Aqe T Bans T Baaadan > T$Z<T ©)
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(@) =C(q) el (e It —g~ad)
cost(qz)]

><[a(q)+aT(—q)]{Sin“qz) ,

2
P eand ) = C<q>( )

X (e t—e 9% e'9Ta(q)+a(q)']

(x—1)coshy(d—2z)—(x+1)coshyz
(x+1)sinhgz— (x—1)sinlg(d—2z) |’

d L 1
— g_
2<z 2( )

wherex= ggaad w)/epas(w) and
C(a)=[Aq{R+S+T}]*?
with

d
gud2 coshq?

R:B,ZAIAseﬂJL 1+

q(d—L))
4

W (x—tanh

q(d4— L)) (x tanhq;— 1) ,

S= : B2 <e_q'-[(x2+ 1)sinhg(L—d)
2 GaA

X | x—coth

+2x coshq(L—d)—2x]+ 757 (e ab—g~ad)2

X (x2—1)%{(x—1)?[sinhgqd—sinhqg(2d—L)]
+2(x2—1)sinhq(d—L)

+(x+1)?[sinhgL—sinhqd]} |,
2 1 2\2/~—QqL —aqd\2 ~:
T=Bins 5z (1=x°)* (e —e799" sinhgd.

Ill. ELECTRON-PHONON SCATTERING RATES

Here we are interested in the effects of the changes in the
phonon states on the scattering rates. In order to see these
effects we consider thin AlAs layers that should affect the
phonon properties more than the electronic states. We take
the electron states in both the SQW and the SMQW to be

13431

21
W(k)=7fdeé(E—E’)|(k’,1|Hep|k,0>|2. (12

Here the initial electron energy I, the final energy i€’,
k andk’ are the initial and final wave vectors for the elec-
tron, H¢,, is the Hamiltonian for the electron-phonon interac-
tions, and there are zero phonons and one phonon in the
initial and final states, respectively.

The expressions for intrasubband scatteritsgibband
1—1) by emission of confined phonons in the SQW and in
the SMQW are

2

(2m)2L
<3 [ e M a)

X 6(E(k)—

Wf?w<k>— T (Nio+1)

E'(k")), (13
where

[fi(k'+a)]*  (fik')?

Bk —B'(K)=—71 2m

W0,

N=4me*hw S(i— i)
LO,GaA

€o
mn 2
T
na }

" @2m?=(nm)?

-1

(5% )?=| g+

1
GﬁgW,ll_ 2( 1) (n+ l)/2

n=135...
and

2

2me A
W (k) = 7 (Not+1) 22 c?

X2, f d?q| Gy MM )]

X 8(E(k)—E’(K")), (14

where

ho 1 1
=4 LZ,GaAs( B j

€x GaAs €0,GaA

® _
LO,GaA
€% GaAs €0,GaA

1 1

X| (L—d)+d ,
- 8o,AlAs,)

2
wLO,AIAS( P
€ AlAs

simple effective mass sine and cosine functions correspond-

ing to infinite potentials at the barrier—quantum-well inter-

faces and to be unaffected by the thin AlAs lager.

The electron-phonon scattering rates for single-phonon
and

emission are given by

-1
[t7"?"(a)]?=

) 27n\?
T
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GETQW,ll:__Z (—1)n* 12

n n=135... .

Calculation of the intrasubband scattering rates of electrons  *f
due to emission of interface phonons in SQW yields

27 A
Wi k) = W (m)(NLoJr 1)f d?q

X S(E(K)—E' (k")|GSHa) [ t5°a) 12,

where
E(l)—E' (K’ A +Q))* (k) 5
( )_ ( )_ 2m - 2m - wLO(q)’
gl
2 qL qL
SQW,1Y o\ S iy || M
G Ha) qum|—<2> (27T>2 ,
1+ —
qL
and
e’h
[£59%(q) 2= ot
qw(q)A cosﬁ(7)
2 2
€ oc,AlAs( WoAAs T wTO,AIAs)
w(Q)Z_ w‘%O,AIAS
_ Soo,GaAs(wEo,GaAs_ C')$o,(3aAs) an)'(%)
w(Q)z_w'zl'O,GaAs 2

For the SMQW, the scattering rate due to interface phonons

IS

2 A

Wi @) = 7” (m)mml) f d?q
X S(E(k)—E'(k"))|GSMV 1 (q) 2
X[tSMW(q) 12,

where

—d/2
S q)— f 2y} (@ 4R D)

dr2 * SMQW
+f dz 47 (2) diF aias(2) ¥1(2)
d2

L/2
+] dzui@ it and 2) 1(2),

me?h(1-x2)2(e I-—e 99?2
8x“qu(q)ALf(q)+g(q)+h(a)]/’

[tSMQWm)]Z:(

Here
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FIG. 4. Scattering rates from confined phonons as a function of
well width. The solid curve is for the SQW and the dash-dotted
curve is for the SMQW.

2 2
f(q) = &a, Alas( L0 AlAs ™ ©T0,AlAS) e-aL
47l 0(0)%~ 0F0 ans
qd
qdi2 a-
il COSr( 2 ) AL
2x(x+1) x—tan 4
2
q(d—L) qd
X | X— X tanh —|—1
cot%( 7 ta > ,
-1
2 2
€ Gaad ©L0,GaAs™ C"To,GaAs)
g(a)=

2x 47 0(9)*— 0o gand

x| e 4 (x?+ 1)sinhg(L —d)+2x coshy(L—d)

—2x]+ (e7—e9%)2(x2—1)2

16x2

x{(x—1)qsinhqd—sinhq(2d—L)]+2(x>*—1)

X sinhg(d—L)+ (x+ 1)2[sinth—sinr'qd]}},

2 2
€2, Alas WLo AlAs (‘)TO,AIAS)
2 2
47l 0(Q)°— wTo alns

h(q)=

X

%) (1-x%)?(e " 9t—e~0a9)2 sin}‘qd],
and x=ggaad @)/ eans(w). ¥1(2) is the electron envelope
function for the first electron subband.

The scattering rates for phonon emission due to confined
phonons in both types of quantum well are shown in Fig. 4,
and the total rates from confined and interface modes are
shown in Fig. 5. We find that scattering of electrons from
confined phonons increases with increasing well width for
both the SQW and the SMQW, as shown in Fig. 4. The
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mode (1=2) of the SQW, which accounts for the decreased
scattering from confined modes in the SMQW.
We see from Fig. 5 that the total scattering rate from both

301

5l confined and interface modes is somewhat higher for the
SMQW than for the SQW. This results from the increased

N electron-interface phonon scattering in the SMQW as com-
200 pared to that of the SQW due to the additional interface

modes associated with the thin AlAs layer. The results in
Fig. 5 are for AlAs layer thicknesd=8 A. The scattering
rates in the SMQW are found to increase modestly with in-
creasingd. For example, in going frond=4 to 10 A, the
scattering rate increases by about 4%. Here we consider rela-
tively thin AlAs layers because we address only the modifi-
cations in the phonon spectrum. For sufficiently thin layers,
st we take the electron wave functions to be unaffected by the
50 60 70 80 9 100 110 120 180 140 150 layer. The AlAs LO-like interface phonons remain the domi-
L& nant scattering modes for both the SQW and the SMQW.

Scattering Rates (1/psec)

FIG. 5. Total scattering rates for emission of confined and in- IV. CONCLUSION

terface phonons as a function of well width. The solid curve corre- ) ) . . )
Sponds to a SQW and the dashed curve to a SMQW We fll’ld that the IntI’OdUCtlon Of a th|n AIAS |ayer n the

quantum well significantly reduces scattering of electrons
mfgom confined phonons, but that this decrease is more than
. compensated for by increased scattering from interface
approach those for bulk GaAs for large well widths. honons associated with the AlAs layer. The net overall ef-

The scattering rates for confined phonons is reduced f ect is a modest increase in the total scattering rate due to the
the SMQW as compared to SQW however. This can be un; 9

derstood from the effects of the AlAs layer on the confinedAIAS layer. Our results suggest that the enhancement of mo-

- . .
phonon potentials. The first confined phonon mode for th llity reported by Zhuet al." is not gxpected o arise from
SQW has a nodeless potential, and this mode gives the Iarg_ecreased electron-phonon scattering due to the AlAs layer.
est scatter!ng for conflneq phqnons. Then h'|gher-order ACKNOWLEDGMENTS
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