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Heavy-hole scattering by confined nonpolar optical phonons in a single Si,Ge,/Si quantum well
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Intrasubband and intersubband scattering rates of heavy holes are obtained due to confined nonpolar optical
phonons in a Si,Geg, quantum well with Si barriers. Guided and interface Ge-Si and Ge-Ge modes and
unconfined Si-Si modes are considered. A continuum model is used for the two components of the ionic
displacement of confined vibrations: the uncoupfegolarized TO mode and the hybrid of the LO and
p-polarized TO modes. The guided mode is obtained using the model of a quantum well with infinitely rigid
barriers and the interface mode is derived from the hydrodynamic boundary conditions. While the total inter-
subband scattering rates are reduced as a result of confinement, the opposite is found for the intrasubband
scattering. Depending on the well width and Ge content, the intersubband scattering rates are reduced by a
factor of 2—4 with respect to their values for no confinement. Thus one would expect comparable enhancement
in the intersubband lifetimes crucial to the population inversion in,a,&e/Si intersubband laser.

I. INTRODUCTION demonstration of an infrared intersubband transition laser in
the InGa,_ As/Al,Ga _,As material systeft has renewed

The possibility of lasing due to intersubband transitions ininterest in investigating the possibility of constructing lasers
guantum-well(QW) structures is crucially dependent on the within the Ge/Si material system, which eventually would
lifetimes of the involved subbands. In an earlier Létige- allow monolithic integration of optical components with ad-
times were calculated for a Si,Ge,/Si multiple-quantum-  vanced Si microelectronics.
well (MQW) structure due to acoustic- and nonpolar optical- A self-consistent continuum theory of confined nonpolar
phonon scattering. It was pointed out that, because of theptical phonons has been developed for an infinite plate with
absence of polar optical scattering for silicon-based systeméree boundary conditionsin the present paper, we extend
the lifetimes and their differences are consistently an order athat continuum theory to examine the confined nonpolar op-
magnitude larger than for the GaAs/&a, _,As system and tical phonons of Ge-Si and Ge-Ge vibration modes with
do not show the marked decrease when the intersubband eproper mechanical boundary conditions in g _SGe/Si
ergy exceeds the optical-phonon energy. For this case, th@W. Furthermore, we use these results to estimate the heavy-
scattering was calculated for propagating phonons corredole scattering rates by the nonpolar optical phonons. To the
sponding to the average composition, assuming no confindest of our knowledge, there has not been any work in esti-
ment. As pointed out in that paper, it is expected that thianating the scattering rates due to the nonpolar optical
treatment of phonon scattering leads to an overestimate gfhonons in Si_,Ge,/Si heterostructures taking into account
the intersubband transition rates and therefore provides phonon confinement.
conservative approach in determining the subband lifetimes. The three different vibration modes, namely, Si-Si, Ge-Si,
In order to more accurately determine the subband lifetimesand Ge-Ge, are considered separately and are given proper
it is necessary to take into account confinement effects omweights in heavy-hole scattering calculation. The Si-Si mode
optical phonons in heterostructures. In 3 _§Ge/Si QW  propagates freely throughout the structure, while the Ge-Si
structure, one can expect Si-Si, Ge-Si, and Ge-Ge opticalnd Ge-Ge modes are confined by the barriers, resulting in
modes in the alloy.The Ge-Si and Ge-Ge modes tend to beguided and interface modes. Approximations made in the
confined by the Si barriers, as has been seen in Raman scaturse of the calculations for the guided and interface modes
tering experiment3.The phonon confinement gives rise to will be discussed. We will examine both intrasubband and
guided and interface modes, which will scatter the carrieiintersubband scattering processes. We will also compare
less for intersubband transitions, thus resulting in revisedhese results with those assuming no confinement. We will
subband lifetimes. This is due to the discrete spectrum of thehow that indeed the latter assumption overestimates the
guided modes and the weak intersubband scattering of intescattering rates for intersubband transitions, but tends to un-
face modes. However, the intrasubband scattering procesierestimate the intrasubband process. The difference is
tends to be enhanced due to confinement. largely attributed to the heavy-hole interaction with interface

There has been a great deal of effort in dealing with themodes, which can be neglected for the intersubband process,
issue of phonon confinement in heterostructdréSMost of  but contributes significantly to the intrasubband process. The
published literature has focused on confined polar opticascattering rates due to various scattering modes will be in-
phonons, because a large body of the heterostructures is covestigated as a function of the well width and as a function
structed from polar semiconductor materials. Recently, thef the alloy composition of the well.
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Il. PHONON CONFINEMENT where 8, and B are the velocities of LO and TO disper-

Phonon confinement occurs due to the lack of overlap op'ons respectively.

the bulk frequency dispersions in the adjacent heterostructure

materials. Thus in a Si/Ge/Si short period superlattice, the )

higher-frequency optical modes of Si correspond to a fre- A. Guided modes

quency gap in the Ge layer and are therefore confined. The |n the case of strict confinement, the boundary condition
Ge modes in the Ge layers are strictly resonant with the Séf course is that the displacementsanish at the boundaries
acoustic modes and are “quasiconfined,” but the displacez=(0,.). For thes-TO mode, this leads to

ment pattern is similar to that of a true confined mode and

indeed the Raman intensities are comparabiée Raman N _ nw

spectrum has revealed that there exist Ge-Ge, Ge-Si, and uy=Ae%sin(q,z) with Q=T (7)
Si-Si vibration modes in the $i,Ge, alloy layer’ The

Ge-Ge vibrations have phonon energy of 37.4 meV and thevhere n=1,2,.... This mode does not mix with other

Ge-Si vibrations of 50.8 meV. These two modes of themodes, nor does it give rise to the interface mode discussed
Si, _,Ge, well are confined by the Si-Si modes of the barrierlater. Thes-TO mode pattern fog,==/L is shown in Fig.
(phonon energy 64.3 meVhowever, the Si-Si optical modes 1(a) with the well widthL =40 A.

of the well are unconfined, as are the Si-Si optical modes of For the coupled LO and-TO modes, applying the
the barrier. boundary conditions ofi,=0 andu,=0 atz=(0,L) to Eq.

One of the simplest conceptual model is to treat the QW3) leads to a system of four constant-coefficient linear equa-
system with infinitely rigid barrier. The boundary condition tions forC,D,E, andF. The vanishing of the determinant of
to be satisfied is the vanishing of the ionic displacement othe 4x4 constant coefficient matrix gives rise to the relation
all confined vibration modes. This is an assumption of strict

confinement, vyielding guided modes of the confined (qTq,_+q)2()zsin(qTL)sin(q,_L)
phonons. This assumption needs to be partially relaxed in
order to admit interface modes. As pointed out in the con- zququi[coqu_qL)L_l]_ (8)

tinuum theory! the ionic displacement of confined vibrations

has two components: one is the hybrid of the LO and Equation(8) leads to solutions of guided modes consist-
p-polarized TO(p-TO) modes and the other is the uncoupleding of coupled phase-matched LO and TO modes with wave
s-polarized TO(s-TO) mode. These modes are defined asyectors

follows: if we consider aX,z) plane containing the normal

to the layers and the phonon wave ved@rthen n Ny
- . Q=— = 9)
Q=0x&+ 028, D
where &, and &, are unit vectors. The-TO mode has its Wheren =1.2,...,nr=34,..., andn;—n =2,446... .

displacements normal @ and in the &,2) plane, while the This choice of quantum numbers is due to the constraint Eq.

s-TO displacements are normal@and perpendicular to the (6) Sincefr<p.. ,
(x,2) plane(ll &,). A description of thes-TO mode is Two sets of guided mode solutions emerge and they are
y given in either sine or cosine form referring to theompo-

uy:einX(Ae‘q22+ Be 92, 2 nent of the ionic displacement. The “sine” solution is
while the hybrid of the LO ang-TO modes is given iy u,=2Ce9*q,[ cogq, z) — cogqr2)],
u,=e'%[ q,(CeI?+De '9?) + qr(EEIT?+ Fe~1917)], o (10
— 9 iqxx . _X .
u,= e[ q, (Cedz— De*iqLZ)_qx(EeiqTZ—Fe*iqTZ)]F U,=2ICe qusing2) + qum(qu) ’
The z components of the LO and TO wave vector have been o )
distinguished by, andqy, respectively. and the “cosine” solution
The above choice for the ionic displacement guarantees
that qudr
u,=2iCe'%| q,sin(q, z) + ——sin(gz) |,
VXULZO, V'UTZO, (4) X Ox n(qL ) Oy r'l(qT )
which hold for isotropic materialsassumed hejgallowing ' A
u to be decomposed into LO and TO components u,=2Ce'%*q, [cogq,z)—cogg72)].

The hybrid patterns of thep-TO and LO modes with
Since the LO and TO modes must have the same frequenay ==/L andq;=3#/L are shown in Figs. (b) and Xc) for
to be effectively coupled, they have to satisfy, according tathe sine and cosine solutions, respectively, with the well
the bulk LO and TO dispersions, width L=40 A.
s 2 2o s o o o It is worthwhile to point out the similaritigs between _the
o= wy— BL(0+ L) = wp— Br(ax+a7), (6)  allowed values ofy,, q, , g7, andg, for the guided modes in
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FIG. 1. Vibration patterns fofa) the guideds-TO mode,(b) the “sine” solution, (c) the “cosine” solution of the guideg-TO and LO
modes, andd) the coupledp-TO and LO interface mode for the well width of 40 A.

the case of infinitely rigid barriers assumed here and that ofowed and so the set is not complete. Specifically, the al-
an infinite plate with free boundary conditioh&ut the dis-  lowed values of §, ,qr) require that, be discrete, not con-
placement patterns differ dramatically between the two situtinuous, and be given by

ations.
As pointed out by Mori and And& Nash!* and , [m\2Bini-pint
Registert® a sum rule can be derived for polar optical scat- =\T T2 (12

tering relating the form factors of the confined modes to that

of the “bulk” modes. Such a sum rule, as pointed out by wheren, andn; have been defined in E¢9). Further, two
Nash;* arises from the completeness and orthogonality ofnodes that differ in only one ofg ,gy) are not orthogonal.

the vibration sets. As derived, this applies to polar opticalin summary, in comparison with the guided modes for polar
scattering accompanied by a macroscopic electrical potentiaptical phonons, even though the guided modes constitute a
As is well known, the latter removes the degeneracy of thesomplete orthogonal set for theTO modes in they direc-
zone center optical phonons and the carrier interacts onlyon, the linear combination gf-TO and LO modes in the
with the LO mode. However, for the nonpolar optical (x,z) plane are neither complete nor orthogonal. Hence a

phonons of interest in the present work, both TO and LOsum rule cannot be applied to the current basis set for non-
modes interact with the carrier. As discussed earlier, theolar optical phonons.

s-TO mode does not mix with the other modes and can be
described in terms of an orthogonal and complete set of
functions given by Eq.(7). However, thep-TO and LO
modes are coupled as given by E¢E0) and (11), with the The assumption of strict confinement that the vibration
constraint given by Eq(6) that the frequencies be equal, amplitudes are zero at the interfaces rules out the possibility
taking account of the different frequency dispersions. Theof interface modes. In general, such modes exist and are of
LO and p-TO modes cannot be treated independently beincreasing importance in carrier scattering intrasubband tran-
cause, having chosen their forms to satisfy &, the van-  sitions in comparison with guided modes. The assumption of
ishing boundary conditions @=0 andL cannot be satisfied strict confinement must therefore be relaxed to admit such
for u. andu; independently. As a consequence of the cou-modes. It is obvious that the amplitudes of interface modes at
pling, in satisfying the boundary conditions for the guidedthe boundaries should remain small in order to keep the as-
modes, not all values of wave vectorg,(q, ,qr) are al- sumption of strict confinement yielding the guided modes. In

B. Interface modes
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fact, we need only to relax the vanishing assumption ofxthe where the subscripts 1 and 2 refer to w&di; ,Ge) and

component of the displacement to admit interface modebarrier (Si) regions, respectivelyy; is the material density,

while maintaining the zero boundary condition on theom-  and

ponent. A similar boundary condition has been employed in 2 o

treating the polar optical phonons for a single GaAs/AlAs 7= wilw =1, (14)

QW ) ) » where w; is theT'-point optical-phonon frequency in layer
Applying the hydrodynamic boundary conditidrat the (=1 ). For both Ge-Si and Ge-Ge confined modes we have

interfaces to the LO and TO modes independently and CONG,>gw,. The LO wave vector in the well regios ;=0 and
sidering the fact that the optical-phonon frequency in thengat in the barrier region

barrier region is greater than that in the well region, we ob-

tain only a solution with an evem component for the LO , wi—owi [pi )
mode, Q== | 2~ 1|4 (15
2 2
Ce%(qyC—dLo8)e 2%, z<0 The LO mode solution is of two-dimensional bulk type with
2 constant amplitudes in the well region propagating with
ig.x| P1 72 P2 4 A .
u =4 Ce% —) — —0x&— 26|, 0<z<L wave vectors parallel to the interfaces.
P2 M P Both odd and even solutions emerge for the TO mode, but
— CeDX(q 8, +qL6)e 92z L) 7> the boundary condition that tecomponent ofi, +ug van-

(13 ishes at the interfaces admits only the even solution

De'M(qr8,+qu&)e 1%, z<0
1/2
i P1 . . ~ ~
— IqxX| = P _ _
ur=4 De ( p2> Cos(quLIZ)[ igr1Sin(Qr1(z—L/2))e+axcoddri(z—L/2))e,], 0<z<L (16)
_DeinX(quéx_qxéz)eiqu(Z*L)1 Z>L1

where the wave vectors for the TO mode, according to(Bg.

2 BEl 2
011=|—=z—1]ax (well),
BT
2 2 (17)
03,= —TELZ—l a2+ —TBLquz (barriep.
T2 Btz

Combining Eqs(13) and(16) and applying that the component ofu, +u; vanishes at the interfaces leadoe-(q, ,/q,)C
and finally the interface mode is obtained

( . ) . ) )

Ce'qxx[(qu_'q"ZZ"“ %e_'qnz &t (—qae 2"+ q e 1929, |, z<0

X
12 ;
i 72 P2 I di2d71 . R codqry(z—L/2)) R
u= Ce'qxx<—> H—— - Si z—L/2 + _—— 1 , O<z<L

< P2 71 qux cogqriL/2) qy MG ) |8tz cogqnrL/2) ©

CeiqxxH_quiqu(ZL)_ quqTZeiqu(ziL) éx+[_QLzeiqL2(zL)+QLzeiqT2(ZL)]éZ]’ z>L.
\

' (19

Figure Xd) shows the pattern of an interface mode in thesince the free surface requires that the dilation stress perpen-
well region responsible for the scattering process from subdicular to the surface and the shear stress across the surface
band 2 to 1 by emitting a Ge-Si optical phonon, witk40  vanish. The difference from the latter is primarily due to the
A. It can be seen from Fig.(d) that thex component of the fact that the zone-center optical-phonon frequency in the bar-
displacement is approximately constant within the well re-riers is greater than that in the well, which is contrary to the
gion and thez component vanishes at both interfaces. situation in GaAs/AlGa _,As material systems.

The above form of the interface mode derived from the The dispersion of the bulk Si-Si mode has little overlap
hydrodynamic boundary conditions is different from that of with that of the Ge-Si mode. The scattering process involves
the surface mode for the infinite free pthnd that for the only long-wavelength in-plane wave vectors and theom-
interface mode for polar materials. The difference from theponents of phonon wave vectors in the barrigfs, andqg,,
former case arises from the different boundary conditionsre approximately the dimension of the Brillouin zone. This
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is because the dispersion relations overlap only at large pho- compressive 1 1 ttasubbang
non wave vectors in the barrier region. Singg, =0 and Siy.xGey o
. subband 1
0,~0, the interface mode frequency~w,, therefore, hh 1
.l 7:>1. The major scattering contributions from the inter- - 2- 1 itersubband
face mode is from the displacement in the well region where scattgring
the heavy holes are confined. The amplitude of the LO com- -
ponent is much greater than that of the TO component in Eq.
(18) for 0<z<L, since ug?]tigaoirr:ed . "‘ ug?ltig:iged  oband 2
2&>qL2C2]Tl, (19 |
71 P1 Ay FIG. 2. Heavy-holéghh) band structure and scattering processes.

consideringqgy, also small. Therefore, the exact values of through the approach of equating the energy of the vibration
q.» and g, are not crucial in determining the scattering mode with that of a simple harmonic oscillat@s

rates because the TO mode contribution is at least two orders S (L

of magnitude less than the LO mode. The above displace- X2:_f u*-udz (21)
ment pattern Eq(18) has been used in evaluating the inter- QJo

face mode scattering for the confined Ge-Si and Ge-G@hereL is the well width,S is the sample surface aréia
modes. the (x,y) plang, ) is the volume of the unit cell, angdis the
normal coordinator of the oscillator.
IIl. HEAVY-HOLE SCATTERING RATES The heavy-hole band offset is calculated taking into ac-
count the compressive strain in the SiGe, well region?
The nonpolar optical-phonon interaction Hamiltonian in- The heavy-hole bands are decoupled from the light-hole and

volving a heavy hole & split-off bands atk=0 and can be treated independerfly.
The heavy-hole energy levels and envelope wave functions
He (Mle)l’ZD " 20 are obtained by the finite square well model as shown in Fig.

2. The heavy-hole state can be characterizedkhy) with

the in-plane momenturk and subband inder. In the ap-
whereM, and M, are the masses of the two atoms in theproximation of constant effective mass for heavy holes, the
unit cell andD is the optical deformation potential. The nor- matrix element for the transition from staften) to |k’,n")
malization of the displacement amplitudes is carried oudue to nonpolar optical phonon scattering is

M{+M,

(ﬁ[n<w0>+%1%]
2p1woSLAA(Q)
( AN(wo)+3F 3]
2p1woSLAC(qL, 07

1/2
) 6k/th ,kDszn/(qz) (S'TO)

(K",n"[Hk,n)= (22

1/2
)) Skr+q, [ DxGppy (AL ,G7) +D,Gh, (AL ,G7)]  (hybrid)

for thes-TO mode and the hybrid of the LO apdTO mode, L

respectivelyn(w,) is the number of optical phonons at ther- Gﬁn,(qz)=J Ynipnruydz (24)
mal equilibrium and the upper and lower signs refer to pho- 0

non absorption and emission, respectively. The three compder the s-TO mode and

nents of the optical deformation potential, D, andD,
are assumed to be equally= D//3 in the calculation, in G )= JL¢ Jootdz

view of the assumption of isotropy. The Kronecker delta in- nn (AL AT o NTNIEXES

dicates the in-planex(y) momentum conservation. The nor- (25)

malization factors are given b .
i ’ Gfmf(QL,QT):JO Ynthyu,dz

1L
Aa(d) = Efo uyu,dz  (s-TO), for the hybrid of LO andp-TO modes. It should be noted
23) that, given the proper displacement expressions (E).for

1L the matrix element is valid for both the guided and interface
Ac(qy,gr)= EJ (uxux+uyuy)dz  (hybrid). modes discussed above.
0 Obviously, depending on the alloy composition in the
The G, functions contain envelope wave functiopsand  well, the three mode$Si-Si, Ge-Si, and Ge-Gewill have
¥, from which interference effects can be obtained. Specifidifferent interaction strengths with the carriers in the QW
cally, structure. Specifically, each interaction should be weaker
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than that for the case where it is the only existing mode andhg weights according to the Ge contentto each of the
therefore needs to be accounted for properly. A crude modalibration modes in the $i,Ge, well: wg;=(1—x)? for the

to approximate the relative strength of each individual modesi-Si mode, wg.s=2x(1—x) for the Ge-Si mode, and
is to assign a weight in the calculation of the phonon scatwg.=x? for the Ge-Ge mode.

tering rate. If we assume bonds formed between Si-Si, Ge-Si, Applying the Fermi golden rule, we obtain the scattering
and Ge-Ge are purely random, then we can give the followrate due to the guided modes

wjm:h[n<wo>+%:%1032| Y l? (s.70)
WJ _ ZﬁzpleL q AA (26)
" wjm:h[n<wo>+%:%1082 Gy + GE |2 ybrid
2h%prwol aL.ar Ac '

where we have assumed that for the intersubband procegdionons of Ge-Si and Ge-Ge modes. However, since the
(n#n’) the heavy holes are scattered from the bottom ofSi-Si vibration is unconfined, the calculation of its scattering

their original subbands and for the intrasubband processate is trivial®’
(n=n") the heavy holes have just enough kinetic energy

(equal to the Si-Si optical-phonon eneydg emit an optical

phonon to reach to the bottom of the same subbawd.

(wherej denotes Ge-Si or Ge-G&s the weight assigned to a The intrasubband scattering rate was calculated assuming
particular vibration mode anahyy, is the heavy-hole effective that the transition originated from the heavy-hole state with a

A. Intrasubband scattering

mass. kinetic energy equal to the Si phonon energy to the bottom of
For thes-TO guided mode, the summation in EQ6) is  the same subband. Therefore, only the process of phonon
over allg,=n/L limited by emission is considered in the calculation. All results are ob-
tained at room temperature. The structure parameters are var-
w2 ied within the limits for producing metastable strained
<|—| —d?, (277  Si;_4Geg, alloy on the Si substraté. Figure 3 shows the
g intrasubband transition rates 1-1 within the ground-state

heavy-hole subbandn=1) due to the Ge-Si and Ge-Ge
wherea, is the lattice constant angl, is given by the con-  guided and interface modes as a function of the well width
straint of the in-plane momentum conservation. For the hyfor a Sj) .Ge, /Si QW. It can be seen that for the intrasub-
brid guided mode, the summation is restricted to those compand process the strength of interface mode scattering is
binations ofq, =n_#/L andgr=n/L, which, according to  about same order of magnitude as that of corresponding
Eq. (6), yield discrete values ofj, satisfying the in-plane guided mode. This is in contrast to the intersubband process
momentum conservation. It should be pointed out that &iscussed later. The scattering rates of both guided and inter-
unique final-state heavy-hole wave vector (initial k=0)  face modes for Ge-Si and Ge-Ge vibrations increase with the
will result if the phonon frequency dispersion is neglected,increase of the well width when it is narrofiy <25 A). This
corresponding to a constant optical-phonon energy. Then the
in-plane momentum conservation would be impossible since
the discrete values af, will not be able to exactly match the Go-Si guided (1-1)
unique value ok'. However, taking into account of the pho- /\/ | |
non dispersion, a region of heavy-hole wave vedstowill \ N, Ge-Siinterface (1-1)
be obtained and the scattering process is permitted as long as i N \
0y lies in that region.
There is nos-TO interface mode and the scattering rate Py
due to the hybrid interface mode can be given, similarly, by \
\ I~
0.1 Ge-Ge guided (1-1) "“\\
] /T
G[e-Ge int}erface (1I -1)
T T [}
whereG” , andG’ , are functions ofjr1, g, 5, andgr, with 20 Wiﬁwidtﬁo(,:\) 80 100
g.1=0. The determination of the phonon wave vectors in the
well and barrier regions has been discussed in Sec. Il. Equa- FIG. 3. Intrasubband scattering rates in the lowest subband

tions (26) and(28) are used to evaluate both the intrasubbandn=1) due to Ge-Si and Ge-Ge guided and interface modes as a
and intersubband transitions due to the confinedunction of well width withx=0.5.

<
N

o
w

o
N

. wmin(wo)+3¥ 31D}
nn’ 2h2p1woLAC

|G +G?

nn’ nn’

2, (28

o

intrasubband scatteringrate (1/psec)

(=]
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is due to the increase of the interferenGefunction with
n=n’'=1 given by Eqs(24) and(25) as the envelope func-
tion for subband 1 becomes more confined in the well region
for larger well width. However, th& function increase be-

—
~
a

. I .I
Slo_sGeo_s/Sl Qw

D
74

/

comes negligible as the well width increases further since the \ fotal (1-1)
envelope function has mostly been confined within well re- 0.8l =

gion. Examining the interface scattering rate given in Eq. \\ \\
(28), one would expect it to decrease with the further in- 0.6 N ~y

crease of the well width., which is clearly demonstrated in
Fig. 3 for both Ge-Si and Ge-Ge phonon interactions. A simi-
lar decrease of the interface scattering rate in a
GaAs/ALGa _,As QW has been reportéd.

For the guided mode, the scattering rate is given by sum-
ming the contributions from the-TO and hybrid of LO and

o
~

T uncontfined (1-1) ==

/

o
o

o

intrasubband scattering rate (1/psec)

0 20 40 60 80 100

p-TO modes. However, the hybrid interaction with the heavy well width (3)

holes is much weaker than tleTO mode, because of the (b)

requirements on the hybrid mode to simultaneously satisfy 1 ] G | Si dw

the in-plane momentum conservation and the frequency dis- 11 Siy.xGey/Si /

persion Eq(6). This excludes the interaction of most hybrid ¢

modes with the heavy holes, leaving thd O modes as the
dominant scattering mechanism. In fact, the number of al-
lowed s-TO vibration modes will increase with the increase
of the well width. It is easy to see from E(R4) that for the
intrasubband procegs=n") the interferences function is

L=40A /
total (1-1) A
/
'/
/

o
©

@
©

o
3

infrasubband scatteringrate (1/psec)

nonzero only for eves-TO modes(n, =1,35 .. .), and the 0.6 é\;ﬂ‘gonﬁned (1-1) 7]
largest contribution is from the lowest-order modg =1 05
with higher-order modes being at least two orders of magni-

0.4

tude less. The guided mode scattering for the intrasubband
process is therefore practically a singldO mode interac-
tion and behaves similarly to the interface mode. The differ-
ence between the Ge-Si and Ge-Ge vibrations is mainly due
to the different weights assigned to them according to the G%

content in th_e SGe, _ alloy. Our_ calculation also show_ed_ modes, compared to the bulk intrasubband scattering rate assuming
that the 2-2 intrasubband scattering process has very similaf, confinement(a) as a function of well width with Ge content
behavior as the interface mode scattering and has a slightly_q 5 and(b) as a function of for a well width of 40 A.

higher scattering rate than the guided mode, but overall
smaller rates compared to the 1-1 process.

Figure 4a) shows the total scattering rate as a function of
the well width, which is given by summing the contributions
from the Ge-Si, Ge-Ge, and Si-8iinconfined vibrations.
Also shown in Fig. 4a) is the result calculated neglecting the
phonon confinement for comparison. It can be seen that th
phonon confinement actually enhances the intrasubband sc

o

01 02 03 04 05 06
Ge content (x)

FIG. 4. Total intrasubband scattering rates in the lowest subband
=1) due to Ge-Si, Ge-Ge confined modes, and Si-Si unconfined

Si-Si vibrations including both guided and interface modes.
But the interface mode scattering is at least two orders of
magnitude weaker than the guided mode for the intersubband
process. Similar weakness of the interface mode has been
shown in a GaAs/AiGa, _,As QW.” The result assuming no
Eonfinement is also shown in Fig(ad for comparison. The

%ﬁarp increase of the scattering rates in the small well width

tering process. However, the opposite is true for the intersu i : : ; ; .
. gion(L<25 A) is once again due to the increasing confine-
band process to be shown below. Figufl)4hows the same ment in the well region of subband 2, which leads to an

result as a function of the Ge content in the alloy for the well; .- <o of the interferend® function. Both scattering in-

width of 40 A. Thg difference Increases with the Increase O(iensities from Si-Si and unconfined phonons reduce with fur-
the Ge contgnt since thg contributions from th? confl'ne. her increase of the well width. Since initially the narrow
p_honqns will increase while that from the unconfined SI-Slwe” width only allows a small number of guided modes, the
vibration decreases. guided mode scattering is weak compared to the Si-Si scat-
tering and the total scattering rate follows the dependence of
Si-Si vibration. As the number of allowed guided modes in-
The intersubband scattering rate was calculated assumirggeases with increasing well width, the guided mode scatter-
that the transition originated from the bottom of a subband ing actually surpasses the Si-Si component, leading to an
with zero kinetic energy to another subbafid #n). Both  increase of the total scattering rate. The small discontinuous
phonon absorption and emission processes are considerediiltremental steps in the Ge-Si, Ge-Ge, and therefore total
the calculation. Figure(8) shows the 2-1 scattering rate with scattering curves are due to the discrete nature of the increase
the Si-Si, Ge-Si, and Ge-Ge components as a function ah the number of allowed guided modes as the well width
well width for a Sp sGe, #Si QW. Subband 2 appears at the increases. The sudden drops in the curves occur when the
well width of 20 A. The total scattering is obtained by sum- energy separation between the two subbands reduces to less
ming the contributions derived from the Ge-Si, Ge-Ge, andhan one of the three phonon energies corresponding to dif-

B. Intersubband scattering
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(a) duces. As a result, the difference between the total scattering
05 | | | | rate and the rate obtained assuming no confinement widens
Sig 5Geq 5/Si QW with Ge content.

2-1 intersubband
| |

|
[\&nconﬁned IV. SUMMARY AND DISCUSSION

In an earlier paper we treated phonon-induced intersub-
band transitions in $i,Ge/Si MQW structures. The ab-
sence of polar optical scattering resulted in subband lifetimes
an order of magnitude larger than those in MQW's of IlI-V

total semiconductors and without the precipitous decrease at the
N Ge-Ge optical-phonon threshold. This earlier work assumed uncon-

o/ fined, three-dimensional phonons. Noting strong experimen-
1\ tal evidencd for phonon confinement in $i,Ge/Si
SiSi MQW's, the present paper extends the earlier treatment to
Lo the case in which phonons are confined.
0 20 40 60 80 100 120 A single Si_,Ge, QW with a Si barrier is considered.
well width (A) The decoupled heavy-hole subbands and wave functions are
determined by the finite square-well model. Assigning statis-
(b) tical weights to the Si-Si, Ge-Si, and Ge-Ge vibrations in the
Si;_xGe)'(/Si aw QW assuming a purely random bond model, the Ge-Si and
L=40A Ge-Ge modes are treated as confined while the Si-Si modes
2-1 intersubband are extended. The confined modes are of two kinds, guided
o | ‘ modes and interface modes. The guided modes consist of the
\ " s-TO and coupled LO ang-TO modes, with the boundary

o
~

o
w

/|

()
)
ol
o

intersubband scattering rate (1/psec)

o

o
~

unconfined condition that the displacements vanish at the interfaces. In
comparison with the guided modes for polar optical phonons,
the current choice of basis set that describes the coupling
total between theg-TO and LO modes is neither orthogonal nor
| complete. Hence the sum rule found for polar LO phonons
cannot be applied to the case of nonpolar optical phonons.
Si-Si \ The interface mode is obtained applying hydrodynamic

A

Ge

\

o
w

@
o

boundary conditions to the LO and TO modes separately and

o
iy

i O
) i then requiring that the component of their suninot thex
Ge's'\ Ge- \\ componentvanish at the interfaces. The LO mode is a two-

P SN — dimensional bulk-type solution with constant amplitude in
0 041 02 03 04 05 06 the well and propagating parallel to the interface; the TO
Ge content (x) mode is an even functiofeferring to thez componentwith

a sinusoidal spatial dependence so that the boundary condi-

FIG. 5. Total intersubband scattering rates from subband 2 to 110NS at the interfaces can be satisfied.
due to Ge-Si, Ge-Ge confined modes, and Si-Si unconfined modes, 1he Ge-Ge optical-phonon spectrum in the well region
compared to the bulk intersubband scattering rate assuming no cofas no overlap with that of Si-Si optical phonons in the bar-
finement,(a) as a function of well width with Ge contert=0.5and  riers, but instead overlaps with that of the acoustic Si
(b) as a function ok for a well width of 40 A. phonons. The model for the interface mode derived from the
optical-phonon dispersion relations using the hydrodynamic
boundary conditions is not without criticism. Further inves-

ferent vibrations. Specifically, the drops occurred_at72,  tigation of this subject is underway to provide a more accu-
83, and 99 A corresponding to the Si-Si phor{64.3 meV, rate estimate of the intrasubband scattering rates. But we
the Ge-Si phonori50.8 meV}, and the Ge-Ge phonai37.4  would still expect the intersubband process to be dominated
meV), respectively. It can be seen in Figabthat the pho- by the guided-mode scattering, which ultimately determines
non confinement reduces the scattering rate by a factor dhe subband lifetimes.
2—-4 as compared to the case of no confinement. It is there- The intrasubband and intersubband scattering rates are
fore important to take into account the phonon confinemenctalculated as a function of the QW structure parameters: Ge
effect in estimating the subband lifetimes. contentx in the Sj_,Ge, well and the well widthL. These
Figure §b) shows the 2-1 scattering rates as a function ofparameters are varied within the limits reportedly to produce
Ge content in the $i,Ge, alloy for a well thickness of 40 the metastable strained layers of SiGe, alloy on Si sub-
A. The contributions from the guided modes increases wittstrates without introducing a large number of misfit defects.
the Ge content while the unconfined Si-Si component reWe choose the Ge content &=0.5 as we vary the well

intersubband scattering rate (1/psec)

o
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width to give a fair weight of the Ge-Si and Ge-Ge confined Finally, we note that the present investigation has consid-
modes. We use the fixed well width of 40 A to allow at leastered the scattering of heavy holes whose dispersion is para-
two confined heavy-hole subbands as we vary the Ge corbolic. The extension to light holes and the split-off band,
tent. Our results are as follows. For intrasubband scatteringyhich are coupled due to spin-orbit coupling and st&émd

the scattering by the interface mode is nearly the same as thathose dispersions are therefore nonparabolic, would require
for the guided modéFig. 3) and the total intrasubband scat- extension of the theory, but with similar results anticipated.
tering with confinement is larger than that without confine-

ment (Fig. 4). However, for intersubband scattering, the in-

terface mode scattering is at least two .orders of magnitude ACKNOWLEDGMENTS
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