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Intersubband hole-phonon and alloy disorder scattering in SiGe quantum wells
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Using the 6x6 k-p method we calculate hole-phonon and alloy disorder scattering rates in SiGe quantum
wells, and how these depend on the various parameters of the system. The relative importance of different
branches of nonpolar optical and acoustic phonons is discussed, and a comparison is made with alloy scatter-
ing. The latter is found to be an important mechanism for intersubband hole relaxation, particularly for
low-energy transitions at low temperatures, where it dominates over phonon scattering, while losing signifi-
cance in the opposite case. The results are relevant for the design and operation of SiGe-based quantum
cascade lasers relying on intersubband transitions in the valence band.
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I. INTRODUCTION H.
P-type Si/SiGe heterostructures are presently being con-
sidered as prospective candidates for intersubljgndntum
cascadg lasers operating in a range of wavelengths, from

P+Q R¥iS \/—R+—S

2

midinfrared or even near infrar&d to far-infrared. Possible = RIS P-Q=iC V2QFi32S |,
advantages offered by theSi/SiGe system include those of i

; ; - T i t +i
fundamental characténo polar optical phonons, in contrast \/§R+7S \/EQiI V3I2 P+A=xiC
to the ALGa _,As and Galn;_,As/Al In;_ As systems, - 2 -
and a large nonpolar optical phonon energy in Si, which (2

should result in increased relaxation timess well as those
of technological charactdboth in-plane and perpendicular
polarizations of light are optically active, offering the pros- 2 s o
pect of surface-emitting intersubband lasers, and also low P=(2—mo)[71(kx+ ky) +Kzyike],
cost processing and the potential for integrakion

Very important issues for intersubband laser operation are #2 S
carrier relaxation rates, since these determine the achievable Q= (H)Uz(k +ky) — 2k, 2K, ],
gain, the dynamics of the system, and the eventual modula- 0
tion limits. In this paper we consider the relaxation processes %2
between hole subbands ip-doped SiGe-based quantum R= ﬁ(ﬁ) ‘y(/,kﬁ,
wells (QW'’s) induced by phonon and alloy disorder scatter- 0
ing. The hole subband structure is calculated using the 6
X6 k-p method. In the scattering calculations we do not S= 2\/—< )k”[(g 8k, + k],
use the axial approximation or the parabolic dispersion ap-
proximation; rather the full anisotropy of the quantized hole

; 1
states is accounted for. S= 2\/—( )kl{
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Il. THEORY
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A. Hole subband structure
. . . . : %2
Using basis set and state ordering as in Ref. 5, the block C=2( >k|[k o—6—m)—(o— 5— m)k,]

diagonalized form of the 86 Hamiltonian[which includes
heavy-hole(HH), light-hole, and split-offSO) bandg reads

Y=\ 72+ u?—2yu cos¢,
H, O Here y,,3 are the Luttinger parameters, and their Ii_near
Z{ } (1) combinations, introduced by Foremarare given by y
=(y3t72)/2, p=(y3=72)/2, 6=(1+y1+ 72— 373)/9, o
=y—46/2, and 7= u+346/2. The energy is measured from
where the valence bandVB) top downward,kf=k:+kZ, and
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tan(#) =k, /k, . This Hamiltonian does not include the axial ponent ofdy(z)/dz is ig;y"", we proceed in the conven-
approximation. In a one-dimensional-modulated, i.e., layere@ional way, i.e., by qust[tutlng the Fqurler expahs[ﬁﬂ-
structurek,— —id/ 9z, the quantitiesy; » 5, 4, ; o, 8, and (4)] of the wave function into the Schilinger equation, left

7 all vary along thez axis, and the position-dependent vB Multiplying it by any one conjugate harmonic, integrating,
edge is added to the diagonal terms. This may include th@"d then using the orthogonality of plane waves. Thus we
valence-band offset, the external field bias, and, if the calcufind that a matrix elementlgg szthe Hamth)omanz, stem-
lation is self-consistent, the self-consistent potential as wellMng from the operatorf(2)d/dz, readskf (igj)*; that
Furthermore, if001]-grown SiGe structures there exists a rom the operatc_Jch/dz)d/dzreads_(g_k)f( )((k')gj)v and that
biaxial strain, i.e., = e€,y# €,; and e,=e€,,= €, =0, from the pptentlal-llke operatoir(z) is just f. , wherek is
where the strain components amount &,= ey, =(ao the subscript of the plane wagy=g,—g; (if any suchg,
—a13)/15 and e,,= —(2C15/C1y) €y, With @, denoting lies outside the range included, then the maitrix ele_ment is
the lattice constant of the substraend hence the in-plane €dual to zerh The method can be generalized straightfor-
lattice constant of each layeranda, the unstrained lattice Wardly to handle structures modulated in more than one di-
constant of a particular layer. THe and Q terms are then '€ction, e.g., for quantum wires and dots.

amended with strain-dependent terms, i.P—P+P,,
where P.=—a, (et €,,t€,,), and Q—Q+Q,., where

B. Phonon scatterin
Q= —Db(exxt €yy—2¢€,,)/2, wherea, andb are the hydro- ng

static and shear deformation potentials. The absence of polar-optical-phonon scattering in SiGe
The eigenproblem to be solved, means that the two types of phonons relevant for hole scat-
tering are the acoustic and nonpolar optical modes. The pho-

HoWo=EW., W.(r)=y¢.(2)exdi(kx+ky)], non branch dispersions, and the deformation potentials for

hole-phonon scattering in pure Si and Ge, have been well

documented. The situation in SiGe alloys is more compli-
where ¢, (2)=[F1(2)F2(2)F3(2)]" and ¢ _(2) cated, due to considerable differences in some phonon prop-
=[F4(2)Fs(2)Fe(2)]", is further handled by expanding the erties in Si and Ge. For optical phonons the alloy has three
wave functions in Fourier series, distinct branches, corresponding to Ge-Ge, Ge-Si, and Si-Si
interatomic vibrations. Each of them has it own distinct fre-
qguency and scattering deformation potenttaht of Ge-Si is
approximately the average of Ge-Ge and Si-Si branches
Separate branches are given appropriate strengths, according
whereL is the periodic length of the structufevhich, be- to the number of interatomic bonds present in the alloy.
cause of the solution method, is implicitly assumed to be arhus, for an alloy with a Ge mole fraction these strengths
superlatticg A finite numberN, of g, vectors is taken. For amount tox?, 2x(1—x), and (1—x)? for the Ge-Ge, Ge-Si,
each wave-function basis componén(z), there is a vector and Si-Si branches, respectivBlyThis concept, however, is
of Fourier components, which collectively comprise the Fou-not used for acoustic phonons with their comparatively small

2
Fo=3 F extiga, o=17 @

rier representation of the total wave function. energies, and weighted averages of the velocities and of the
The use of the Fourier expansion method was first prodeformation potentials of Si and Ge are usually taken.
posed in Ref. 6, and was also used more recéntljhough Most of papers published so far on hole-phonon scattering

apparently not with Foreman’s formulation of the Hamil- dealt with bulk, or bulklike materiafi.e., with no quantized
tonian with the position-dependent Luttinger parametershole states*'~'8Various approaches to calculating the hole-
Here we describe briefly how the matrix elements are set uphonon scattering rates have been used, from assuming a
in this case. fully isotropic phonon dispersion, and a simple structure of
Each of the terms in Hamiltoniaf2), when acting upon a the valence-band states, to including the anisotropy and com-
wave function, has one of the following four forms: plex structure of both carriers and phonons. The hole-phonon
() f(2)¢¥(2), (i) (d/d2)[f(2)¥(2)], (ii) f(2)(d/d2)y(z), scattering in Si or SiGe QW'’s was studied in a limited num-
and (iv) (d/d2)[f(z)(d/d2)(z)], where f(z) represents ber of papers®'®-22In QW structures the phonons may be
a particular combination of Luttinger parameters and/ormodeled as bulklike or confined. The Monte Carlo simula-
the potential, with appropriate constarts., thesef(z)’s  tion in Ref. 21 assumed a parabolic dispersion and bulklike
are known functions at the time of setting up the Hamil-phonons, while the calculations presented in Refs. 10, 19,
tonian]. All the more complex derivatives, when they appear,and 20 used confined phonons but the hole dispersion was
are then expanded to obtain simple derivatives of the waveaken as paraboli¢the last two references dealt with heavy-
function, multiplied by anotheknownfunction, or its deriva-  hole subbands only, assuming parabolic subband dispersions
tive; i.e., @/d2)[f(2)¥(2)]—(df/dz)y+f(dy/dz), and and no mixing of heavy- and light-hole stateb a recent
(d/d2)[f(2)(d/d2) y(2)]— (df/d2) (dyldz) + f(d?yldZ?). calculatior?? of scattering between LH and HH subbands, in
To set up the Hamiltonian in the Fourier representationwhich only acoustic phonons were considered, nonparabolic-
the Fourier transforms of all the position-dependent quantiity was partly taken into account. More precisely, the disper-
ties appearing in the Hamiltonigithe Luttinger parameters, sion of the LH1 state was modeled by a nonparabg@le,
and the potentiajsare calculated. Then, using the fact that, if shifted-parabolit expression, to fit thek-p calculation,
the Ith Fourier component of(z) is y(") then thelth com-  while the lower HH1 state was considered parabolic, and the
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anisotropy of both states was neglec{éis is a good ap- forming averages according ZfoffFD(kHi)Wif(klli)dkHi/
proximation for the LH1 state, but not as good for the HH1 [ (k;;)dk ;. All the results presented in Sec. II C are for
statg. Furthermore, the basis overlap of quantized states wasveraged scattering rates.
modeled by an independent simple expression after ifley,  For the reasons described above, in contrast to the case of
although the nonparabolicity, the anisotropy, and the waveelectron scattering, it is not possible to proceed with analyti-
function overlap properties all originate from a commoncal integration in Eqs(5) and(6), and further evaluation had
source, i.e., from the HH-LHSO) state mixing. to be done numerically. In the numerical procedure the hole-
In this work we have used fully anisotropic hole subbandquantized state energies and wave functions were found at a
dispersions, and full wave functions as calculated from thenumber of points in the plane, and a look-up table was
6X6 k-p method, rather than using the Wiley factor. For made, to be used in a three-dimensional interpolation. The
phonons, however, we have adopted the model of bulklikes(-) function was substituted with a Lorentzian whose width
phonons with isotropic dispersion. was determined according to the density of the numerical
The hole scattering rate from a quantized statestatef ~ mesh used in the integration, and otherwise had no physical
due to acoustic phonon absorption and emission was calcureaning. Since the procedure had to be numerical, there was

lated front* no particular benefit to making the usual approximations
about phonons (quasielastic scattering on acoustical
Diﬁ 1 1 phonons, dispersionless optical phonpnshich are com-
Wif(kHi)=—2f ( ph 2+§)|Gif|2 monly employed in analytical considerations of electron-
2p(2m)=) () phonon scattering.
K2 ,
Xﬁ_ S(Ei—Et=howp)dK, (5) C. Alloy scattering
w
ph The alloy disorder scattering of electrons or holes was
and that due to nonpolar optical phonons from quite extensively considered in the literature, and included in

transport studies of different types and levels of sophistica-
D27 11 tion, in b%tg1 E)lus!léliké&25‘29 and quantized semiconductor
Wif(k“i):;f (Nph+—i—)|Gif|2 structures®312135|n a random alloy of two elemental or
2p(2m)%) () 22 binary compound semiconductors, e.g. with two constituents,
with nominal(that is, the average taken over an infinite vol-
X%5(Ei_Efiﬁwph)dK’ (6) ume contents of the constituentsand 1—x, there occur
ph fluctuations of the alloy composition when sampled in any
finite volume. These fluctuation@lloy disordey translate
into an effective spatially fluctuating potential in the semi-
conductor, which gives rise to carrier scattering.

where the integration in Eq$5) and (6) is performed over
both the in-plane ;) and the perpendiculark(,) compo-
nents of phonon wave vectélr, D, andD, are the acoustic- Interestingly, alloy scattering was almost exclusively stud-
and optical-phonon deformation potentiaisis the material e in the context of carrier transport, in both SiGe and many
density,iwpp, is the phonon energgwhich may depend on 1.y glloys, and it was found to be one of the major limiting

its wave vector, Npn= 1/ expiwpn/ksT)—1], and mechanisms of carrier mobility, particularly at lower tem-
peratures when phonon scattering is reduced. The alloy scat-

o + : tering is strictly elastic, and in bulklike semiconductors it is

Gir f(z) wl,kl‘i(z)exp(lez) wf’k\lf(z)dz @ basically the direction of the carrier wave vector which is

changed (although the wave-vector modulus may also

is the form factor for phonon scattering. The wave functionschange in the case of anisotropic dispersidn quantized
are vectors in the basis space, i.e., Efj.accounts for both states of semiconductor nanostructures alloy scattering may,
the spatial and basis overlaps of the initial and final states.like all other types of scattering, be either intrasubband or

The wave functions in Eq7), and hence in Eq¢5) and  intersubband, depending on whether the quantized state is
(6), depend on the in-plane wave vectds of hole states conserved in scattering or not, such that in the former case it
(wherek)s=k; =K ), as does the energy, in an anisotropicis just the in-plane wave vectdq; which is changed. For
and nonparabolic manner. There is, therefore, only a limitedow-temperature carrier transport, almost all carriers reside in
similarity between Eq(7) and the corresponding quantity for the lowest subband. Consequently, the transport properties
electrons. The rates of various transitions will be determinecre dominated by intrasubband scattering, and hence the in-
by the interplay ofk -dependent state mixing and the oscil- tersubband processes have usually been neglected in theoret-
latory exponential effects in Eq7). ical studies of transport in HEMT’s and other heterostructure

The above expressions give the “bare” scattering rateglevices’?13°
(i.e., assume empty final stajesind also depend on the  However, despite being elastic, alloy scattering can still
initial-state wave vector. More relevant quantity are thecontribute to carrier relaxation from excited subbands. In an
averaged scattering rates, which are obtained by insertingntersubband alloy scattering process a carrier (tyically)
into the integrals in Egs.(5) and (6), the factor smallk| state, within an excited subband, will scatter into a
[1—fep(Es(K)1),Er kg T)], wherefgp is the Fermi-Dirac largerk| state of a lower(e.g., groungl subband, so that its
distribution function andEg the Fermi level, and then total energy is conserved. From there, the carrier may cool,
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i.e., lose energy by subsequent inelastic scattering involving strain-related tendency for it to appear during the course of
acoustic or optical phonons. Intrasubband phonon scatteringpitaxial growth, even if it may not minimize the total energy
is generally a fast process, which makes it likely that a carof the already grown structure. If clustering does occur, one
rier will cool further before having a chance to scatter backmay assume that the size of an “effective” scatterer is equal
into a higher subband. Therefore, alloy scattering may opefy that of the clustergthough this clearly is a rather crude
an alternative carrier relaxation path in QW's. To the best oimodel, since there will still be some alloy disorder within
our knowledge, with the exception of the early study of Yoong|ysterg. With an average numbeX, primitive cells in a

et al,® using simplified variational wave functions for con- cluster, Eq.(8) may be modified by the substitutions
duction subbands for G, _,As based QW's, this mecha- 53 /4N a3U /4 andN—N.a%/4, and the scatterer radius

nism has not attracted any further research attention. . . 3/m 3 .
It has been a common practice in alloy scattering calcu” E9 (9) is evaluated from 4r /3= N.ay/4. Mobility cal-

lations to model the scattering potential as a spherically Symg.ulatlonszsusmg various-sized clusters were reported in the
metric square well of deptty and radiug . There has been literature: i i
a degree of ambiguity of the actual definition 0f, and, A rgicently reported total-energy calculation for SiGe
partly for this reason, a considerable spread of the reporte@lloys,” with and without clustering, found no significant
values®! In fact, the alloy scattering potential is related to difference between the two. Hence no tendency toward clus-
band-gap bowing in the alloy, another disorder-induced phetering is expected, while clusters which occur statistically
nomenon, which may be calculated using the ionicitywould be fully stable(and, with no thermodynamic prefer-
theory®? Since the band-gap bowing is an experimentalence for their formation, the majority of clusters would be
quantity, it may provide a means of estimating the scatteringgery smal). On the experimental side, clusters as large as
potential in cases where it is not already known. Alterna-20—30 nm in SiGe/Si HEMT’s were reported only when us-
tively, one may choose a more intuitive approach, using théng pulse laser depositiold,but not in structures made by
electron affinity or band discontinuity between the constitu-molecular-beam epitaxyMBE) (in contrast, clustering in
ent materialS>** The values thus obtained may help oneln,Ga,_,As and InAl;_,As normally appears in MBE as
obtain a good physical feeling, but to achieve a good quanwell?>3%.
titative agreement between the calculated scattering rates and In the case of intrasubband scatteriegg., for a calcula-
experimenicarriers mobility the alloy scattering potential is tion of the carriers mobility one always uses the long-
usually considered as an empirical or adjustable parameterwavelength approximationAk;<1/ro), effectively setting
The alloy scattering rate in a structure described by th(—:F(AkH)zl in Eq. (8). This is fully justified under near-
composition profilex(z), for transitions between the quan- equilibrium low-temperature conditions, because the initial
tized states andf with wave functionsy; (z), is evaluated  statek; is small and, even with anisotropy includesik

from?!8:21:26,30.31 cannot much exceedk?, . Consequently, the value of the
radiusr alone is irrelevant in this limiti.e., one cannot tell
vV 27 aS N whether there is any clustering preseriecause the alloy
Wit (kyji) = wf 470 2 potential Uy will eventually be determined by comparison
with experiment(the quantity actually determined in this
manner is the produdd,U3).
f |F(|AkH|)|ZdAk||f X(2) The computational details are the same as those for pho-
(k) @ non scattering, described above. To discuss the importance of
x[l—x(z)]|¢IkH_(z) lﬂf,kuf(z)|2 various terms in Eq(8) briefly, we note that for hole scat-
' tering in an intrasubband process both the spatial and the
X 8L E;(kyji) — E¢(ky;i+ Ak 1dz, (8)  basis overlap are good, so scattering is very efficient. For

intersubband scattering, however, the spatial overlap is
whereV is the volume of the systenN=V/(a/4) is the  clearly reduced, because ahy|? overlaps with itself better
total number of scatterers, each one having (@&signetl  than it does with any other function, and the same is true for
volume ag/4, where a, is the lattice constaff, Ak,  the basis overlap. However, this reduction is not too great,
=|Ak|=|kji—k is the exchanged in-plane wave vector, for two reasons. First, the spatial overlap involves the inte-

and gral of an entirely positive function. Second, the hole states
for large k), are highly mixed in character; hence there will
3 sin(AKro) —3(Ak)ro)cog Ak ro) be a substantial basis overlap of a near-zone-center state and
F(akp= (Ak‘|r0)3 © a higherk | state, whatever their character iskat=0. Con-

cerning the overlap, therefore, intersubband scattering is ex-
is the form factor corresponding to the spherical well modelpected to be smaller than intrasubband scattering, but will
its radiusr being calculated from #r8/3= ag/4. remain within an order of magnitude of the latter. Finally, the
While this single-primitive-cell sized scatterer model is form factor[Eqg. (9)] may additionally suppress intersubband
usually employed, the above expression may be readilgcattering, depending on the magnitude of the exchanged
changed to handle the situation where there is prominentave vector relative to the inverse scatterer radi(a\k) )
clustering in the alloy. Some degree of clustering may bewill fall off with Ak faster if the cluster sizél. is larger.
expected purely on statistical grounds, and there may also bEhe form factor influences the scaling of the scattering rate
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with the energy difference between stategcause this in is used for labeling the states, but they acquire progressively
turn defines the range of exchanged wave vegttmst only  more mixed character ds| increases. In the case of almost
in conjunction with the basis- and spatial-overlap argumentsadjacent(within a few me\j HH and LH states, the mixing

is strong even for very small valueslgf. The inverted mass
feature, which is considered useful for quantum cascade
lasers*?2 also appears in this case.

Numerical calculations were performed for a range of Figure 1 shows the scattering rates from all the phonon
SiGe/Si QW'’s of the conventional rectangular profile, with branches, and the total rate, between the lowest three states
either GgsSiy; or Ge) sSiys well layers, and Si barriers, in a 32-ML Gg 3Siy; QW. The subband spacings in this well
while the substratévhich determines the strain conditions in atk =0 areAE 1.1 =31 meV, AEy,.441=38 meV,
the whole structurewas Gg ,Sipg. This choice of materials andAEy,.41=7 meV, all of which are less than any of
is appropriate for achieving strain-symmetrized structures, athe three optical phonon energies, exc®f .11, Which
a likely form of realization of multiple quantum wells in- is only marginally larger than the Ge-Ge phonon energy. One
tended for use in quantum cascade lasers. The relaxatiaran indeed see in Fig.(d), and even more so in Fig(d),
rates are primarily determined by the well region, either di-that the acoustic phonons are the most important relaxation
rectly (via its width and compositionor indirectly (via its  routes for the LH1-HH1 and HH2-LH1 transitions in this
strain conditions imposed by the substjatbecause the structure. It is interesting to note that acoustical phonons are
wave functions are mostly localized in the wells, while theslightly more important even for the HH2-HH1 transition,
barriers have a much smaller influentdue to the wave even though it is almost “resonant” with the Ge-Ge optical
functions repulsion into the well, and the absence of alloyphonon energyFig. 1(b)]. At low temperatures this is be-
disorder if made of pure BiThe Si and Ge parameters for cause only a small portion of the finkl, states are really
the band structure calculations were taken from Ref. 38, exaccessible to holes which are populating only khe-0 ini-
cept the VB offset which was set to the more realistic valuetial states. At high temperatures, with holes populating a
AE,=0.56 eV¥°. The parameters for the phonon scatteringlarger range of the initiak; states, the absence of a strong
calculation were as in Ref. 21. The optical phonons weréresonant” scattering with Ge-Ge optical phonons is due to
taken to be dispersionless, which is a reasonable approximéie fact that HH1 and HH2 states, despite having the same
tion in view of the fact that phonons witK, larger than character, have very different in-plane dispersions, due to
~20% of the extent of the Brillouin zone make no contribu- mixing effects. Therefore, for the majority of holes the HH2-
tion to scattering, due to the oscillatory exponential in Eq.HH1 transition is not resonant with the Ge-Ge optical
(7). Acoustic phonons were assumed to have a linear dispephonons at all. Indeed, a consequence of the band mixing is
sion, which is adequate in the above range of wave vectorshat the concept of resonantly enhanced optical phonon scat-
and, as we discuss below, gives a noticeable difference frortering is much less significant for hole intersubband transi-
the results of the zero-energy acoustic-phonon model. Théons, compared to the case of electrons.
alloy scattering potential consistent with the scatterer size In another example we consider a 22-ML {38i 5 QW.
used here wasJy=0.42 eV3! In all the calculations the The state spacings & =0 here areAE, y1 yp1=72 meV,
surface hole density was set ak30' cm™ 2. AEnn2.qn1=79 meV, andAEyy,. 41=7 meV, the first

In discussing the influence of various parameters on théwo now being larger than all of optical phonon energies.
scattering rates, it is useful to recall some properties of hol&@he contributions of the optical phonons now exceed those
bound states in SiGe QW's. Once the well composition andf the acoustic phonond-igs. 2a) and 2b)], except in the
the strain conditiondi.e., the substrajeare specified, the low-energy HH2-LH1 transition where the acoustic phonons
spacing between the HH1 sta@ways the lowestand the are most importanfFig. 2(c)], as expected. What was not
LH1 state is almost independent of the well width for a wideexpected, however, and in contrast to the previous example,
range of values® and in the above system amounts tois that the HH2-HH1 optical phonon scattering rates do not
~30 meV inthe 30% Ge QW, and te72 meV inthe 50% show any significant increase with increasing temperature
Ge QW. In a range of well widths from 20 to 40 ML for [Fig. 2(b)]. In fact, in the intermediate temperature range
instance, these LH1-HH1 spacings are stable to within Xhese rateslecreasewith temperature, though only slightly.
meV (where 1 ML is half the lattice constant2.8 A for  This is actually a common feature we find in all cases where
the [001] growth direction, as is conventional in SiGe the HH2-HH1 spacing is largésignificantly larger than the
QW'’s). On the other hand, the HH2-HH1 spacing dependsnergy of the corresponding optical-phonon mjodeence
mostly on the well width in the classical textbook manner,the transitions are then necessarily highly skeweklspace.
and widening the well makes the HH2 state swap positiolThe phenomenon does not occur in analogcharacter-
with LH1, to become the second lowest state. The HH2-HHIpreserving’) scattering between the electronic subbands, in-
spacing changes from80-90 meV down to-25 meV in  dicating that it is the band mixing, present in hole systems,
the above range of well widths. Therefore, the LH1-HH1 andwhich brings about this unusual result. With increasing tem-
HH2-HH1 spacings in the systems considered span an eiperature the hole distribution spreads over a larger range of
ergy range which includes the characteristic values 37.3 meY|, states of the HH2 subband, and the band-mixing effects
(the Ge-Ge optical phonon enejggnd 64.1 meMthe Si-Si  then reduce the average overlap, i.e., the form fa@tprAt
optical phonon energy Quantized states have pure HH or the same time the phonon occupancy fachy,+1=1
LH+SO character only at the zone centkf£0), and this  + 1[expwy,/kgT)—1] (because phonon emission predomi-

IIl. NUMERICAL RESULTS AND DISCUSSION
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Opi(Si-Ge) ~ ___ o mmE T T
— — e
Opt(Ge—Ge o
piC ) = Ac
i / Op(Si—Si)
(b)
1 . I .
0 100 200 300
K

(Gey 591y 5), i/ Si(barr.)/Ge, ,Si, ((subs.)

HH2-LH1

Opt(Si-Ge)

Opt(Si-Si)

©

Opt(Ge—-Ge)

100 200 300

total intersubband scattering rates, as these depend on temperature,FIG. 2. Same as in Fig. 1, but for a 22 MI60.6 A) wide

in a 32 ML (88.2 A) wide Gg 3Siy; QW, with Si barriers, and on
the Gg ,Siy g substrate, calculated for tie) LH1-HH1, (b) HH2-

HH1, and(c) HH2-LH1 transitions.

Gey 5Sip 5 QW. The dashed lines in(B) represent the acoustic and
Ge-Ge optical-phonon scattering rates calculatedjat0 only

(without averaging over the initial stajes
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nates at these large state spacjngsreases. For the optical 10% T T T T
modes this increase is rather mile-83% for temperatures [
belowT=300 K for the Ge-Ge mode, even smaller for oth-
er9, and is very large for the acoustic phonons with their
smaller energiegout cannot be specified simply, due to their
dispersive natupe The net effect is that the band-mixing and
phonon occupancy are counterbalanced, and the average _
scattering rates on optical phonons depend only slightly on™e, o« |
temperature. This is very prominent in the example given in & i
Fig. 2b), but the balance may be less perfect in other ex- ™
amples. On the other hand, the acoustic-phonon occupanc
increases with temperature too strongly to be compensate
for in this way, so the corresponding averaged scattering rate
still increases. If the hole distribution and averaging were not

(Ge, ,Si,,) /Si(barr.)/Ge, ,Si, ,(subs.)
T=77K

HH2-HH1
HH2-LH1

LH1-HH1

accounted for, and only the scattering rates fromKkjre O @
initial state were considered, one would obtain the more 10" o P - = m 5
naturally looking but(in particular at high temperaturem- n (monolayers)

correct result, also displayed in Fig(b2 1o
The dependence of the total phonon scattering rates on th : ' ' '

well width, calculated aT=77 K, is given in FIgS &) and E (Ge, Sy 5),/Si(barr.)/Ge, ,Siy s(subs.)
3(b). In both cases there is a rather slow variation of the I
LH1-HH1 rate, which is due to the fact that the spacing A S T=77K

between these two states is almost independent of the we
width. On the other hand, the HH2-HH1 scattering rate de-
creases with the well width, which may be ascribed to the ~ |
fact that the HH2-HH1 spacing decreases, making one afte'= | LHI-HH!
another optical phonon type ineffective in scattering. The £
HH2-LH1 (or LH1-HH2, depending on the well widthre-
laxation rate also depends on the well width, and has a mini- ;
mum approximately(but not exactly, probably due to the C HH2-LH1
nonparabolicity and band mixing effectashere these two [
states cross d=0. In the structures we have considered, I
this close proximity of the LH1 and HH2 states laj=0 (b)

occurs for a 36-ML well with 30% Ge, or a 23-ML well with ~ 1°* 45 " ' » 3

50% Ge. n (monzcilayers)
Figure 4 shows the influence of the quasielastic approxi-
mation for acoustic phonor{ge., neglecting the phonon dis-
persion in the energy conservation condition, while retainin
it in the phonon distribution functionIn effect, forcing the
scattering to be “horizontal” in th&-k space makes the final
state for phonon emission more remote than it really is, andh two QW's. The scattering rate between the like-character
has the opposite effect in the case of phonon absorptiorstates(HH2-HH1) is more prominent for both QW's, but the
These errors apparently do not cancel out, but result in unmixed-character transitions are almost as strong, because a
derestimating of form factof7), reducing the calculated large exchanged vector implies that the composition of
scattering rate by a factor of 1.5—2. We have also checkethe final state will include a substantial proportion of the
the possibility of using the axially isotropic in-plane disper- basis states which matches the initial state, as discussed
sion of hole subbands in phonon scattering calculations, beabove. For the same reason, and also due tox(fie-x)
cause it would clearly save a lot of computational effort. Weterm in Eq.(8), the scattering rates are larger in the thinner
have tried sampling the subband dispersions along variougell with higher Ge conter, i.e., with larger energy spac-
directions in thek| plane(including that which is equivalent ings between the states. Although the microscopic scattering
to using the axial approximation from the outsékhis re-  process is temperature independéint contrast to hole-
sulted in variations in the calculated scattering rates of up t¢honon scattering the averaged rates shown in Fig. 5 de-
one order of magnitude, and we could not find a single sampend slightly on temperature, because of Kyedependent
pling direction which would be universal, and deliver the state mixing taken together with the temperature dependence
results of the anisotropic calculation. The importance of acof the hole distribution over thk-states.
counting for the anisotropy stems from the fact that it is quite  The influence of clusteringcluster sizeN.) on the alloy
strong in SiGe QW's, in particular for the ground HH1 state.scattering rates is given in Fig. 6. In this set of calculations,
Next we present the results for the alloy scattering. Figuréhe value of the produdd U2 (and hence implicitly the hole
5 shows the scattering rates between the lowest three statemwbility, as the experimentally measurable quantiyas

12

11

10 F =

FIG. 3. The total hole-phonon intersubband scattering rates, as
hey depend on the well width, &=77 K, in (a) Ge,sSi, ~ and
b) Ge, 5Sip s-based QW's.
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12

10

12

T . T . . 10 e
(Geys8iy 5) 5,/ Sibarr.)/Ge, ,Si, (subs.)

[————- (Ge, 551 )y /Silbarr.)/Ge, Sk (subs.)

(Ge, ;51 )y, o/ Si(barr.)/Ge, ,Si, (subs.)

— acoustic phonon scattering —

LH1-HH1 T=77K

HH2-HH1

HH2-HH1

10" y X L X L ) 10" PR | PR | L el
0 0 100 200 300 1 10 100 1000
T(K N

c

FIG. 4. The hole—acoustic-phonon intersubband scattering rates FIG. 6. The alloy scattering rates in the QW's described in Fig.
in 22-ML-wide Ge Siy; QW calculated exactlysolid line9, and 5, but calculated for a range of scattering cluster sizesT at
within the quasielastic scattering approximatialashed lines =77 K.

. : ture, indicates that alloy scattering may be the principal
kept constant. Under such conditions, in the range of transiz,| . otion  mechanism _ in p-SiGe OW's with small
tion energies of prac_tlcal interest there is hardly any mflu-(Sg0 meV) state spacings, at low temperatures. In such
ence of the cluster size on intersubband relaxation for Cluséystems, important, e.g., for far-infrar€BHz) quantum cas-
ters of less tham 10.0 primitive_cells, i.e., 20.0.atoms. cade lasers, alloy scattering may well be the limiting factor
Therefore, clustering in real MBE-grown sampl@fsit ap- in the intersubband hole lifetimes.
pears at aJl probably has only a mild influence on the scat-
tering rates.

The dependence of the alloy scattering rates on well width IV CONCLUSION

are shown in Fig. 7. There is clearly a general decrease of the Calculations of the hole-phonon and alloy intersubband
scattering rates with well width, but only within a factor of scattering rates in a range of SiGe QW's were performed.
~2. The fact that alloy scattering rates are only weakly ttm-The hole subband structure was calculated using the 6
perature dependent, while the phonon scattering rates genet-6 k-.p method, and the full anisotropy of the in-plane dis-

ally have a stronger, and increasing, dependence on tempefgersion of the quantized states was included. The relative

importance of the different nonpolar optical phonons in the

12

10 i : . : i SiGe alloy layers, and of the acoustic phonons, was also
[ LH1-HHI HH2-HHI1 HH2-LH]1 107 : : : :
(Ge,,Si, ,),/Si(barr.)/Ge, ,Si, (subs.)
T=77K
N HH2-HH!
'@ 10" r 1
£ —~
T [CRT .
] L I / ]
(GeysSiy5)g i/ Si(barr.)/Ge,,Si, (subs.) 1 L /
F———— (Ge,;Sig )y o/ Silbarr.)/Ge, ,Si, ((subs.) 1 LH1-HH1
10"’ " 1 . 1 N r HH2-LH1
0 100 200 300
T (K
10" 1 1 1 1
20 25 30 35 40 45
FIG. 5. The temperature dependence of the averaged alloy scai n (monolayers)

tering rates between the lowest three hole quantized steitd$,

LH1, and HH2 in a 50.3 A(18 ML) wide Gg, sSiy s QW and a 60.6 FIG. 7. The averaged alloy scattering rates vs the QW width
A (22 ML) wide Geg, 3Siy ; QW, both with Si barriers, on a G&Siy g calculated for Gg;Siy 7 QW's with Si barriers, on a GeSij g vir-
virtual substrate. tual substrate, at=77 K.
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discussed. For the low-energy transitions, which may be imtg p-SiGe among the most common QW systems. This
portant for the operation gf-SiGe-based intersubband quan- js because the confining'well” ) layers, in which most
tum cascade lasers, the acoustic phonons are the most impeif- the wave function is localized, are here made of alloy
tant among phonon scattering mechanisms, but the opticahther than of pure binary or elemental semiconductors, and
phonons (in particular, the Ge-Ge mogleare also non- there are no polar optical phonons. At least one of these
negligible. However, for a range gi-SiGe QW's a very properties is not shared with common GaAs@é& _,As or
important mechanism for intersubband hole relaxation is th@aylnl,yAs/Alzlnl,zAs based QW’s.

alloy scattering. Its relative importance is largest in case of
small spacing between quantized states and at low tempera-
tures, where phonon scattering is reduced, with typical life-
times in the range of 3-10 ps, but it may remain important, This work is supported by DARPA/ USAF Contract No.
though not dominant, in other cases as well. It should bd=19628-99-C-0074. The authors thank W. Bdttgeds and
noted that the importance of alloy scattering is rather specifiR. A. Soref(Hanscom AFB for useful discussions.
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