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The in-plane electron mobility limited by scattering from optical phonons in lead chalcogépixinTe-
type) quantum-well structures is studied theoretically. It is found that the mobility decreases drastically for
quantum-well widths smaller than about 200 A. The scattering from the interface phonons is responsible for
that. The nonparabolicity considerably reduces the mobility. Influence of the nonparabolicity on the mobility
essentially depends upon the growth axis of the quantum-well structure. It is found that the nonparabolicity in
guantum-well systems can be successfully represented by two following effBadependence of the in-plane
electron effective mass upon the in-plane electron wave véstinband nonparabolicityand(2) dependence
of the in-plane electron effective mass upon the subband number and quantum-well(indigiane mass
quantization. It is shown that, if the quantum-well width exceeds 250 A, influence of the nonparabolicity on
the mobility is actually represented by the subband nonparabolicity alone, otherwise the in-plane mass quan-
tization effect arises. The mobility of a many-subband system is found to be limited mainly by the intrasubband
scattering. The mobility of electrons in a higher subband is smaller than that in the first one, which is due to
the larger in-plane effective mass and stronger scattering rates in the higher subband. The mobility is essen-
tially affected by electrons in a higher subband, while the gap between this subband and the ground one does
not exceedkgT. The electrophonon resonance effect is also conside€&8d.63-182€09)07223-9

. INTRODUCTION the intrinsic electron mobility in GgyAng sAAs wells. How-
ever, Ref. 6 is mostly focused on the mobility limited by
Electron-optical phonon interaction in polar semiconduc-different scattering mechanisms together when only the
tor quantum-wel(QW) structures has attracted considerableground subband is occupied by electrons.
interest because of its importance for electronic properties. |n this respect, IV-VI narrow-gap semiconductor QW
There have been a number of theoretical works on the elegtructures are attractive for investigation because of a strong
tron transport in QW's taking into account the interactionelectron-phonon interactiotEPI), nonparabolicity, carrier
between electrons and long-wavelength optical phonons anghass anisotropy, and different valley configuratifie EPI
treating the effect of spatial confinement on both the electrons the dominant mobility-limiting mechanism within tem-
and phonon state's® perature range from 77 to 300 K and the nonparabolicity
According to the dielectric continuum model applied to seriously affects the electron transport in bulk, PtsnTe
layered structure€DCML),” phonon modes interacting with (Ref. 30]. Transport phenomena in such QW structures,
electrons in layered structures are classified as either cofvhich are interesting for both physics and device
fined LO modes or interface model-) [or surface(SO)  applications’* have not yet been investigated systematically.
modes for a free-standing sladt is shown that electron There is essential discrepancy between the experimental data
scattering from the phonons does not depend much upon thsh in-plane mobility of lead chalcogenide QW systems avail-
geometry and dimensionalitithree, two, or ongof semi-  able in the literaturé?~°and different quality of the samples
conductor systems for reasonable QW widths (100° BRar-  is supposed to be responsible for that. Nevertheless, this mo-
ticular interest has been recently to the LO-mode confinepility is comparable with the bulk mobility if the QW width
ment, which can significantly affect the scattering ratesexceeds 500 A. The interfaces in PbTe/P[SnTe struc-
provided the scattering from the LO modes is domif@it  tures are not perfect due to interdiffusion of the adjacent
(phonon engineeririg®~15. layers, which gives rise to a considerable roughness scatter-
The band mixing in QW's is taken into account through aing. In this investigation we nevertheless assume the inter-
nonparabolicity and energy-dependent boundary conditionfaces to be perfect.
for derivatives of the electron wave function at the potential In this paper, we present theoretical investigation of the
discontinuities. Small effect of the band mixing on the wavescattering rate and in-plane mobility of a nondegenerate elec-
functions is normally neglected in the first approximation.tron gas, taking the EPI to be the scattering mechanism. Two
The in-plane motion and the motion in the QW growth di- structures are studiedl) a single rectangular Rb,SnTe
rection appear to be coupled due to the nonparabofiéi?. QW imbedded between two PbTe barrief®) a rectangular
There has been a single pahép our knowledggwhere infinitely deep Ph_,SnTe QW of a Ph_SnTe free-
complexity of the phonon modes and nonparabolicity instanding slafFSS. The rectangular profile of the QW is in
QW’s were taken into consideration to compute numericallyfact not modified by the field of nondegenerate electron gas
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due to the large dielectric constant. The QW structures with 40~
axes(111) and(001) are studied. The electrons are assumed ‘
to occupy one and two lowest subbands. Influence of the
electron energetic structure and the phonon-mode spectrum
on the mobility of these low-dimensional systems is ana-
lyzed. The frequencies of the bulk LO-phonon modes for
PbTe and Pp,SnTe are very close to each other. That is
why it seems to be correct that the phonons in
PbTe/PhSn, _,Te/PbTe QW system are assumed to be the
bulk ones. A more rigorous treatment presented in this work
reveals whether or not this assumption is justified and under
what conditions.

The paper is organized as follows. In Sec. Il A, expres-
sions for the electron wave function and dispersion of the
electron energy are discussed. Analytical expressions de-
scribing the EPI and electron conductivity are presented in
the following sections: formulas for the Hamiltonian, in Sec.

Il B; scattering rates, in Sec. Il C; conductivity tensor of a

single valley and mobility of many-valley systems, in Sec. O T00 o0 300 250 300
[I D. The variational method is utilized for a description of o
the inelastic EPI because the relaxation-time approximation a(A)

is not valid. The results obtained in our work are discussed:
properties of electron-IF-phonon interaction, Sec. Il A; ef-
fect of temperature and QW width on the EPI and electron Eq. (2)]. For the (111 valley: solid lines—V,=60 meV

mobility, Sec. Il B; influence of the nonparabolicity on the dots—V,,=. For “oblique” valleys: dot-dashes — configurati'on

mobility for many-subband systems with different valley 1}, gashes— configuration 2. Zero energy corresponds to the bot-
configurations, Sec. Il C; and the electrophonon resonancgm of the conduction band in the QW.

effect for a two-subband system, Sec. Ill D. The most impor-

FIG. 1. Energy minima of subbands as functions of the
QW width of PbTe/PhgSn,Te/PbTe atT=300 K [according

tant results are summarized in Sec. IV. on the electron wave functions and restrict the consideration
to a nonparabolicity in the two-band Kane’s model. The
Il. THEORY eigenfunction of the effective mass HamiltoniBindescrib-

ing the electron in thdth subband can be written ak)
Cband f g =explik ¥ (k,,z). Here W,(k,,z) is the solution of the
We investigate a two-subband system of a nondegenerate.; ruin e _

i i . - ger equatiorHW,(k, ,z) = ¢W¥,(k,,2), k, andr are
two-dimensional2D) electron gas in two QW str.ucture(é.). the 2D wave vector and the position vector of an electron in
a PbTe/PLSn, _Te/PbTe structure where the intermediatey, oy  plane, andk, is the total electron energy. The Hamil-

<z< N
Egilﬁéstrﬁge(glfi%eg;zﬁﬁlr;%!;iﬁgt:tgggéagg(\ﬁre% t\fvo a;ezmi_ tonianH is given in Ref. 20. The higher band contribution
infinite PbTe barriers with height,,; (2) an infinitely deep and strain influence will be omitted in this Hamiltonian. The
b in-plane motion is practically independent of the motion in

QW of Ph_,Sn.Te FSS of thicknesa. the z direction when the nonparabolicity is not very strong,

In bulk IV-VI semiconductors like PbTe there are four articularly for the lowest subband as our numerical calcula-
equivalent energetic valleys at thepoints with their axes P y ) O
tion shows. Thene=E;+¢,, whereE, is the minimum

oriented along 111y and equivalent directions. In this paper & 1 is the electron Kineti f the in-ol
e consder o confuratons i ceran symmeric cys IO S 1S S el ey o s e
tal orientations of the QW in PbTe/RSn, _,Te/PbTe and the envelope function|(k, ,z) can be replaced, in the first

Pb,SnTe FSS. For configuration 1, theaxis is directed approximation, by thgnormalized conduction component
along (111) (the three “oblique” valleys are equivalent @I(Z):¢I’k|:0(z), which is the eigenfunction of the one-

For configuration 2, the axis is directed along100) (all the N
four “oblique” valleys are equivalent On account of uncer- dimensional Schidinger equation[H(k,=0, k,=id/dz)
tainty of the potential barrier height valu&sconfiguration 1~ +V]®,=E®,, with V being the QW potential profile. The
is considered in two extreme cases. Configuration l1a: eledoundary conditions for the wave-function derivatives at the
trons are assumed to fill tf&11) valley only, while the first interfaces are taken energy dependent. To simplify our cal-
subbands of the “oblique” valleys remain empty for being culations, the P{sn,_,Te QW is assumed to be an infinitely
too distant(Fig. 1). Configuration 1b: all the four valleys are deep one for configurations 1b and 2, witth (2)
assumed to be occupied, the minimum of the first subband of \2/asin(#z/a) if 0<z<a, and®,(z)=0 otherwise®
the(111) valley is supposed to be equal to the minima of the ~ Generally, dispersion relatiog, vs k, for a valley de-
first subbands of the three “oblique” valleys. pends upon the angle between the axis of the valley and
The electrons are considered separately in one valley behe QW growth direction. The general dispersion relation,
cause the intervalley coupling between varigi$l) valleys  describing the in-plane armimotions of electrons in the QW
in PbTe/Pb-xSn,_,Te vanishes in our approximatin and in the barriers of PbTe/n,_,Te/PbTe, for an “ob-
(see also Sec. Il B Here we neglect the band-mixing effect lique” valley has the form

A. Electrons
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m7 | is assumed to be independeneaindl; (b) dependence

of the in-plane electron effective mass upon QW width and
) " subband numbefsize quantization of the in-plane effective
+2py Kiky D175 (D mass, Eq.(5).

From Eg.(4) one can obtain the expression for the in-
plane velocity effective mass

A

1
§=— 2+ S+ ApIKT+ P22+ plke,

wheree = ¢ for the QW, ande; =V, — ¢ for the barriersg,
is the bulk band-gap energy, is the wave vector describing

the motion in thez direction, which is independent &f , and 2€,
ki=kZ,+k3,. pi=pl., pi=p’coso+pfsite, p? m, (e),,@)=m} (a)| 1+ T) (6)
=pfcoso+plsintg, and pZ,=(pl—pf)sindcoss, with €.l

p||2,J_:ﬁ2€g/2mﬁ),J_ , Wheremj , =mgeg/u . Here,uy and  Note that the size quantization affects the in-plane effective
u, are the band-structure parameters, amglis the free- mass even in the case of parabolic subband when
electron masse; =0 at the bottom of the conduction band in m, (€ ,@)=m} (a), although in the parabolic approach
the QW.¢g, Uy, u,, andK; in Eq. (1) are different for the  (from the very beginningwe cannot get Eqs5) and (6).

QW and barrier. The following expressions descrilibe Advantage of Eqs4), (5), and(6) is that they can be utilized

electrons in the QW. . for a comparison with numerical results and experimental
Within the above approach the confinement energy of theyata.
Ith subband is determined by EG) with k=0 To facilitate the following calculations, it is convenient to
1 change the integration variables frodk =dk, dk, to
E=— %+ > Eg+ 4ﬁ2K|2“H dej,. To find ki=k(¢|) we employ the coordinatek;
=ky,1px/p* andky,=(ky+ v/py)py/p* instead ok, ; and
u, 112 Ky, wherey=Kp,p7,/p>, andp* is an arbitrary number
x| cogo+ U—Hsinze /Zmo} (2)  with the dimension ofp,. In the new coordinateskf )?

+(kj)?=(k{")?. Then we have
(note that indey] in €|, implies "parallel to the interface or
to thex-y plane” but not to{111) as for the band parameter 1
yp (113) p K= [, + e e+ ]2 @
uy.) | 0* I1 7 €l.1€g,1
According to Egs(1) and(2) we have
and

1
€)1=5{~ g L(ef )2+ 43K + pikS ! ;
dk|:TXpy[26”'|+Egy|]d6H,Idﬁ' (8)

+2p5 Ky K1Y, (3) .
. _ _ where 9 is the angle betweek)" andk}, .
where €g,=¢€,+2E, is the effective energy gap for the  Equations(7) and (8) yield a correlation between the in-

the(111) valley and the “oblique” valleys for configuration valleys (indicated(111) and(o), respectively
1, when =0 and #=70.52° (co¥9=1/3), respectively.

They also describe all valleys for configuration 2, when m§,1,”>
=54.76° (cog=113). = m = s @)
Equation (3) takes a simple form for th¢111) valley, cos g+ (m;/mp)sing
when all the directions in thg-y plane are equivalent, and wherem§1,1”:m<yl|”>=mj .
Px=Py, pyz:0 ’ ’ ’
522 B. Hamiltonian of the electron-phonon interaction
[ €|l . . . . .
=€ 1t % , 4 Using the standard techniques, we find the Hamiltonian
2m; \(a) €g,l describing a single electron in a valley at the positRn
with =(r,z) interacting with a phonon polarization field, i.e.,
€ . . 2 I
m (@) =m? 2. 6 Hep(RI=2 2 Tu(d.2exp~1G0[a:(Q) +a,(~a)],
y (10)

The form of Eq.(4) is the same as for the usual bulk nonpa-
rabolic dispersion law where, is replaced byey |, and the
bulk band-edge mc'zlsx;ﬁ:moeg/uL is replaced by the sub- I =—c¥g v . (11)
band edge massit |=mge} /U, . ¢ 0 Tata

Equation (4) shows that within the scope of the consid- Here Co=(4m€*hw| 1a/S) (€, 1~ €51), q is the in-plane
ered approach the nonparabolicity in the QW’s can be repphonon wave vector, anflis the area of the sample in the
resented by two following dependenci€a) dependence of Xx-y plane;w, , (w; ) is the frequency of the bulk longitudi-
the in-plane electron effective mass upon the in-plane elemal (transversgvibrations,e.. , is the high-frequency dielec-
tron wave vector(subband nonparabolicityEq. (4) where tric constant, ang , is the dielectric permittivity of the/th

where
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medium.« is an index labeling the IF, SO, and LO modes.
The confined LO modes are distinguished by an integer

a’ anda, are the operators of creation and annihilation for ,
the ath mode. Xo(—€,+erhw,), (18

Expressions foG, andV, have the following form. For

2
W, (i.f) = o S Whi.nA-K Tz a)

the confined LO modes where
Gio=[(qa)®+ (mm)?]~ 12 12 WO(i,F)=2C4(Q[}))2. (19
andV,,=sin(mnz/a). Here, ¢ and ¢/, are the total electron energies before and

For the symmetric IF modess( ands_) and antisym- after the event. The total scattering rate W(i,f)
metric ones &, and a_) of the PbTe/PBn,_,Te/PbTe =2 W,(i,f).

three-layered structure The expression foq2=(k,',—k|)2 for an arbitrary valley
b , has the form
1
_19 @11 W~ Wy . _ -
G,=2 W(—) —— laasinh(ga)] "B, * p* 2
al W70 2= — k*,/cosﬁ’—k*cosﬁ 2
(13 q (pi) (K cos?)

andV. =coshiq(z—a/2)], V- =sinHqg(z—a/2)].

For the symmetric SO modés) and antisymmetric ones (ki sin®’ —ki*sin9)?

+ . 20
(a) of the FSS cog 0+ (uy/u, )sir’e G
1w, 2 Ol wi To calculatéw (i, f) we replace the summation ovgby
2w, 1+(€xn—1) o2 — 02 exp(—qa/2) integration over the polar coordinatgse, i.e., (47%/S)3,

b Tl — [dq with dg=qdqde, whereg is the angle of scattering

X[tanh qa/2)/qa]*?, (14 formed between vectollg andg. For the sake of simplicity

we restrict our consideration to configuration 1a with a single

while Vo=V andVa=Va. . Here, (111) valley. The standard calculation yields

€ 1( €01t 2)
@ 630'2( 600’2‘*' 2)

2
w
00, win= [ deS [ daawhiiHIFGfia.e)l -,
' (15 (21)

where g, (ga) is equal to tanhfa/2) for the symmetric where
modes, and cotly@/2) for the antisymmetric modes.

We are now able to calculate the matrix element for the _ pr(qi k, cose)
electron transition between initial statg)=|k;) and final F(.f0.¢)= (*2 4 a2k 212’
state(f|=(k/,| due to the scattering from theth mode o’ - TR

(22

g, takes two valuesg, andq_, or briefly g, with “x

~ being either *+" or *“ —.” This can be written as a function
! — 12~ ’

<k|/|Ha|k|>—_§ COZQ||/A(_k|/+k|tq)! (16) of E”,I in the form

where “+” (“—") in the double sign “ " corresponds to  q,=—*p; %[ (ef ,+ €| €5 ) "2 cos]xp; 2

the electron scattering with absorptigemission of one

2
phonon of thexth mode. The upper prime ik/,| labels the X{(ef i+ e €51)C0S o+ [hw,* (2, + €5))]

state after the scattering while the lower prime indicates that . (6*2 e z)/4}1/2 (23
the electron is in thé'th subband after the scattering, where gl ~ol '
|"=1 for the intrasubband scattering, al@#| for the inter-  q_ is not considered for the absorption since it is negative.
subband one. Her®|;,=2G,J/,(No,+3 — +3)*2, The expressions under the square root in E2p) are
demanded to be positive that gives the condition for the scat-
. 1" tering anglee: —op<¢=<¢qy. ¢q is different for emission
Iy = f_wdz@(z)@w(z)va, (17 and absorption, i.e.,
andNg,= [expliow,/ksT)—1] tis t_he den;ity of equilibrium Qo= arcco$[(e;’|2, - eg',z)/4— ho,
phonons of theath mode. A(x) is one if x=0 and zero . 5 . 1
otherwise. X(ho,*(2€),+€g )€l + € 165,115 (24
_ and the initial kinetic energy of the electron has to exceed
C. Scattering rates some minimum values| ,=E;, —E;* %o, .
The scattering rate between the initi@} and final (f| For the parabolic dispersion lavef;> ¢ ), the expres-

electron states in a valley in the QW, due to the scatteringion for ¢, for the scattering with emission is of the form
from the ath mode, can be obtained from Fermi golden rule ¢,=arccos/[#w,— (E,— Ei/)1/ €. The nonparabolicity re-
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duces this scattering angle interval. Note '[haE;if,Seal , The collision term, describing all possible transitions ow-
the scattering event with absorption is isotropic and can ocing to all scattering ways, for the electrons in tiie subband
cur with any initial kinetic energy of the electron. of one valley takes the form

Expressions for the scattering rates to the angle interval

L : of
%;;d@ for emission €m) and absorptiongb) are of the ;f')z > S ﬁ*ZJ dp; fol e, ) Wi, T)
a

X[(p[)— (P~ €], + e,

WED (i fyde=2 > q®MWe(,f)

qﬁem):q(fm) +E—-E +ho,)
X[F(i.f:0,0)lg-qemde, (25 +8(— €+ €+ Ei—Eji—haw,)eloalkeT
Wi, ) de=2q@OWE(1, F)[F(i,:0,0)|g_qanrde. <O (et E Rl 29

(26)  where®(x) is the Heaviside step function. The summation
) ~overl’ in Eq. (29 is performed over all the states in all the
In the above equations, the symmetry of the scattering tgypbands, including thieh subband.
(¢+de) and —(¢+de) angle intervals is taking into ac-  The matrix element of the variational method correspond-
count by the factor 2 . ing to the collision term, Eg(29), is of the form

D. Conductivity tensor for one valley, mobility
for many-valley systems

Ll(jij,nB!B,):Z' ; L;T/(jljllﬁaﬁl)(sﬁﬁ’v (30)

To obtain the conductivity tensor we utilize the varia- ywhere
tional method® for 2D systems, because the relaxation time
approximation is not valid for an inelastic EPI. Accordingto | .. ., N 4D R @ ,
this method the distribution function describing the electrons Ly (3. B.B") =1 dpydpy Wo(i, ) Ay (1,17.8.8")
in thelth subband of a valley is taken as a sum of symmetric

and antisymmetric parts, i.e., X8(— ¢ Te +tE—Eitho,), (31
f(pr)=Tfole))[1+ b(p)]. (27 @and |
Here fo;(€,1) =Ao, exp(— e, ksT) is the Maxwell distribu- A" BB =€ )Py 5= €P1,6]

tion function,p, =%k, and

XL(e[; )P, = () Prg] (32
d(p)= % CPipi el (28) Al possible transitions of electrons in all the subbands of the
b valley are described by the matrix elemdntj,j’,,8')
with |¢(p))|<1. Cf, is a factorj is an integer, an@ isthe  =3,L(j,j’,8.8’), that determines the components of the

Cartesian coordinates or y. It is sufficient to restrict the second-rank diagonal tensor of conductivity for the valley,
power series in Eq(28) to j=0 and 1(see the closing ref- o5 =% (04p)1, O 05=2(0p);, according to Eq(30).

erence in Ref. 39 Here, (o), is the specific subband conductivity,
|
2e?(B,1? [Li(1,18,8)~DfLi(1,08,8)1+Df[L(0,08,8)Df ~L(1,08,8)]
(%)F‘W L,(0,08,8) 3 ,
sTLi(0,08,6) L,(0,08,8)L,(1,1,8,8)—[L(1,08,8)]
(33
|

where Df=Bf/Bf,, Bf,=fdpie] vsfoi(e)), and v, is The symmetry consideration dictates that all the equiva-

the 8 component of the 2D electron velocity. Inelasticity of lent “oblique” ellipsoids must share a common valueadf’

the scattering is taken into account by the factor in the curlyand a§,°>, taken for a certain “oblique” valley. That is why
brackets in Eq(33), while the factor before these brackets the conductivity of many-valley system is a scalar which for
determines the conductivity in the relaxation time approxi-configurations la, 1b, and 2, is given, respectively, by the
mation[note, that one can readily obtain expressions for the&&xpressions,

relaxation times and conductivities in the relaxation time ap- a1 (11

proximation directly by means of Eq19)]. Using Egs. T=0x =0y (34
(300—(33) it is possible to calculate a conductivity tensor
taking into account any different scattering mechanisms as

3
— A1, = (o (0)
separately as together. o=ay 7+ S (o) +ay”), (39
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TABLE I. Parameters for Rh,Sn Te used for the calculations.
The values ok, €., iw, are chosen to be temperature dependent,
satisfying the relationg,/e..= (o, /w,)? and egx a(T—T,) 2, T,
being a constant. The magnitudesegf u, , andu are taken from
Ref. 40, the others are from Ref. 41. To avoid any uncertainties in
the calculations(Ref. 36 the value of ¢y is taken for bulk
Pb,_,SnTe.

Pb,_,SnTe

Parameter x=0 x=0.2
€0(4.2 K) 1300 6000
€,(300 K) 430 500
€,(4.2 K) 39 53
€,(300 K) 33 40
fw(4.2 K), meV 2.4 1.4
1wy (300 K), meV 3.9 3.8
fiw,, meV 14.1 14.7
€g, MeV 172-535+[12.8+0.19(kgT + 20)?]*2
u,, mev 7320~ 3200exp(- 64 0.35- x]?)
up, meV 440

Cie=[3/(€x1t2) ][ €2 1( 07— w?)
—(0?— 0?)1B, Y{a/[sinh(ga)]} 2

PbTe/PRgSny sTe/PbTe three-layered structure and of the SO ) o )
modes for the PjSn, ,Te FSS. Atq=0 the energies are equal to does not vanish. Thus, application of the bulk mode approxi-

the corresponding energies of the usual bulk phonons.

o=2(c®)+ai?). (36)

The in-plane electron mobility ig.=o/en, wheren is the
total electron density summed over all the valleys.

IIl. NUMERICAL RESULTS AND DISCUSSION
A. Properties of electron-interface phonon interaction

Through Eq. (13, the value of () 1/wy) 4 w?

mation instead of the DCML is valid only for rather big layer
thicknesses, when the influence of the surface dipoles at the
boundaries on the EPI is negligible.

B. Effect of temperature and QW width
on the electron-DCML phonon interaction

We choose a reasonable value\gf= 60 meV because of
the uncertainty of the offset value. Our calculations for the
(111) valley show that in spite of the small value 6§, the
penetration of the electron wave functions into the barriers is
of a few percent for the considered QW widths, which is

—wl)/(wf;—wf;) determines the effectiveness of the attributed to a large value @h,~0.25m,. The in-plane mo-
electron-IF-phonon interaction. There are two principal re-bility attains rather high values owing to small in-plane ef-

gimes of the IF-mode frequencie@) (w| 1> wgs a1+ > o) 2)
>(wy > ws— - > wy4) is realized in PbTe/RSn _,Te and
INP/AISD, or (@) 2> wgy 54> @) ) > (W1> wg— 54— >wy ) IS
realized in some GaAs/ALGa, /As (GaAs-type, and (b)
(w) 2> gt a4+ > w1 2) > (W) 1> ws_ 5->wy 1) IS realized in
GaAs/AlAs and Gg,Ang 5AAS/INP (see Fig. 2 here; Fig. 2 in
the work by Cheret al;’ Ref. 6. Thus, an electron in QW
interacts much stronger with ttsg , a, modes than with the
s_,a_ modes. ltis of interest that in caéi®) the frequencies

fective masses of the electrons in the @kig value ofu, ,
Table ). The electron concentration is required to be smaller
than 13* cm 2 in order to satisfy the nondegeneration con-
dition for 70 K<T<300 K.

There is the electrophonon resonance effE&R) in two-
subband approximation at=140 A for PbTe/PpgSm, ,Te
and ata~180 A for Pl ¢Sny ,Te FSS, which will be ana-
lyzed in detail further. Now we deal with the width range
with no EPR.

of thes,, a, modes are determined by the properties of the Figures 3 and 4 demonstrate that the intrasubband scat-

barrier layer[as for Gg 44AngsAs/InNP QW (Ref. 6] rather

tering, rather than the intersubband one, limits the electron

than by the lattice of the QW layer. Contrary to that, in casemobility. The intrasubband scattering rate is larger than the
(@, an electron in the QW interacts only with the modesintersubband one by more than an order of magnitude be-
whose frequencies are close to the frequency of the bulkause of a smaller value gffor the phonons actually inter-
longitudinal vibrations in the same layer. It is particularly acting with electrons. Note that the magnitudesydbr in-

manifested for PbTe/RBrny_,Te becausew, ;~w;,, wi;

tervalley transitions are far larger than those for intersubband

~ wyy andw;> w, . To some extent, this is similar to the bulk scattering in one valley.
medium case. However, even if the adjacent lattices have an The interaction with LO modes is a dominant mobility-

arbitrary small differencéclose values of theiw,, w;, €.),
the normalization factor for the IF modes

limiting mechanism in PbTe/RBkSn, ,Te, as well as in the
Phy ¢Sny ,Te FSS, whena>120 A (a>230 A) at T
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FIG. 5. Mobility as a function of the QW width dt=77 K and

T=300 K. Configuration la. Line 1: PbTe/$sn,,Te, V,=60
-1 meV, two-subband system, scattering from the confined LO and IF

q(cm ) modes. Line 2: PbTe/BRSmy ;Te, V,=60 meV, two subbands, LO
modes. Line 3: PbTe/BRSn,»Te, V=60 meV, two subbands, IF
modes. Line 4: PbTe/BRSn»Te, V,=60 meV, one subband, LO
and IF modes. Line 5: PbTe/R§sn Te, V,==, two subbands,
LO and IF modes. Line 6: BRSn, ,;Te FSSV,=<, two subbands,
LO and SO modes.

FIG. 3. Dependence df, uponq for different widths of the
Phy ¢Sy ,Te QW (1—a=100 A, 2-a=300 A). Dashes for the
LO modes, dots for the modes, solid lines for the, modes, and
dot-dashes for the_ modes. The factors in Eq11) describing the
z dependences df , are assumed to be equal to 1. Only the LO

de withm=1 and tric interf d ted. . . . .
mode Withim=2 and symmetric Inferiace modes are presented. - of the dipoles at the interfacdsee also Ref. )5 in spite of

=300 K(T=77 K), otherwise the interaction with the inter- the fact that the frequencies,, and o are very close to

face modes becomes the most pronoungiees 1, 2, and 3 each other. In order to inspect what is the difference between

in Figs. 5 and & influence of thes mode ands, mode on the mobility, the
The polarization field o mode and its EPI are stronger mobility is calculated in the approximation of infinitely deep

than those fos, -mode, Fig. 3, due to different distributions QW for both PbTe/PtSn, _,Te and Ph_,SnTe FSS. Fig-
ures 5 and §lines 5 and § and Fig. 7 illustrate that this

10° : difference is quantitative and essential, particularly for small
: QW widths.
i Although s_ modes(as well asa_ modes do not con-
tribute to the electron transpa(ftig. 6), we will make some
10° 3
_‘A
[}
:o 10k
S R
= p———1
= -
‘=
10° >
g
=1
'I____’—-‘
-1
10 50
a(h)
FIG. 4. Scattering rate as a function of the QW wid#), L L L L L
=¢),=5 meV. Configuration lap=0, T=77 K. “em” and 50100 150 200 250 300
“ab” indicate emission and absorption]I” indicates an electron T (K)

transition from thdth subband to th&'th one. The meaning of the
lines is the same as in Fig. 3. Scattering rates for the other modes FIG. 6. Temperature dependence of the electron mobilitiy. The
are neglected as compared with the presented ones. meaning of the lines is the same as in Fig. 5.
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10

PbTe/PbysSng,Te

P

a=150 A

m (mZV‘ls'l)

1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 50 100 150 200 250 300
a(d) T (K)

Pb Sy, Te FSS FIG. 8. lllustration of influence of the nonparabolicity on depen-

dence of the mobility vs QW widtlat T=77 K) and temperature
A L L L (at a=150 A). Configuration 1a. PbTe/pin,Te, V,
50100 150 200 250 300 =60 meV, two-subband system, scattering from the confined LO
a (A) and IF modes. Solid line for the nonparabolicity approximation
. . . (subband nonparabolicity and in-plane effective mass quantization
FIG. 7. Electron mobility as a function of the QW width. The [by Egs.(4) and (5)]. Dashes for the subband nonparabolicity ap-

electrons occupy the ground subband onlly= 300 K. Infinitely proximation[by Eq. (4) with m* |(a):mf]- Dots for the parabo-
deep QW approximation. Scattering from the LO and interfacelicity approximation. '

modes together. Solid lines for configuration 1a, dots for configu-
ration 1b, dashes for configuration 2. parabolicity represents the nonparabolicity effect on the mo-
bility just for a>250 A, otherwise the in-plane mass quan-
comments on an unusu&hnomalous temperature depen- tization effect arises. The influence of the subband
dence of the calculated mobility limited by the scatteringnonparabolicity on the mobility becomes noticeableTat
from thes_ mode,us_ . The reduction of g ;— w,,) with ~ ~70 Kand increases with temperature.
temperature leads to a sharp decreas€ of(T), W,_(T), Equation (6) directly shows that the velocity effective
and us_(T). However, we will see that such an anomalousmass depends upanin infinitely deep QW as well as in QW
behavior can remain under certain conditions even if all pawith finite barriers due to th&, vs a dependence. For com-
rameters of the materials, including ; and w, ,, are inde- parison see Ref. 6, where different inclination of the
pendent of temperature. There are always two factors which, 1(¢€|,1) functions for different QW widths, i.e., the depen-
have growing and opposite influence on motility with in- dence ofm, ; upona is explained merely by the different
creasing temperaturé) number of phonons, an@) number  penetration of the electron wave functions into the barriers
of electrons with higher kinetic energy. Usually the influencethat have a weaker nonparabolicity than the QW.
of the growing number of phonons is dominant, and the mo- Having an effect on the nonparabolicity and overlapping
bility decreases as temperature incredssdor thes, , a. , between the electron and phonon wave functions, the mag-
s, anda modes. Nevertheless, there exists a certain temperanitude of the potential barrier height,,, influences the mo-
ture interval where the effect of the growing number of fastbility as a result. Our calculations indicate that a change of
electrons becomes predominant that determines an increagenparabolicity, induced by a change\sf, affects the mo-
ing behavior ofus_(T) with increasing temperature. It is bility much stronger than the induced change of the overlap-
similar to the Coulomb scattering from the ionized impurity. ping. The smalleiV,, is, the larger the effective mass be-
The only condition for that is that the phonon energy is re-comes owing to the change of the subband nonparabolicity
quired to be small enougliess than 10 meV for the consid- rather than mass quantization. As a result, the mobility de-
ered materials creases weakly whevi,, is made smaller, particularly at low
temperatures and smal (lines 1 and 5 in Figs. 5 and)6
This also gives rise to a far deeper local minimum on ghe
vs a dependence due to the EPR whép=« in comparison
with that forV,=60 meV. Our calculations for the parabolic
case show that o (ur andu o1 ) increasegdecreases
From Fig. 8 one can conclude that when studying electrombout 2 times when the height changes frofg=« to V,
transport, the nonparabolicity must be taken into account=60 meV#?
Besides, the nonparabolicity in QW systems can be success- The interdiffusion of the adjacent layers of
fully represented as a composition of two contributiof@: PbTe/PRSn,_,Te QW makes the interfaces not perfect,
subband nonparabolicity(b) in-plane mass quantization, which can cause an asymmetry of QW and violation of the
whose influences on the mobility can be analyzed separatelyansition rules for the EPI. The calculations show that rea-
by Egs.(4) and (5), respectively. In fact, the subband non- sonable asymmetry of QW does not produce a visible change

C. Effect of nonparabolicity, potential barrier height, electron
population of higher subbands, and different
configurations of valleys
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of the mobility (if the discrepancy between the left and right local minimum appearance on the mobility vs QW-width
barrier heights is less than 10%). dependenceFig. 5. The nonparabolicity makes the local
Figures 5 and @lines 1 and 4 demonstrate that popula- minimum considerably deeper. The EPR is in fact unaffected
tion of the second subband by electrons induces a mobilitpy temperature.
decrease in the two-subband system. This means that the It is seen from Fig. 5 that the EPR occurs differently for
mobility of electrons in the second subband is smaller thamlifferent modes in spite of their close frequencies. Two main
that in the first one. Effective masses and scattering ratedistinctions exist(a) between the EPR for the confined LO
which are larger in the second subband compared to the firsind the interfacélF and SO modes;(b) between the EPR
one(in the considered intervals of the QW widths and tem-for s, , a, modes ands, a modes. The first distinction is
peraturesare found to be responsible for that. Besides, linesaused by the stronger QW-width dependence of the EPI for
1 and 4 in Fig. 6 illustrate that the mobility of a many- the interface modes as compared with that for the LO modes;
subband system is essentially affected by the electrons in the EPR for the interface modes is smoothed. The second
higher subband as long as the gap between this subband aditinction is given rise to the stronger polarization field of
the lowest one does not excekgdTl. The fact that the mo- the SO modes compared to the IF modes.
bility is actually determined by the intrasubband transitions It is interesting to compare the depth of the resonances on
(beyond the EPRaccounts for this property. the dependencieg vs a presented here with the results of
Equations(4), (5), (6), and (9) show that both the sub- Xu et al** where the phonons are considered as usual bulk
band number and the angle between the QW growth axis andO modes. In Ref. 43 the conductivity changes are about
the valley axis affect the effective mass values. In addition30% at the EPR, while in our case such changes do not
this influence on mobility depends upon the scatteringexceed 15% for the scattering from the LO, IF, and SO
mechanismhere we do not consider the difference betweermodes separately as well as from the LO and interface modes
the electron wave functions for thel11) valley and “ob-  together. The scattering from the confined LO modes for
ligue” valleys). This leads to a difference between electronV,= produces the mobility change of about 30%.
mobilities in: (i) the (111) valley and an “oblique” onefii) Finally, we make some remarks concerning the oscillation
a lower subband and a higher one, as shown in Fig. 7. Thef w(a) predicted in Ref. 43. Generally,(a) might be
effect of effective mass quantization gives rise to a considexpected to have such an oscillation, i.e., to have a number
erable reduction of the mobility for configuration 1b com- of local minima when energy gap between some pair of the
pared to that for configuration 1a. The effect of the subbandubbands equals fow,, . This leads to a series af; . How-
nonparabolicity results in an outstanding increase of the moever, there are two reasons hindering the oscillation. Firstly,
bility for configuration 2 in comparison with configurations for a being far enough fromg;, the intrasubband scattering
1b and 1la. is the controlling factor. Secondly, the most pronounced EPR
is caused by transitions between the lowest subband and the
second one, while the upper subbands do not participate ac-
tively in the transport because of a much smaller density of
Since we consider the two-subband system, the electrahe electrons in them. Nevertheless, there could be another
phonon resonance effect has to be taken into account. It igossibility for the oscillation for a QW with a number of
predicted by Xu and coworketsthat every time as the en- phonon modes with rather distant frequencies. Such reso-
ergy difference between two subbands equals the energy ofances in the transitions-21 could be expected to be rather
the LO phonon there is a resonant scattering reducing theeep.
mobility, and the conductivity is expected to oscillate as a The EPR could be observed in the mobility dependence
function of the energy difference. This must affect the de-upon the external pressure applied to QW since the pressure
pendence of the mobility upon the QW width. affects the gap between the subbands.
In the two-subband system there exist only two transitions
that exhibit a resonance behavior of their scattering raies.
Transition with emission from the upper subband to the IV. CONCLUSIONS
lower one (2-1). (ii) Transition with absorption from the  The most important results obtained in this paper can be
lower subband to the upper one-{12), with a low kinetic g mmarized as follows.
energy of the electrons. The resonance in scattering rate asa (1)  The electrons in the QW layer of

function of the QW width(Fig. 4) occurs due to two reasons. ppTe/PpSn,_,Te/PbTe interact virtually only with the pho-
The energy conservation law leads to a steplike behavior gfon modes with frequencies close to that of bulk longitudinal
QW-width dependence of scattering rates, &g ™(a), in  vibrations of the same layer.

the intervala=a, (&, corresponds to the energy gadp,, (2) The dominant mobility-limiting mechanism is the
=fiw,). On the other hand, it is the dependence of the EPkcattering from the confined LO modes if the QW width

(em)

uponq that reducedV,;"’(a) drastically with decreasing  exceeds 120 A (230 A) at 300 K (77 K), otherwise the

D. Electrophonon resonance effect

whena<a,. IF modes dominate. The phonon engineering is not appli-
For our two-subband systemh ;,=%w, at ap~140 A cable.

for PbTe/Ph ¢Sry »Te and atag~180 A for Py ¢Sy ,Te (3) It is shown that the nonparabolicity of the electron

FSS witha=L0O,s, ,a, ,s,a, Fig. 1. energy dispersion law in a QW can be effectively reduced to

Whena is close toag, some of the intersubband transi- the two separate effect&) the subband nonparabolicitih)
tions become stronger than intrasubband ones, and the scéte in-plane effective mass quantization.
tering 2—1 becomes the most effective reason to cause the (4) The energy dispersion law of the low-subband elec-
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trons in PRSn,_,Te QW is essentially nonparabolic. Influ- ferent effects of the subband nonparabolicity and the in-
ence of the nonparabolicity on the mobility is actually rep-plane mass quantization in them.
resented by the subband nonparabolicity alone if the QW (8) The electrophonon resonance effect is determined
width exceeds 250 A, otherwise the in-plane mass quantinainly by the transitions of electron from the second sub-
zation effect arises. band to the first one accompanied by phonon emission. The
(5) The increase of barrier height causes the mobilitySubband nonparabolicity makes the resonance sharper. There
growing due to mainly weakening subband nonparabolicityis & local minimum on the QW-width dependence of the
(6) The mobility of many-subband system is limited mobility due to the EPR. This minimum occurs at the width
mostly by the intrasubband scatterifigeyond the EPRThe  hear 140 A for PbTe/RfSn,_,Te and 180 A for
mobility of the electrons in a higher subband is smaller tharPky gSry oTe FSS, with thg111) growth axis.
that in the first one because of a larger effective mass and
bigger scattering rates in a higher subband. Electrons in a
higher subband essentially affect the mobility if the gap be-
tween their subband and the ground one does not exceed The author would like to thank V. A. Shenderovskij, F. F.
kgT. Sizov, and M. Zatumy for stimulating discussions, and S.
(7) A considerable difference between the mobilities forOdoulov and V. Pergamenshchik for their critical reading of
QW structures with different growth axes is caused by dif-the paper.
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