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Momentum relaxation time and temperature dependence of electron mobility in
semiconductor superlattices consisting of weakly interacting quantum wells
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Formulas are derived for the longitudinal and transverse electron momentum relaxation times in
a superlattice consisting of weakly interacting quantum wells in the approximation of a bulk-
semiconductor scattering potential. Scattering by impurity ions, neutral atoms, and volume-type
longitudinal acoustic and polar optical phonons is studied. A numerical analysis is

performed of the longitudinal and transverse momentum relaxation times for scattering by
impurity ions and neutral atoms as a function of the electron energy, temperature, density of the
electron gas, and quantum well width. ®99 American Institute of Physics.
[S1063-782629)02010-4

As is well known, scattering mechanisms play an impor- dfo
tant role in the electric and optical properties of semiconduc- flk:eﬁ Z kv, (1)
tors and structures based on them. The present paper is de-
voted to the calculation and numerical analysis of the tensofyherer, are the diagonal components of the relaxation time
of the reciprocal momentum relaxation time and mobility of ) o ) )
electrons in semiconductor superlattid€t s consisting of ~€NSOrFi andv; are, respectively, the electric field intensity
weakly interacting quantum well€QWs) based on hetero- and electron velocity vectors in a Carte_3|an coordinate sys-
structures. Such SLs are of interest because of the uniqéM: andE is the electron energy. As is well-known, for
properties of the electron energy spectrum and the possibility®MPOSite SLs consisting of weakly interacting QWs
of using the SLs in infrared-range photodetectotand mi- .
crowave generatofs? Formulas are derived for calculating E= A7kt ky)
the longitudinal and transverse electron momentum relax- 2m*
ation times in such SLs for the basic scattering mechanisms,
and a numerical analysis is performed of the energy deperwhere m* is the effective mass corresponding to the free
dence of the relaxation time and temperature dependence ofotion of electrons along the layers of the @Ljs the width
the mobility for scattering by impurity ions and neutral at- of the bottom miniband, corresponding to electron motion
oms. The following basic approximations were made in de-along the axis of the SL parallel to tzeaxis,d=a+b is the
riving the formulas: The electron gas in the quantum wells isSL period,a andb are the QW and barrier widths, respec-
almost two-dimensional, i.e., the width of the lower conduc-tively, andk,, k,, and q=k, are the components of the
tion miniband is much less than the average electron energyyave vector. In the two-dimensional electron gas approxima-
the wave function of the lower miniband can be representedion (A<Kk,T), and using Eqs(1) and(2) and the symmetry
as a Bloch sum over wave functions of the ground state obf the SL in the plane of the layers, the following expres-
infinitely deep QWSs, and the potentials of the scattering censions can be obtained for the transverse= r,=7,) and
ters in bulk semiconductors and SLs are essentially the samkngitudinal (- = 7,) components of the relaxation time ten-
These approximations together with the results obtaind byor:
other author®*show that the formulas derived are accept-

A
+E(1—cosqd), (2)

able not only for qualitative but also quantitative analysis. 1 4m*V 1 W(2k, x) )
The latter is valid if the period of the SL is sufficiently large 7 (E) ~ ,a7% Jo J1-x2 X2ax, )

and size quantization of the phonon spectrum can be

. ’14 . . . _
Q|sregarqleﬁ? _and if Fhe a_mlsotropy of the scatte_rlng poten 1 2MFV (1 W(2K,X)
tials, which arises primarily as a result of the difference in = dx,
the dielectric constants of the layers of the SL which corre- 7(E)  wda® Jo J1-x2
spond to QWs and barriers, can also be disregattied.

4

where E=#2k?/2m*, k, = \kZ+k3, V=SL is the volume
of a SL of thickness. =Nd, andN is the number of periods
in the SL. The function/ is related to the total probability
P of an electron making a transition from the stiteto

The tensor of the reciprocal of the relaxation time forthe statek’ in a definite type of scattering by the formula
electrons in the bottom miniband was calculated using the
nonequilibrium correctiorf,, for the equilibrium distribu-
tion functionf, given by

1. ELECTRON MOMENTUM RELAXATION TIME TENSOR

2
Pkk’:7w(|ki_kl|)5[E(kl)_E(k)]a 5)
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where W(|[k' —k|)=|U|?, and Uy =U(|k’—K]|) is the d (= , ,
matrix element of the scattering operatbfr) in the basis of Wik, )= v J'o S(a)[FJU (k. a)|*dg, (19

Bloch-type envelope wave functiong(r):
whereN; is the density of scattering centers and

1 (-, ~ ~
Uk'=k)== ~u dr, 6
(k'=k)=¢ f U O(r)hdr (6) oo TSmadD ,
o V7 g2l (ad2)?]
(1) = —=expi(kx+kyy) 1¢4(2). (7 _ . .
\E For scattering by a screened Coulomb ion potential, we have

For the SL considered here, a Bloch sum over wave funcin the approximation of isotropic and uniform permittivity

tions of the ground state of infinitely deep QWSs was taken as

the function describing electron motion along the axis of the IU(k 2= €
. (k) 2.201,2 2 2y2"

SL: eges(ki +g°+ag)

4

17

where g4 is the static permittivity, andoz;1 is the Debye
screening length for the static field. For a SL in the two-
dimensional electron gas approximation

by(2)= eXp(iqZ)uq(Z)

N/2

2 expligdn)e(z—dn), ® o o Ne

as=a (18
2 T
¢q(2)= \[5 cos(gz

On+N,’
04(2)=0|2<

5l B

a a
- <<z<z

> 5| where ag'=(ne?/eqskoT) Y2 is the Debye screening

length of a bulk semiconductor for a nondegenerate electron
gas, n is the electron density in the SL, andl.
(9)  =m*kT/md%? is the effective density of states of the two-
dimensional electron gas in the bottom miniband. For elastic
It should be noted that using the approximations describedcattering by neutral atoms, according to the theory of Ref.

above, according to Ed5), the scattering probability does 15, extended to the case of a two-dimensional electron gas,
not depend on the longitudinal wave vector.

a

a <<
2" 274

30mr oh*
Uk, ,0)|2=——"—(K2+q?+a?) 2 (19
1.1. Scattering by impurity atoms and neutral atoms m

For scattering by impurity atoms and neutral atoms theyherer, is the effective Bohr radius.
scattering operator has the form

U(r)=uU(r)=> U(r—-R,), (10)

1.2. Scattering by phonons

whereU(r—R,) is the interaction energy of an electron with ~ As is well known, the operator representing the interac-
an ion or neutral atom located at the poRyt. Using Egs. tion of an electron with phonons for a separate allowed

(6)—(10), we have branch in a bulk semiconductor can be written as
Uk)=2 U,(k), (11) Um=0%m+0-(n), (20
’ where
where
1 SET + FiQ-
U=y S e -ik RS(@UK), (12 U073 ATQene @
n
1 rdp are operators corresponding to creation and annihilation of
S,(q)= a f dlzexp(i277nz/d)ua‘(z)u0(z)dz, (13 phonons during scattering ai@lis the phonon wave vector.

Substituting the expressiof21) into Eq. (12) and equating

R, to zero, we obtain
U(k)=U(kL,q)=f exp(—ik-r)U(r)dr, (14
v W(k, ) =W (k) +W~(k,), (22)
ko=(k, ,g+27n/d). where

Using a uniform distribution of scattering centers over 42 5
the volume of the SL or the volume of the QW, we obtain - T 2_ J“ +
. . . ) W=(k, )=|U~(k)|*=| — A=(k, ,q)dq| .
the following expression for the desired functidf{k, ) with (k) =[U=(K)| (77) 0 S(@A= (k) q‘
the formulas presented above: (23
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1.2.1. Acoustic phonons 7(E) is the relaxation time in a bulk semiconductor, and
For scattering of electrons by longitudinal acousticGi(E) is @ dimensionless function, whose parameters, in

phonons in a volume-type SIRef. 14, we use in the defor- general, are the QW width, the SL period, and the free

mation potential approximation for the average value of theeharge-carrier density.

operatorsA* the standard formula

11
—+— . .
2pVo (Q) NL(Q)+ 2 —2} (24 1.3.1. Impurity ions

whereD is the deformation-potential constaptjs the den- For scattering by impurity ions, using EdS), (4), and
sity of the crystal,w, =v,Q andv, are, respectively, the (15—(17), we obtain for the functions;(E) the integral

frequency and velocity of longitudinal long-wavelength €Xpressions

Af(Q)=:iQD\/—ﬁ

acoustic phonons, antl, (Q) is the thermodynamically 4 w0 dx sir? x
equilibrium number of phonons, described by the Bose— G,(E)= PN (32
Einstein distribution function. Fob w, <koT 2F(n) Jo A(x, 7,85 (v*X*+ BD)Y?
N D [koT 4 o dx(2y2x%2+ 282+ 1)sire x
AS(Q=A=i—\/5o0. (25 GY(E)= 5 f el 2 (33
wotep 2F(m) Jo o A(x,7,B)(¥*X*+ B3
Using EQgs.(22), (23), and (25), we obtain for the desired
functgilonq (22), (23 (25 A(x,y,BS)zxz(wz—xz)(yzszr,Bng1)3’2,
Ad\2| [ 2 koT(Dd)\? where y=1/ak, , Bs=ad2k, ,and the functionF(7)
W(kL):2(7) fo S(q)dq :4p_V wa (26)  =In(1+ ) —7/(1+7), which depends on the parameter

=(2K, /ag)?, is known from the theory of Coulomb scat-
, tering in bulk semiconductors.
1.2.2. Optical polar phonons

For scattering of electrons by longitudinal optical polar
phonons of the volume typg'we use for the average value
of the operator&™(Q) the well-known formula correspond-
ing to a screened optical potential and the high-temperature For scattering by neutral impurity atoms, using E@,

1.3.2. Neutral impurity atoms

approximation (4), (15), (16), and(19), we can write the function§;(E) as
. - CeP. [kt Q a pair of integrals
AT (Q)=+AQ)=+i—5 26V A2 2 (27 4 (1 ¥
o T Qe G.(E)=— | == 9(Ex)dx,
wherew! @ is the frequency of long-wavelength longitudinal 7 Joyl-x
optical polar phononsp, is the oscillator strength, anel, * 2 1 1
is the Debye screening length for the high-frequency field, Gj(E)=— — g(E,x)dx, (34
which differs froma * by the fact that in Eq(18) the static T Joy1=X
permittivity &4 is replaced by the high-frequency permittivity where
€. . As is well known, the following relation holds for 11—V A _
semiconductors: O(Ex) = 37" fw dysirty
P2 1 1 1 T2 JoyHmt -y PPy gV
—=—=——— (28 (35

> .
o &¥ 8x &g

Using Eqgs{(23) and(27), we obtain the following expression 1.3.3. Acoustic phonons

for the desired function: For scattering by acoustic phonons, using E&$. (4),

2 and(26), we found the function&;(E) to be constant:

. (29

f:sm)A(m «Q)dg

d 2
Wik,)= 2(;) )
GL(E)=GH(E):4775. (36)
1.3. Electron momentum relaxation time
Using the formulas obtained for the functi¥(k, ), we  1.3.4. Polar optical phonons
represent the components of the tensor of the reciprocal of

the momentum relaxation time for individual scattering,[ion
mechanisms in the form

Using Egs.(3), (4), and(29), we can represent the func-
s G;(E) for scattering by polar optical phonons in the
form of Eqgs.(34), where

1
=——G(E), 30 o i 224 2\ |?
Ti(E) To(E) |( ) ( ) g(E,X):ﬂ-g’ 9 f d23/5|n2y(y2y2 Xz) . ‘ ’
where allJo y(m =y )(yy +x +,3x)‘

7o(E)=(ak, ) 7(E), (31 B=axl2K, . (37
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FIG. 1. Dimensionless functio®; versus the energy fof =100 K.a=b FIG. 2. ai versus the quantum well width &t=100 K for b=5 nm and

=5 nm,n=10' cm"* for scattering:1, 2—by impurity ions and3, 4—by  n—=10' ¢cm 3. The numbers on the curves have the same meaning as in
neutral atomsl, 3—Transverse component of the tensyrd—Ilongitudinal Fig. 1.
component of the tensor.

2. MOBILITY TENSOR i~T, (45)
whereyj=a;+Bi+ xi, x;i=1/2, andy | =—1/2.

For a degenerate electron gas witk~N. we obtain,
instead of Egqs(43) and (44), formulas that depend on the
reduced Fermi levef, or electron densith=p.¢,

Using Egs.(1) and (2), we can represent the diagonal

components of the mobility tensqe, written in principal
axes, in the standard form

_e<71> _ﬂ

MLm= M (my)”’ (38)

(7)=mi(§)~ThguT12-Thina T2 (46)

where(7, ) and(7| ) are the energy-averaged transverse and

N ! : ; L 1 A1l
longitudinal relaxation timeg,m ) is the average longitudi- — =—_—-n! (47)
nal effective mass, (my) —4&my

1 (= dfg According to Egs.(46) and (47), we obtain the following
(r)=3 fo a E) 7.(E)pc(E)EdE, (39 expression for the temperature and electron density depen-
(=] o dence of the mobility:
(mp=[1—exp(—n/N)] fo (—ﬁ—E) 7(E)E, (40) i~ Thne*xi, (48)
~ 2P0 1 e —niN)] (41
—= —exp(—n .
(mH> 4mHn ¢

In Egs. (39)—(41), p.=m*/md#A? is the density of states in 3. NUMERICAL ANALYSIS FOR SCATTERING BY IMPURITY
the bottom conduction miniband in the two-dimensional'ONS AND NEUTRAL ATOMS
electron gas approximatioh.=KkqTp. is the effective den-

. . . . _ 2 2 2 .
sity of st_ate_s in the bqttom miniband, af“?h =2h"IATd" s formulas describing scattering by impurity ions and neutral
the longitudinal effective mass at'the miniband bottom. '.:or.aatoms, we analyzed numerically for these scattering mecha-
nondege_n_erate elec_tron gas, which corresp_onds_ to Sat'Sfy'r?'ﬁsms the energy dependence of the relaxation time and tem-
the con_d|t|0_m<Nc, n the_power-law approximation for the erature dependence of the mobility. The analysis was made
relaxation time as a function of the energy and temperatur(% the temperature range 50T <300 K for a composite SL

7i(E) =101 (Ko T)AE® T 12, (42)  with the parametera=b=5 nm,m* =0.1m,, potential bar-

i i — — — — 5 —3

the expressions for the average relaxation tig@sand(40)  fer heightVs =0.4 eV, es=e.=10, andn=10" cm?,

and for the average longitudinal effective m#44) assume Which are chazracterist.ic of SLs used in infrared-range
the form photodetectord? According to numerical calculatiort§ the

energy spectrum of this SL in the QW has two minibands of

Since analytic expressions could not be obtained for the

(1iy= 101 (KeT) "B T (e + 5), (439 widthA,=1.6 meV andA,=18.5 meV, separated in energy
1 A1 by 210 meV. These data substantiate the validity of the ap-
m= T HNT_l' (44) proximation, used in the calculations presented above, of a
I ol M

two-dimensional electron gas and a single miniband approxi-
whereI'(n) is the gamma functiong, =5/2, andé| =3/2.  mation for the SL.

Using EQs.(38), (43), and (44), we obtain for the tempera- The analysis associated with the numerical calculation of
ture dependence of the mobility the functionsG;(E) showed the following.
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2 TABLE I. Exponents in the energy and temperature dependences of the
- momentum relaxation time and mobility of electrons in a superlattice.
2
107 ~ ~
X Scattering i Bi Y
& L mechanism agt By i=L i=| i=1L i=|| i=L i=|
1
;: L Impurity ions 15 04 14 0 09 1.6-1.3
~ 4 Neutral atoms 0 0.2 0.3 0 0 0.3-0.8
- 10 Acoustic phonons —15 0 0 0 0 -10 -20
o [ 3
B Note: The exponents refer to the transverse=() and longitudinal
1 (i=|) components of the tensor.
1 | 1 ] ) . .
o 700 On the basis of the above analysis, the dependence of the
T,K functionsG; on temperature and energy can be represented
in the form
FIG. 3. Gy; versus the temperature far=b=5 nm andn= 10" cm™3. The o
numbers on the curves have the same meaning as in Fig. 1. GiNTBiEai’ (50)

Then, using Eqs(31) and(45), the temperature-dependence
1. For scattering by impurity ions and neutral atoms theof the mobility for a nondegenerate electron gas assumes the
functionsG;(E) show a strong energy dependence, similar toform (45), wherea;= ag—a;, Bi=Bo—Bi, anday and B,
a power-law dependendeee Fig. 1 In other words, are the exponents in the energy and temperature dependences
Gi(E)%GOi(T)EZ’i. (49) of the relaxation time in a bEIk semiconductor. The
_ temperature-average values @f, B;, and v;, calculated
2. The exponenty; in this dependence is essentially in- with the above-indicated parameters of the SL and corre-
dependent of temperature and the electron density in theponding to the three basic scattering mechanisms, are pre-
rangen< 10'® cm™3. For scattering by neutral atoms it de- sented in Table I. It follows from the table that a strong
pends appreciably on the QW widéh(see Fig. 2 change in the temperature-dependence of the mobility in the
3. As the temperature increases, the quar®ty for  SL under study, in contrast to its constituent bulk semicon-
scattering by impurity iongFig. 3, curve2) increases almost ductors, should be expected for the longitudinal component.
linearly, while G, depends very weakly on temperature In the extrinsic conductivity range, determined by scattering
(Fig. 3, curvel). For scattering by neutral atoms this depen-by impurity ions and neutral atoms, this dependence for the
dence is also very weak for both componefgee Fig. 3, longitudinal mobility is of a qualitatively different character

curve3 and4). than in bulk semiconductors, since it should decrease with
4. For scattering by impurity ion&, | was found to be increasing temperature.
several orders of magnitude greater th@g;, and it in-

creases with decreasing electron denskig. 4, curve?2). K. K. Choi, B. F. Levine, C. G. Bethea, J. Walker, and R. J. Malik, Appl.
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(1999).
“H. Lobentanzer, W. Konig, W. Stolz, K. Ploog, LT. Elsaesser, and R. J.
Bauerle, Appl. Phys. Lett3, 572(1988.
5X. Zhou, P. K. Bhattocharaya, G. Hugo, S. C. Hong, and E. Gulari, Appl.
10° Phys. Lett.54, 856 (1989.
SA. Sibille, J. F. Palmier, H. Wang, and F. Mollot, Phys. Rev. Lé#, 52
. (1990.
0 + ’C. Waschke, H. G. Roskos, and R. Schwedler, Phys. Rev. T@t8319
(1993.
7 8A. A. Ignatov, K. F. Renk, and E. P. Dodin, Appl. Phys. Rev. L&,
1996(1993.
2 9Yu. V. Kopaev and S. N. Molotkov, JETP Lef9, 800 (1994).
2 A, Ya. Shik, Fiz. Tekh. Poluprovodri, 261 (1973 [Sov. Phys. Semi-
10 cond.7, 187 (1973].
113, R. Meyer, D. J. Arnold, C. A. Hoffman, and F. J. Bartoli, J. Appl. Phys.
4 74, 6676(1993.
12|, Dharssi and P. N. Butcher, J. Phys.: Condens. M&itdr19 (1990.
17 3 13B. L. Gelmont, M. Shur, and M. Stroscio, J. Appl. Phyg, 657 (1995.

17 L2 ] | ) i N. Bannov, V. Aristov, and V. Mitin, Solid State Commu@3, 483

13 1% 15 16 17 (1995.
10 10 0 -3 0 0 15C. Erginsoy, Phys. Rev9, 1013(1950.

n,cm 163, 1. Borisenko and K. F. Karavaev, Fiz. Tekh. Poluprovo@®, 607
(1998 [Semiconductor82, 544(1998].

~0C;
Gy; 5 (V)

3

1

FIG. 4. Gy versus the electron density =100 K fora=b=5 nm. The
numbers on the curves have the same meaning as in Fig. 1. Translated by M. E. Alferieff



