HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 10 15 MAY 2004
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We investigate theoretically confined electron-confined phonon scattering rates in three-layered
planar wurtzite AIN/GaN/AIN heterostructures with free-surface boundary conditions. The
thicknesses of the core and cladding layers are chosen to be a few nanometers to ensure phonon and
electron spectrum modification due to spatial confinement. We have considered electron-phonon
interactions via deformation and piezoelectric potentials. The scattering rates are calculated for both
intra- and intersubband transitions of confined electrons. The influence of the built-in electric field,
characteristic for GaN/AIN interfaces, on polarization and intensity of the electron-acoustic phonon
interaction in heterostructures is discussed. Specific features of the deformation and piezoelectric
scattering of electrons in wurtzite three-layered heterostructures and their differences from the
scattering in homogenous slabs have been established. It has been shown that it is possible to tune
the strength of the electron-phonon interaction in a desired way by varying the core and cladding
layers thicknesses. The obtained results can be used for optimization of GaN-based heterostructures
for electronic and spintronic applications. D04 American Institute of Physics.
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I. INTRODUCTION Most of work on phonon confinement in thin films and
nanowires has been done for anisotropic medium or materi-
Spatial confinement of acoustic phonons in nanoscalels with cubic lattice structure. The confined acoustic
structures with acoustic impedance mismatch at the boungshonons in thin films(slabg and nanowires are classified
aries can strongly affect the vibrational spectrum and modifyaccording to their spatial symmetries into shear, dilatational,
substantially the electron-phonon interaction in comparisorand flexural polarization’.® Folded acoustic phonons in lay-
with bulk.* Nevertheless, in many cases, a three-dimensionaired media have been theoretically predicted and described
bulk phonon approximation is still used to describe theby Rytov? The folded acoustic phonons have been later ob-
electron-phonon interaction in hetero- and nanostructures. Iserved experimentally in quantum well superlattitédore
this approach the Hamiltonian for the electron-phonon interrecently, acoustic phonon spectra have been calculated for
action takes into account the size quantization of the elecregimented arrays of quantum dots from the anisotropic elas-
tronic states while using bulk phonon energy spectrum. Theicity equation with actual elastic constants for the zinc
latter simplifies the theoretical treatment, since confinetlende dot and barrier materidldhe Hamiltonians of con-
acoustic phonon spectra can be relatively easily found onlyined electron-confined phonon interaction in free standing
for homogeneous structures of simple geometry, such aslabs, cylindrical and rectangular quantum wires, and spheri-
slabs, cylindrical, and rectangular nanowite$, or  cal quantum dots have been derived in Refs. 8—10. The ef-
superlattice$. Several analytical solutions for confined pho- fect of magnetic field on confined electron-confined phonon
non spectra in structures of simple geometry can be adoptegteraction in rectangular quantum wires is described in
from acoustics. At the same time, the treatment that disre- Ref. 11.
gards phonon spectrum modification breaks down when the From the technological point of view, achieving acoustic
structure size becomes too small, e.g., characteristic featugghonon confinement is currently a more challenging task
size of the structure is much smaller than the phonon meathan achieving electron confinement. The former requires
free path(MFP) at a given temperature, particularly when the hetero- or nanostructures made of elastically dissimilar ma-
elastic constant discontinuity at the nanostructure boundarerials characterized by the large acoustic impedance mis-
is large. In this case, both the confinement of electron statesiatch or fabrication of free-standing nanostructures. Com-
and acoustic phonons should be taken into account whilplete phonon confinement, similar to electron confinement in
calculating the scattering rates. a quantum well with infinite potential barriers, takes place in
free-standing nanostructures. Achieving strong phonon con-
dAuthor to whom correspondence should be addressed; electronic maif.jnement and spectrum quantization is important for control-
alexb@ee.ucr.edu ling acoustic phonon transport, e.gghonon engineering
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which may lead to nanoscale device applications. There haw
been some progress in this direction resulting in reports ofg
fabrication and characterization of free-standing, or nearly
free-standing, quantum wells, wires, and dSts Very re-
cently, fabrication and measurements of thermal conductivity§ |
in single crystalline free-surface Si nanowires with diameters £ AT polaroaten)
as small as 22 nm have been reported byetall® An ob- N =
served strong decrease of thermal conductivity beyond the ~ © 't 2 .3 ¢4 5 0 1 2 348
boundary scattering limit has been attributed to the phonori ~ © s ® !
confinement effect, e.g., acoustic phonon modification, pregiG. 1. Phonon energy as the function of the phonon wave vector for type
dicted for such structures in Ref. 16. A (thick barrier-thin corg heterostructure plotted fo@@ SA and (b) AS
Heterostructures made of wurtzite GaN/AIN are very Polarizations.
promising for electronic and optical applications due to a
Iarge direct band gap in GaN, high-temperature and hlghn CONFINED ACOUSTIC PHONON MODES
field stability. GaN-based transistors have also demonstratqf] A THREE-LAYERED HETEROSTRUCTURE
a capability for high-frequency operation with the noise lev-
els low enough for microwave applicatios:® An impor-
tant feature of GaN/AIN hetero- and nanostructures is th
existence of a built-in electric fielt. Spontaneous polariza-
tion, which stems from the lack of inversion symmetry, is
especially large in GaN and AlR:?° Owing to the lattice
mismatch between GaN and AIN, the deformation appears i
thin layers within GaN/AIN interface leading to the strain-
induced polarization®?° The built-in electric field, induced
by the polarization, can reach values on the order of sever
MeV/em2°-22|t strongly affects the electrothole) states in
two-dimensional electron ga@DEG) formed at GaN/AIN
interface as well as 2DEG mobility.2° In addition, the
e e o o e and e B0 barer ik ot hterosncres
lation of the intersubband and intrasubband scattering rates spectl\{ely. . :
Details of the calculation of normal phonon modes in

in GaN/AlGaN quantum wells with optical phonons partici- AIN/GaN/AIN  heterostructures  are  described by  us

pation was reported in Ref. 28. The distribution of built-in elsewherd® The confined phonon spectra for types A and B

field in GaN/AIN quantum dots, which is drastically different heterostructures required for this work have been computed
from that in planar GaN/AIN heterostructures, has been in- d P

. , 0 using the approach of Ref. 33 and the elastic constants values
Ves“gateg,gy Andreev and O'Refff”™ and Fonoberov and from Ref. 34. The normal modes with displacement vettor

Balandin: parallel to the layers do not interact with charge carriers.

finetljnetg itxcr:r-lc(:x?ir?égserr:):;ioirr?ttgglc:ltinc:/rﬁggviﬂftgitc;f Z?S/'Therefore, these modes will not be considered in the present
P work. Following the notations adopted in Pokatileval3*

GaN/AIN heterostructures. The three-layered heterostructurﬁa]e two other types of normal phonon modes are denoted as

IS ctr)lo;sndas _f;\hprotogype_ ofa gieqelr|(3|_tr]h|n f(hm%nturg welu A and AS polarizations. In the case of a slab, the SA modes
embeddea within a barrier material. the considered values o orrespond to dilatational modes while AS modes correspond
the layer thickness are well below the acoustic phonon MF

‘ '.._to flexural modes:® The displacement vectots for SA and
gt a given temperature to ensure phonon spectrum mOdIfIC%:S modes lie in theXs,q) plane, whereq is a wave vector
tion. . L . of normal vibration. The dispersion relations for type A het-
The remainder of the article is organized as follows. .lnerostructure are shown in Fig. 1 for both S and AS(b)

;he S?C' (Ijl.’ Wethdesclrlbe ntzjrmha![ aCOltJSt'ct: phor:onSmodlel,-ls 't?‘ olarizations. One can see from these figures that only zero
ree-standing three-layered heterostructure. in sec. i, A mode and zero AS mode are bulk-like. All the other

eigenmodes and eigenfunctions for electron confined withir}n . R
) o r ntiz n ioptic in nature, e
the core GaN layer are obtained. In Sec. IV, the Ham|lt0n|ans_OOIeS are quantized and quasioptic ature, 4

for confined electron interaction with deformation and piezo- 0)#0.

elect_rlc potential of normal acoust_|c phonon modes in thq“. CONFINED ELECTRON STATES

considered heterostructure are derived. In Sec. V, we derive

formulas for confined electron-confined phonon scattering We limit our consideration to wurtzite GaN and AIN
rate in three-layered free-surface heterostructure. Results abmpounds. Since wurtzite lattice lacks inversion symmetry,
the calculations of electron scattering rates via deformatiotthe heterostructure layers are spontaneously polarized. The
and piezoelectric potentials for AIN/GaN/AIN heterostruc- vector of spontaneous polarizati®iis oriented along the

ture are presented in Sec. VI. Conclusions are given iraxis. Due to the lattice constard mismatch, a(GaN)

Sec. VII. >a(AIN) by 2.5%, in the type A heterostructure the core

Energ

SA polarization_

cven fevels] ] 4 gl
------ odd levels g
N 1 E|

A schematic view of the considered three-layered hetero-
gtructure and basic designations are shown in the insets to
Fig. 1. AxesX; and X, in the Cartesian coordinate system
are in the plane of the layers while axis is perpendicular
to the layer surfaces and is parallel to the hexagonal refer-
ﬁnce axisc in wurtzite lattice. The layers thicknesses are

enoted byd; (i=1,2,3). The structure is symmetrid,
=dj, and its total thicknesd is given asd=2d,+d,. The
Eﬂumeric calculations are performed for GaN slabs vdh
=(2 nm,10 nm) and for the three-layered AIN/GaN/AIN het-
erostructures with dimensiong nm/2 nm/4 nm and (2
nm/6 nm/2 nm. For the convenience of further discussion,
we refer to such heterostructures as typ@hick barrier-thin
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— T 423 mey F4=4 MV/cm, is shown by the dashed line. This value of

the built-in field, chosen for numeric calculations, has been
adopted from Ref. 26. The energy levémttom of the cor-
responding subbandor the ground and first excited sub-
bands in the FB and TB wells are presented in Fig. 2 with the
solid and dashed lines, respectively. One can see that in the
case of FB the wave functiogh,—1(X3) is distributed uni-
formly over the layer thickness while in the case of TB the
1112.123 meV wave functiony,—,(X3) becomes strongly asymmetric and
attains its maximum approximately in the distance equal to

1923 meV

g . ) . )
aGaN6 one third of the core layer thickness from the interface. This

d(AIN)=2 nm

568.309 meV feature of the wave function results in substantial modifica-
tion of the confined electron-confined phonon interaction in
the case of TB as compared with the case of FB.

18.8035 meV
2 4 6 IV. CONFINED ELECTRON-CONFINED ACOUSTIC
X;(nm) PHONON INTERACTION
FIG. 2. Electron energy levels and electron wave functitims ground state In this section we derive the Hamiltonian for the con-

and the first e>_<cited stat)esglcqlated for the pot.ent'ial well without built-in ' Fined electron-confined phonon interaction in a three-layered

electric potential, e.g., FB, indicated by the solid lines, and for the potential . | ic h Th . f the displ

well with the built-in electric field, e.g., TB indicated by the dashed lines. piezoelectric heterostructure. e expansion ot the displace-
ment vector over the normal modes has the form

U(Xy,X2,%3) =2, UL(rX3,0),  (Xq,Xp), 4
GaN layer is uniformly squeezed in the plan¥,(X,), (X1,%2,%3) ;5 s (1%, 0) (X1,%2) @

while in the type B heterostructure the cladding AIN layers . _ i o
are stretched in the same plane. As shown in Ref. 19 suc here indexa=(SA,AS) indicates the polarization type and

; . indexs=0,1,2,..N is the quantum number of a normal pho-
deformation does not relax for the layer thlcknessnon mode. The displacement vector for the g,q)-normal
d(GaN,AIN)<3 nm and induces polarizatioR®. The total ) P a

polarization includes two components, eRfS'=PSP+ PSt, |f mode is given by the equation

the GaN core layer is relaxeghot under strainthen P™ 1 _

— P Theoretical estimates for the build-in electrostatic field ~ Us*(r.x3,q) = \/:A(sa)(q,t)wg(q,xs)e'qr, 5
F induced by total polarizatioP™ give the value of about Lile

10° v/icm.?° whereAl® is the oscillation amplitude ana2(qg,xs) is the

The Schrdinger equation for the transverse electronpolarization vector for thed,s,q)-normal mode. The polar-
motion in the considered three-layered heterostructure can bieation vectorwg(qg,xz) in its turn satisfies the following

written as orthonormal conditions:
h2 9 1 d ny Iy fdlz (a) (a')x d
3 3% Mi(xa) 9% b(X3) T Viuiitin(X3) | #n(X3) AL (d,%3) p(X3)Wgr *(Q,X3)dX3
=€ nin(X3), (1) =p(q) bsg Buar » (6)
ﬁzkz 1 Whereﬁkk/=0(k¢ k,) and 5kk’:1(k:k,)'
€n=Ein~ 2 m (2) The Hamiltonians for interaction of an electron with
’ (@,s,q) normal acoustic phonon mode via the deformation
1 fd/Z o)l 1 i, 3 potentialH (" and piezoelectric potential )", are given
m . Joae my (X3) as
Here# is the Plank’s constanin(xs) is the effective mass . 3
of an electron along the reference agisndm, (x3) is the Héf%'fsf (@ @ q)(sa)’ﬂ(xs.CI)
effective mass of an electron in thi {,X,)-plane,Vy(x3) is 2L1L2ps" () ws™(q)
: . Rt : R _
the barrier potential an¥.in(X3) = —eF3X3, wheree is X[béa)(q)+bl(a)(_q)]emr, @

the electron chargésy is the component of the built-in elec- n .
trostatic field alongXs axis in the quantum well. Equation where 8=(d,p), b{*)(q) is the annihilation operatob/(*)
(2) determines the energy of electron level witn quantumX(q) is the generation operator of a phonon ia,$,q)
numbern, ,—is the wave function of the electron state mode and@fﬁ)'ﬁ are the potential functions for deformation
witn a quantum numben. and piezoelectric scattering interactions. Functipé‘%?(q)

In Fig. 2 the flatband \{,in=0; FB) potential well is  are computed according to the orthonormal conditions of Eq.
depicted by the solid line while the triangular potential well (6). The potential function for the deformation interaction is
(TB), which corresponds to the built-in electric field intensity defined as
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a) @
DU, 0) = 2ol 0 ) g2 2D % os
dX3 'E 0
=

wherea, . anda,. are the deformation constants for the con- 5 -05
duction band. Numerical values of these constants were se- 5@ 1
lected in line with those reported in Ref. 34. One can see L. 3
from Eq. (8) that the symmetry of functior®{*? coincides WP o
with the symmetry of the polarization vector component 0 23
W(lf“s). Thus, the even deformation potential corresponds to @

normal SA mode and vice versa.

The piezoelectric potential function induced ky,§,q) 0 :
acoustic phonon mode is found from the solution of the Pois- z
) . .t T |
son equation given by =) s
'é -2 r : d(g:ﬁv}:lla(lbnm-
5 :
d?®P(x3,9) ~ | |
€(Xg)| ———— o2 — 02D P(x4,0) 3 NS ]
X3 ©Ar : 1
_ ¢=0.25nm i
, de(xs) ddP(x3,0) e dless(xg)WsY(X3,0)] sprmm v
= 2 4 6 8 10
d X3 d X3 €p d X3 ®) X, (nm)
e 2 (a) e |es(Xs) _ _ _
~ 5o €15(X3)q W3¢ (X3,0) — —¢ 5 FIG. 3. (a) Piezoelectric potential for the AS zero normal mode=Q) as a
€0 €o function of the phonon wave vectgrand coordinate; shown for the slab
(@) (0<x3<2 nm) and for the type A heterostructure<@;<<10 nm). (b) In-
— eay(Xa) dw;s (X3,) € desi(Xa) W(“)(X ) tegrand functiorG%SAs=7(x,) of the scattering rate matrix element for the
3013 dxg €0 q dxg 1s (X3,4), deformation potential interaction in the GaN skl® nm) and type A het-

erostructure. Boundaries of the GaN heterostructure core layer are indicated
(9) by two vertical dashed lines.

where € is the permittivity of free spaces;  (i=1,2,3;k

=1,...,6) are the piezoelectric modules for the hexagonal

crystal. Numerical values af3,(X3), €33(X3) are taken from same thickness is more than the absolute value of this func-
Ref. 34,eg(X3) are from Ref. 20 and the static dielectric tion in the structure withd=2nm. This leads to the en-
constante(xs) is from Ref. 35. Since the out-of-structure hancement of piezoelectric interaction with increasing struc-
piezoelectric polarizatiorP?,=0, the Maxwell boundary ture thickness for the electrons with relatively small
conditions for the piezoelectric potential function momentum, e.g., for nondegenerate electron gas at low tem-

®{*P(x3,q) at the outside surface of the structure acquirePeratures.

the form
d®P(x3,q) dd{*P(x3,q) V. SCATTERING RATES
—e0€(Xg)| T | T T €e(Xe)| T —
3 out 3 in The quantum mechanical probability of the system tran-
—[ePLYPy,,, sition from the initial statei to the final statef due to
’ (10) electron-phonon interaction can be calculated according to
d ) Fermi's golden rule
X=—=x0(""+"in;"" =" out)
2 2
-1 H 2
or T (Ei):Win:TEf |<f|He—ph||>| 5(6f_6i),
(11)
X=+520(" +7out,™ =" in), where summation is performed over all finite states of a sys-

tem. Equation(1l) determines the number of electron-

where  P{P(x3,0) = €31(X3) AW Y (X3,0) —e33(x3)dWS?  phonon collisions per second, e.g., scattering rate, with
X(X3,9)/dx3. It follows from Eq.(9) that the symmetry of which the electron transfers from some initial stataith
function ®{* P is the same as the symmetry of the polariza-energye; to the finite statéf with energye;. Calculation of
tion vector componenlvg‘fs) . As a result, the even piezoelec- the relaxation time using Eq11) allows one to compare the
tric potential corresponds to normal AS mode and vice versantensities of electron-phonon interaction for different inter-

Functionstl)g’iso)"’ for a GaN slab =2 nm) and for the action mechanisms or, for the same mechanism, compare the
type A heterostructured=10nm) are shown in Fig.(8). scattering rates in different structures.
Note that the functions for the GaN slab and AIN/GaN/AIN For the remainder of the article we will assume that the
heterostructure with equal thicknesses are similar. For smallpper sign in the momentum conservation lalx=k +q cor-
phonon wave vectorg the absolute value of the function in responds to phonon absorption while the lower sign corre-
the heterostructure witld=10nm and in the slab of the sponds to phonon emission. Taking into account this conser-
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[ SA defdrmation Scattering

vation law and, after integration over an angle in the 035

=]
cylindrical coordinate system, one can rewrite Ed) in the g 03
following form: =
1 1 E § (SR e et
(€)= _ m. ., 2 0.1
nn 27Th2k a,B,s on ‘E0.0S ph. emission
2 ph. absorption|
2 o
(a) 11 0 4 8 12 16 2 0 4 8§ 12 16 2
. NS + E +§ dq @) Electron Energy (meV) ®) Electron Energy (meV)
J'o pg“)(q)w(s“)(q)\/]_—(AI)Z FIG. 5. Intrasubband electron scattering rate for SA normal modes as a
function of the electron energy in the type A heterostructure at two different
d/r2 2 temperatures of 4.2 and 77 K. Solid lines correspond to phonon emission
X J Gf‘g,’s(q,Xg,)ng , (12 and dashed lines correspond to phonon absorption. The results are presented
—dz for the deformation potential interactida) and for the piezoelectric field
. A . interaction(b).
where N{* is the phonon equilibrium occupation number, ®
»{* is the phonon frequency, and functions and G2’
are given as VI. COMPARISON OF THE SCATTERING RATES AND
DISCUSSION
oM, o, A% 1 1 , , ,
(A™)= 5| € Ent > lm Calculated intrasubband scattering rates(e) in GaN
kot Lot L slab and heterostructures are presented in Figs. 4—6. In Figs.
72q? 4(a)-4(b) one can see the scattering rates in the GaN slab
+ W:hwg‘”(q)}, (13)  with the thicknessi=2 nm. The confined electron-confined
L’ phonon scattering rates in types A and B heterostructures are
ny’;‘,'s(q,x3)=<1><S“)'ﬁ(q,x3) lﬁzr(xs) Pn(X3). (14) shown in Figs. 88)-5(b) and Ga)—6(b), respectively. One

) ) can notice in these figures that the phonon absorption pro-
Note that in Eq.(12), n=n" corresponds to intrasubband cesses,«(¢€) are described by the smooth functions due to
transitions, anch#n’ corresponds to intersubband transi- e fact that all phonon modes participate in the absorption
tions. The electron size quantization energy in heterostruGs cess, although with different contributions determined by
tures with a thickness on the order of several nanometers, i$c value of the matrix element. The functional dependence
much larger than the electron thermal energy at room temy gifferent for the phonon emission process@,ﬁ(e) where
perature. In this case, one can assume that only one subbagl \yell-defined steps are clearly seen at energigs,
(n=1) is occupied, and intersubband transitions are possiblghwga)(qzo)_ This corresponds to the beginning of pho-

for the nonequilibrium system state, which can be created, o, emission when the phonon energy equals to the electron
for example, _by o%t/icsell7edXC|tat|o?’?: . . energy. These characteristic steps distinguish the confined
The functionG, 27’5, (x3,q=0.25nm %), is depicted  gjectron-confined phonon scattering rates in heterostructures
in Fig. 3(b) for the GaN slab @=10nm) and for the type A from the scattering rates for free electrons interacting with
heterostructure. In the slabs, the electron interacts mainlyk phonons for which the relaxation rate is proportional to
with the lowest modess=0,1,2)  while in the heterostruc- the square root of electron energyi.e., 7~ 1~ (€)Y2 The
tures the electron interacts intensively with all modes ( calculated scattering rates are also different from the con-

=0,1,23..). In Fig. &) one can see the strength of the fined electron-bulk acoustic phonon scattering rates shown in
interaction between an electron in the ground state and sesig. 4a) with the dotted line (phonon emission aff

enth normal acoustic SA mode. =300K; mi=71). More discussion on the difference be-

tween electron-confined phonon and electron-bulk phonon
scattering rates in crystals of cubic structure can be found in

- T T T T T T T
v, 12 [ FB SA deformation scattering| 035 - FB eI
& - - AS piezoelectric scattering
2 T XN 03+ A
5 09 boucphemission| Mr-se0k T / - A
& ) = 025 ¢ - - | ] deformation scattering
= = / T=300K 2 016 TB
g GaN slab ———premmwon || 0.2 ',' q g SA
£ 06 [a SR Som == g
E] 0.15 GaN slal T=77K o 012
7] 2 d(GaN)=2 nm = d(GaN)=6 nm
= 03} 0.1 b g C= d(AIN)=2 nm
S - - -
‘g P - 0 N 005 |- T=42K 4 “3 0.08 y =
2 T=-77K T=42K I,%\——————_ & A(Can)=6 nm
20 T —Hor=eamz=s 0 I 2 = S g 004} d(AIN)=2 nm
0 4 8 12 16 20 0 4 8 12 16 20 £ Pl emission
i+ — = = == ph, absorption|
(@) Electron Energy (meV) ®) Electron Energy (meV) =] 0

4 8 12 16
FIG. 4. Intrasubband electron scattering rate for SA normal modes as & @  ectron Energy (meV) (by  Flectron Energy (meV)

function of the electron energy in GaN slabd=2 nm) at three different

temperatures of 4.2, 77, and 300 K. Solid lines correspond to phonon emid=IG. 6. Intrasubband electron scattering rate for SA and AS normal modes
sion and dashed lines correspond to phonon absorption. The results aas a function of the electron energy in the type B heterostructure at the
presented for the deformation potential interacti@nand for the piezoelec- temperature of 77 K. Solid lines correspond to phonon emission and dashed
tric field interaction(b). For comparison, the bulk phonon emission is shown lines correspond to phonon absorption. The results presented for the defor-
with the dotted curve. mation potential interactiofe) and for the piezoelectric field interactigb).

<
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Refs. 1-3 and 8. One can also notice in Fig. 4 that since in ' ' ' '

the “thin” GaN slab with d=2 nm the phonon quantization 0.05 1 deformation scattering |
is stronger than in types A and in B heterostructures \tith 004 | phonon emission T A
=10 nm(see Figs. 5 and)6the first steps in the thin slab are n :

shifted to higher energies. 79 003 | 1 -k Ny |

The number of normal modes in the heterostructure can
be estimated asl/2c,., wherec,. is the lattice constant
(c1c=0.51 nm for GaNL* It follows from this estimate that 001 |
two normal modegbulk like s=0 and quantized=1) of
each polarizationgSA and AS are in the thin GaN slab,
whereas ten normal modes of SA and AS polarizations are in

phonon absorption i
i SA polarization
_____ AS polarization

B

<
T

L o

0 40 80 120 160 200

both types A and B heterostructuréacluding two modes @) Electron Energy (meV)
with s=0, which are bulk likeé. The distinctive feature of

scattering rates™ (€) in heterostructures is the involvement . - ' -

of the higher phonon modes into the emission processes. 005} e et
Figure 3b) shows that higher phonon modes in heterostruc- 0.04 |

tures intensively interact with electrons due to confinement -

of the electron in the heterostructure core layer. In the type B £ 003 g d(GaN)=6 nm |
heterostructure the electron wave function is shifted to the ' 0.02 - d(AINY=2 nm i
heterostructure surface by the built-in electric field. There- £ (_____ gfggg{g;gggﬁl
fore, the symmetry with respect to the central plane is bro- 0.01 i - .
ken. As a result, the electron deformation potential interac- 0 if ! phononﬁ,wpﬁon

tion with AS modes and the electron piezoelectric interaction
with SA modes emerge, while the deformation potential in-
teraction with SA modes and the piezoelectric interaction b Electron Energy (meV)
with AS modes become weaker. Note that in the type A het- b)

erostructure, the built-in electric field does not practicallyFiG. 7. Intersubband electron sattering rate for SA and AS normal modes as

influence the value of™ 1(6) because of the small potential a function of the electron energy in the type B heterostructure at the tem-
bias perature of 77 K. Solid lines correspond to SA modes while dashed lines

. correspond to AS modes. Partal shows transitions from the excited to the

The dependence of the scattering rate on the nanOStruSFound state: 2>1; while panel(b) shows transitions from the ground to the
ture thicknesgsee Figs. ) and 5a)] is a manifestation of excited state: +:2.
the size quantization effect in electron-phonon interaction.
There is no such effect in bulk because of the increase in the
number of normal acoustic modes, which is proportional todeformation potential interaction owing to the large value of
V (whereV is the sample volumeand is compensated by the the electron momentum. The total relaxation rates, e.g.,
decrease in their amplitudesV~*? while computing the absorption and emission processes togethet(abst+ em)
scattering rate-” 1. Analogously, in nanostructures the num- are shown in Fig. &. The average total relaxation
ber of normal acoustic modes increases-a and the am-  rates frt;tl('l')=2aﬂ[r‘l(T)](“)'ﬁ obtained by averaging
plitude of each modes decreases-ad~ Y2 At the same of [7 (e€)]‘# using the Maxwell distribution for
time, the efficiency of the deformation potential interactionnon-degenerate electrons are presented in F). 8he
of electrons with the higher normal acoustic phonon modesesulting inequalities rt;tl(T,type A)> Tt;tl(T,type B)
in a thicker heterostructure is weakengste Fig. 5. As a >Ttgt1(T,10 nm,slab) Ttgtl(T,Z nm,slab) are explained by the
result, the scattering rate decreases with increasing thicknessasons stated earlier. In brief they can be formulated as fol-
d [compare Figs. @ and 3a)]. lows: (i) inclusion of the higher normal modes in the scatter-

The piezoelectric potential interaction is a long-distanceing processes in heterostructures gindenhancement of the
interaction. To estimate its dependence on the structure thiclpiezoelectric potential interaction{(d*?) and weakening of
ness, we can write, using E¢P), the following expression the deformation potential interaction-@d~*?) with the in-
|®P 9 ~d|w{®|~d¥2 This general dependence can becreasing layer thickness In the structures without piezo-
strongly modified by the change of the sign of the functionelectric polarization the inequalities are different from the
®P(x3,q) for large values of andqg. Comparing Fig. )  previous case and are given as,,(T,2nm,slab)
with Fig. 5(b) one can see that the increase of the structure> 7, (T,type A)> 7, (T, type B)> 7,,+(T,10 nm,slab).
thickness leads to the enhancement of the piezoelectric inter-
action.

Optical excitation of electrons into the first exited sub- VIl CONCLUSIONS
band followed by relaxation to the ground state subband can We have theoretically investigated confined electron-
be characterized by the functiors;'(€). This function is  confined phonon scattering rates in thin three-layered wurtz-
shown in Fig. Ta). The reverse process, due to thermal ex-ite AIN/GaN/AIN heterostructures. The dependence of the
citation, is described by the functiar,;'(€) [see Fig. Th)].  deformation potential and piezoelectric potential scattering
The main contribution to these transitions comes from theates on electron energy, temperature, and layer thickness has

500 540 580 620 660 700
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FIG. 8. (a) Combined(absorption-emission intrasubband electron scatter-

ing rate as a function of the electron energy in the type A heterostructure at
two different temperatures of 4.2 and 77 K. Solid lines correspond to the
deformation potential interaction of SA normal modes and dashed lines

correspond to the piezoelectric field interaction of AS normal mog®s.

Total confined electron-confined phonon scattering rate obtained by integra-
tion over all polarizations for both deformation potential and piezoelectric
field interactions as a function of temperature. The results are shown for two

different slab thicknessesi&2 nm andd=10 nm) and two different het-
erostructures: type A4 nm/2 nm/4 nm and type B(2 nm/6 nm/2 nm
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