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The energy of polarization phonons as a function of the wave vec-
tor as well as the polaron energy and effective mass as functions
of the quantum wire radius R are determined for cylindrical quan-
tum wires (QWs) of ZnO and GaN hexagonal crystals. It is shown
that the dominant contribution to the polaron energy and the ef-
fective mass is made by quasi-longitudinal and interface phonon
modes. It is established that the contribution of quasi-longitudinal
phonons is determinative in the region R > 15 nm. The energies
of QW polarons for cubic and hexagonal crystals are compared.

1. Introduction

The general development of semiconductor nanotech-
nologies observed during two recent decades allows one
to make a conclusion about the importance of the elec-
tron — optical phonon interaction in low-dimensional sys-
tems. In such systems, electron-phonon interaction can
significantly influence the physical properties of elec-
trons, in particular, their scattering, energy losses of hot
electrons, polaron effects, etc. [1-10]. This so-called
Frohlich interaction is mainly studied in the framework
of the dielectric continuum model (DCM). Its use allows
one to obtain expressions for the investigated parame-
ters in relatively simple analytical forms. In addition,
the results obtained in the framework of this model are
in good agreement with experimental data [1, 8, 11-14].

First, electron — optical phonon interaction was thor-
oughly studied in quasi-two-dimensional heterosystems,
quantum wires, and quantum dots produced using op-
tically isotropic materials [14-17]. However, during the
recent years, such anisotropic materials as ZnO, GaN,
AIN, and InN have started to attract attention of in-
vestigators due to perspectives of their use in electronics
[18-24]. In particular, a number of studies have used the
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DCM to theoretically analyze the properties of optical
phonons and their interaction with a conduction elec-
tron in various heterostructures of wurtzite-like crystals
with plane boundaries [18, 22, 23]. Much less studied
(both experimentally and theoretically) are the phonon
and polaron states in quantum wires and quantum dots
of anisotropic crystals [19-21, 24].

The proposed work is devoted to the theoretical re-
search of the phonon and polaron states in quantum
wires of anisotropic ZnO and GaN crystals in ZnO/GaN
and GaN/AIN heterostructures.

2. Statement of the Problem and Its Solution

We consider a nanoheterostructure consisting of a cylin-
drical quantum wire of radius R in the semiconductor
matrix of wurtzite-like crystals. The axis OZ is directed
along the wire axis that coincides with the optical axis
of the crystals ¢ (Fig. 1).

In the effective mass and dielectric continuum approx-
imations, the electron-phonon system is described by the
Hamiltonian

H=H,+ Hy, + He_pp. (1)

The Hamiltonian of the electron subsystem H, can be
put down in the coordinate representation using the
cylindrical system of coordinates

he B0 (e 0y 1
2 \pap \mulp)dp) "~ p?0p?
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") 322) e (2)
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where

_ M 2(t), 0< p< Rv
mapl) = { v PR 3)

are the axial (m; ) and radial (m;,) effective electron
masses and

V(p)—{ 0, R<p<oo,

is the potential of the cylindrical quantum well. Here,
U; is the electron potential energy in the bulky medium
with respect to vacuum. Indices 1 and 2 correspond
to the internal and external media of the heterosystem,
respectively. The eigenfunctions and eigenvalues of the
electron Hamiltonian have the following form:

V=U -0, (4)

( )eikz—o—iMap’ (5)
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é ( ) J‘M|(’%17N7Mp)v 0<p<R,
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e %K\Ml(ﬁw,z\m), R < p< oo,
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K (k2N R)?
(8)

[ VN
Ex (k) =V N, 9
N, (k) + Smes + ST (9)

where k is the axial component of the electron wave vec-
tor, Ky y s are the roots of the dispersion equation

k1 (Jjarj-1 (k1 R) —
my ¢ J) ) (K1 R)

Jinrj1(RiRy))

ko (=K p—1(k2R2) — Karj+1(k2R))
ma ¢ K| ar (k2 R) .
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Fig. 1. Diagram of a cylindrical quantum wire in the semiconduc-
tor matrix

N = 1,2,...,Npax(R) and M = 0, +1, £2,...,
+Mpax(R) stand for the radial and magnetic quantum
numbers, respectively, Jys(z) are the cylindrical Bessel
functions, and K, (z) are the modified Bessel functions.
The Hamiltonian of the phonon subsystem flph can be
written down in the representation of occupation num-
bers with respect to the phonon variables

= S, =

- Z Z hwsvms-ﬁ q) <b;rm M qbs,ms,ns,q + ;)7

s Ms,Ns,q

(11)
where b, . o (bsim.n.q) is the operator of cre-
ation (anmhllatlon) of a polarization phonon of the
(s,ms,ns,q) branch. The index s corresponds to the
type of polarization phonons, ng = 1,2,... and mg; =
0,+1,£2,... are the radial and magnetic quantum num-
bers, respectively, whereas ¢ is the axial component of
the wave vector. The spectrum of polarization phonons
Fws m, n, (q) is determined from the dispersion equation

MELE 21,6 m| (19R) 23 ) (124 5) =0 (12)
Y2€2,t Zz,s,|m\(’Y2‘IR)ZLS,|m|(71qR) 7
where
d &q Z(w)
! . B k)
Zi,s,lm\(x) = %Zi,s,\ml(x)a Vi = 5i,t(w) )
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(W%Oz,i - wQ)
Ei,z(w) = &4,z,00 D) 2
TOz,i — W

(W%Ot,i - WZ)
gip(w) =¢€itoo—g 5

(13)
WOt w?

stand for the axial and radial components of the permit-
tivity tensor of the internal (quantum wire, ¢ = 1) and
external (matrix, ¢ = 2) media, respectively.

The functions Z; g |,,,| are expressed in terms of the
Bessel Jys(x), Neumann Yjs(x), and modified Bessel
functions of the first, Iy (z), and second, K/ (), kinds
as

Z110,1m|(®) = Lim|(%), Z2,10,|m|(%) = Km|(2),
71,0, jm| (@) = Jjm|(%), Z2,C jm|(T) = K| (2),
Z1 50, m|(x) = Jjm|(2), Z2mc,)m|(x) =0,

Zy msL m|() = Ljm) (@),

. Jim| (¢zReom)

Yv|m\(QzRoo72) (14)

Zs usL,|m|(T) = Jjm) (@) Y (2)

for interface (interface optical, 10), confined (QC), ex-
actly confined (EC), and half-space-like (HSL) phonons,
respectively. Ro, > R is the radius of the dielectric
matrix.

The investigated nanoheterostructures of wurtzite
semiconductors have two branches of 10-, QC-, and
HSL-phonons, whose frequencies lie in the following in-
tervals:

1O-phonons:

81,z(w)617t(w) > 0, 627Z(w)€27t(a)) > 0, 817,5((;)) > 0,

g2.4(w) <0, wror1 < w < Wroz,2
— quasi-transverse phonons (I0T),

81,z(w)617t(w) > 0, 627Z(a})€27t(a)) > 0, 817,5(00) < 0,

go.4(w) >0, wrot1 < w < WLOz,2

— quasi-longitudinal phonons (IOL). The spectrum of 10
phonons does not depend on the radial quantum number.
Therefore, we consider in what follows that nijo = 1.
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QC-phonons:

e1,2(w)er(w) <0, g2, (w)ez (w) >0, e14(w) >0,

WTO0z,1 < W < WTOL,1
— quasi-transverse phonons (QCT),

€1$z(w)617t(w) <0, sg,z(w)€27t(w) >0, 61,2(0}) > 0,

WLOz,1 < W < WLOt,1

— quasi-longitudinal phonons (QCL).
HSL-phonons:

e1,z(w)er(w) >0, 2 (w)eg (w) <0, e24(w) >0,

WT0z,2 < W < WTO,2
— quasi-transverse phonons (HSLT),

e, (@)era(w) > 0, €20 (W)ert(w) < 0, e2.(w) >0,

WLOz,2 < W < WLOE,2

— quasi-longitudinal phonons (HSLL).
The frequency of EC phonons is determined from the
condition

e1,4(w) =0, w=wror1-

The interaction of an electron with polarization phonons
is described by the Hamiltonian of the form

I:Ie—ph = - Z Z Fs,ms,ns (q)X

5 Ms,Ns,q

1 ) .
X | ——=Zs.m.(p)e" "™ Pbs n m. o+ h.c.) , 15
(o Zem. ) (1)
where
1 he?
Fs mg,Ns = X
msins () 57\ 2200
R o0 -2
X /Fl,S,ms (p)pdp + Bg,ms /F2137ms (p)pdp , (16)
0 R
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Zom.(p) = Z1,5,m, (714p), 0<p<R, (17) case of weak coupling, the latter is specified by
o Bsm, Z2,5,m,(12qp), R <p < oo, the second correction of the perturbation theo-
ry:
Bsxms - ZLS’mS (71QR)7 (18) Epol(k) = El,O(k)+
/ ZZ S, Mg (’VZqR)
2
m2 s [(Iph,sine Mgl (YN M kq| Hepn [1,0.5) [Opn)|
2 )
Fism.(p) = gl2t78p2 + 9z, Zi sm. (7i49p) + N.Mosma.q Ero(k) — En,—m(k) = hwnrn, (q)
’ ’ (21)
’yzzq2(Zz{ s,m (’Yiqp))Q where ‘\111,0,k> ‘Oph> is the wave function of
gg . ) (19)  the ground (vacuum) state of the system and
ot |UN —Mk—q) | Lph,sneMq) are the wave functions
of its intermediate (excited) states.
(@2 — w2y, )2 For extreme values of the vector k, the energy Epqi(k)
Git = \/ 5 TOt,i2 , can be expanded into a series introducing the effective
5i,t,oo(WLOt,z’ - WTOt,z‘) polaron mass:
h2k?
(w? — w%o )2 Epol(k) = Epal(0) + o (22)
Gi,z = 2 2 2 ] (20) pel
€i7Z7OC(WLOz,i - WToz,i)
: : . 1 1 (02
eo stands for the dielectric constant, while €; .., —— = = 33 Epol(k) , (23)
and €;;0 are the high-frequency axial and radial = "pol h? \ Ok k=0

components of the permittivity tensor of bulky crys-
tals.

h2 2
Let us investigate the renormalization of the elec-  E,,(0) = F;0(0)+AEy0(0) = %4_2 AE,, (24)

tron ground-state energy due to the interaction of mie
a charge with polarization oscillations. In the
J
1 |Go,n M, (9
AES - Z B 27 L h2¢? B263 N ki, |’ (25)
N,M,ns,q hw&Mﬂls (q) + 2my 2m71,,; o 2m1,~
my,
Mpol = - ’ (26)
2
1_4 (2m1,z) 1 Z _ q2|Gs,N,M,7:s(q)\ _
< n L s,N,Mn,,q ((q2+2 h;’z hws Mng (‘Z)) + mi: (”%N,M‘"?J,o)) ’
o0
GS,N,M,TLS (q)

77 = <1ph,s,M,nS,q‘ <\I]N,—Jw,k—q| He—ph |\I/170,k> |0ph> = /QSN,M(P)FS,M,M (Q)ZS,M(P)Qf’l,O(P)PdP (27)
0
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hwroz, cm 1 hwrot, cm ~1 hwroz, cm ™! hwrog, cm ! ‘ €z ‘ et ‘ mz/mo ‘ m¢/mo ‘ Ui, eV
ZnO 380 413 579 591 3.78 3.7 0.27 0.27 4.77
GaN 533 561 735 743 5.29 5.29 0.2 0.2 4.1
AIN 660 673 893 916 4.68 4.68 0.4 0.4 0.6
" heo,cm™ heo, em™
Bro 6oy —F - pn-@g@Eg---------=------------- - 0, p =6 0y T T T i
ho L“(i \' - (OT') — hw”s’/’“"l»”»‘l Lo 900 - 00 02 0 thSLL.m,n.q
L0z,GaN 1, - th@L‘m-l-t/ ha)L{)z,AlN ©
700 4% = 1, B ha)l{)L.m,l,q
@1 \
800
ha, 0, 7,0 8004 Lo ho ]
R0, 70 QCLmng Lo Gan ;g = 2 Ml () it ~hw oLy
h®yo. Gay o
ha)T()t.GaN — -~ ha}HSLT,m.m,q 700 -
ha)T()z,GaN - ] 5
500 4 th()(,A[.V / x:l,y (UL)__(O'_”______ P a)HSlerzq
/'
ha)T()z.A[rV
- ha)[()f,m.l.q 600 _@
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400 - e hyy, v =
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Fig. 2. Spectrum of polarization phonons for the ZnO/GaN struc-
ture

3. Analysis of the Obtained Results

The phonon energy, polaron energy E,qi(0), and po-
laron effective mass were calculated for the ZnO/GaN
and GaN/AIN heterostructures. The parameters of the
corresponding crystals are listed in Table.

The energy spectra of polarization phonons of the
ZnO/GaN and GaN/AIN cylindrical heterosystems are
presented in Figs. 2 and 3. Due to the fact that
these heterostructures are formed by hexagonal crys-
tals, the states of HSL (hwnsrr, fwnspr) and QC
(Awqcr, hwqer) phonons in the region ¢ > 0 are non-
degenerate. It is worth noting that the analogous states
of heterosystems based on cubic crystals are degenerate,
and the energies of the indicated phonons coincide with
those of the corresponding phonons of the crystals form-
ing the matrix (for HSL phonons) or the wire (for QC
ones) for any value of the wave vector [4, 6].

A thorough analysis of hwnsrr(¢) and hwnspr(q)
demonstrates that these functions assume various val-
ues at fixed ¢ in a small range of variation of the wave
vector: 0 < ¢R < a. As one can see from the figures, the
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Fig. 3. Spectrum of polarization phonons for the GaN/AIN struc-
ture

width of this region («) depends not only on the kind
of the heterostructure but also on the type of phonons
(HSLL or HSLT). In the region ¢R > «, the energy of
quasi-longitudinal (HSLL) phonons practically coincides
with that of longitudinal optical phonons of the ma-
trix hwro., and the energy of quasi-transverse (HSLT)
phonons is almost the same as that of transverse phonons
of the matrix hwro¢. Confined polarization phonons are
characterized by a different dispersion dependence. The
energies of both quasi-longitudinal (QCL) and quasi-
transverse (QCT) phonons depend on m and n in the
whole range of variation of gR.

Another peculiarity of the energy spectrum of polar-
ization phonons in the considered heterostructures is
that the (0,1) branch of HSLL phonons continuously
passes into the (0,1) branch of IOL ones. Similarly,
the (0,1) branch of QCT phonons passes into the (0,1)
branch of IOT phonons.

Interface phonons (both IOL and IOT ones) are char-
acterized by different dispersion branches (m,n) that
practically coincide in the region of large gR (gR > 0).
The energy of these phonons is determined by the energy
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. ——4 AE,
N
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Fig. 4. Partial contributions to the polaron energy for the
ZnO/GaN structure

of optical phonons of both the matrix and the quantum
wire:

hwroz2 < hwror, < Awrow, hwron < hwior < wroza.

One more type of phonons existing in the “quantum
wire — matrix” heterosystem of anisotropic crystals is ex-
actly confined (EC) phonons, whose wave vector equals
zero and hwgc = Lot -

Figures 4 and 5 illustrate the dependence of the po-
laron coupling energy AE,1 = E10(0) — Epoi(0) (Epei(0)
denotes the polaron energy at k = 0, while Ey((0) is
the electron ground-state energy) on the QW radius
of the ZnO/GaN (Fig. 4) and GaN/AIN (Fig. 5) het-
erostructures. One can see that the partial contribution
to the polaron energy depends on the type of polariza-
tion phonons. Particularly, the contribution of quasi-
transverse phonons (QCT, IOT, and HSLT) is rather
small (< 1 meV) for all the considered QW radii (R >
10 A) The contribution of half-space-like, interface, and
exactly confined phonons in the region R € [10 A,100 A]
varies from several to tens of millielectronvolts. More-
over, a decrease of R is accompanied by an increase of
the contribution of these phonons into the polaron en-
ergy, which is explained by the intensification of the elec-
tron interaction with the corresponding phonon modes.
The radial dependence of the partial contribution made
to AE,, by confined phonons behaves in a different
way. One can see that, with decreasing R, this quan-
tity (curve 4) monotonously reduces. The summation of
all contributions to the polaron coupling energy yields
a monotonous increase of AF}, in the whole range of
variation of R (curve I).

Figures 4 and 5 also present the dependence of the
polaron coupling energy in QW heterostructures of
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Fig. 5. Partial contributions to the polaron energy for the
GaN/AIN structure

isotropic ZnO, GaN, and AIN crystals (curve 2). The
parameters for these crystals were chosen as arithmeti-
cal means of the corresponding parameters of anisotropic
crystals:

WLO = %(WLOt + wLoz);
wro = 3(wrot + wro:);

€00 = %(51&,00 + gz,oo)'

The partial contributions made to the energy AE;
by interface (curve 5) and confined (curve 3) phonons
are determinative. The contribution of HSL phonons is
rather small and not shown in the figure. The behav-
ior of the dependence AE,, = AE(R) for the indicated
types of phonons is qualitatively the same for the both
symmetry types of the crystals: the contribution of inter-
face phonons increases with decrease in the QW radius,
while that of confined ones — decreases. After the sum-
mation, the polaron coupling energy of cubic crystals
monotonously increases, as R decreases. As one can see
from Fig. 4, the difference between the energies AE,q) of
ZnO/GaN heterostructures of anisotropic and isotropic
crystals in the region of small R approximates ~ 2 meV
at R =10 A. An increase of R results in the growth of
this difference which almost does not depend on R in the
region R > 100 A. The obtained value coincides with the
energy difference AE}, for ZnO bulky crystals. In the
case of GaN/AIN heterostructures (Fig. 5), a growth of
R results in the monotonous approach of the difference
between the polaron energies to the energy difference
AFEpq for bulky isotropic and anisotropic GaN crystals.

As is noted above, a decrease of R induces the in-
tensification of the electron-phonon interaction in QWs.
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M,y / m,
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0,32 4 2
0,30

0,28 o
3

R, A
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Fig. 6. Effective polaron mass as a function of the QW radius for
the ZnO/GaN structure

This effect can be also observed considering the depen-
dence of the polaron effective mass on the QW radius
of the ZnO/GaN heterosystem (Fig. 6). Our calcula-
tions demonstrate that a decrease of R is accompanied
by an increase of the polaron effective mass (curve 1)
and mpe = 0.375my at R = 10 A is the free electron
mass). At R = 100A, the polaron mass in the heterosys-
tem almost coincides with that in the bulky ZnO crystal
(dotted line) according to the formula

Mo

T auf6’ (28)

Mpol =

where «q is the Frohlich constant.

It is also obtained that the dominant contribution to
Mpol is made by confined and interface phonons. With
regard for only confined and exactly confined phonons,
the dependence mpo = mpoi(R) is specified by curve 2.
It is seen that, at R > 60 A, the effect of these phonons
on the formation of mye is determinative. If only in-
terface phonons are taken into account, the dependence
of the polaron effective mass on R is described by curve
8. One can see that these phonons are significant at
R <40 A.

Based on the performed calculations, a conclusion can
be made that taking the anisotropy of GaN and AIN
crystals into account makes corrections to the energy of
polarization phonons, energy of polaron states, and po-
laron effective mass as compared to the cubic crystal
model. The obtained energies of interface, confined, and
half-space-like phonons can be used for the analysis of
Raman spectra of GaN/AIN and ZnO/GaN heterosys-
tems with quantum wires. Moreover, according to the
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calculation results, the coupling energy of an electron
polaron for the model of anisotropic semiconductors in
the considered region of QW radii is 10% + 15% larger
than that in the isotropic model. An analogous result is
obtained for a hole polaron. Thus, taking the anisotropy
into account refines the energy of interband transitions,
which must affect the energies of exciton absorption and
luminescence [25, 26].

4. Conclusions

The work reports on the investigation of the ground
state of an electron polaron in ZnO/GaN and GaN/AIN
nanoheterostructures with a cylindrical quantum wire
in the semiconductor matrix of hexagonal crystals. At
small QW radii (R < 20 A), the contributions of all
phonon branches to the polaron energy are commensu-
rable. At R > 20 A, the determinative contribution to
the polaron energy is made by quasi-longitudinal con-
fined phonons. At large R, the polaron effective mass is
formed by quasi-longitudinal confined phonons, whereas,
at small R, — by quasi-transverse interface and quasi-
longitudinal confined phonons. The anisotropy of the
crystals results in an increase of the polaron coupling
energy.
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®OHOHHI TA TTOJISIPOHHI CTAHU LIWJITHIPUYHUIX
IPOTIB ZnO/GaN TA GaN/AIN

B.I. Botuyx, JI.54. Boponsax, .M. Boponax
PeszowMme

Ja muninapuaaux keanTosux aporis (K/I) kpucramiis rekcaro-
manabHol cuMerpil ZnO ta GaN Bu3HaweHO 3a/1€2KHOCTI eHepril mo-
Jisipu3aniifHux (GOHOHIB BiJl XBUJILOBOI'O BEKTOPA, & TAKOXK €Hepril
Ta edexTuBHy Macy nossipona Bin paziyca KJI (R). Ilokasamo,
[0 OCHOBHHUI BHECOK y OCHOBHI IIapaMeTpu HOJISPOHa (€Hepriio Ta
edeKTUBHY MacCy) 3aJal0Th KBa3ilo31oBXKHI Ta inTepdeiicui do-
HOHHI Mou. Beranosiieno, mo B obsacti R > 15 HM BHECOK KBa3i-
MO310B2KHiX POHOHIB € ocHOBHUM. [IpoBeieHo TOpiBHAHHS eHepril
nosisipona KJI myist kpucrasaiB KyGigHOT Ta IeKCaroHaJIbHOI CHUMe-
Tpil.
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