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ABSTRACT

Electron—phonon effects on Stark shifts of bound polarons in quantum dot quantum well nanostructures are
studied theoretically by using a variational approach. The binding energy of the hydrogenic impurity stateis
calculated by taking the interaction of an electron with both the longitudinal optical phonons and the surface
optical phonons into account. The interaction between impurity and longitudinal optical phonons has aso
been considered to obtain the binding energy of bound polarons. The numerical results for a CdS/HgS
quantum dot quantum well nanostructure show that the Stark shift obvioudly increases as the core radius
increases with the outer radius of spherical shell fixed and the electron—phonon effects give significant
corrections to the binding energy. © 2010 Trade ScienceInc. - INDIA

INTRODUCTION

During the past few years, there has been consid-
erableinterest ininvestigating quantum dots (QD) both
experimentdly and theoreticaly*®. Since 1993, anew
kind of QD structure, called quantum dot quantumwell
(QDQW) nanostructure, has been fabricated and stud-
ied®7, The semiconductor materials usually used to
synthesize QDQW nanogtructuresare CASHgS, ZnSe/
CdSe, CAS/PS, etc. Thematerial withasmaller bulk
band gap(shell material, such asHgS) isembedded
between acorewith alarger bulk band gap(core ma-
terial, such as CdS) and anonpolar medium(such as
water), so themateria with the smaller bulk band gap
actsasashe | materia for thed ectron and holeaswdll
as the phonon in the polar crystal. The QDQW
nanostructuresdisplay quiteinteresting physica prop-
ertiesand appear to have promising perspectivesinthe

streaming progress of nanostructured devicetechnol-
ogy.

The e ectron-phonon interaction playsan impor-
tant role in determining the physical properties of
QDQW nanostructures. A previouswork* studied the
el ectron-phononinteractioninaQDQW nanostructure
and cal culated the ground state and excited state el ec-
tron energy level susing the diel ectric continuum ap-
proach. Interesting results concerning the dependence
of polaronic correctionswith the QDQW nanostructure
sizeareanalyzed. Schrier et al.[* considered theelec-
tronic nanostructures of CdS/CdSe/CdS QDQWSsby
large-scal e pseudopotentia local density approxima:
tion. Their calculation found that thewave functions,
elgenvaues, Coulomb interaction, and exciton energy
change according to the sizes of the core, well, and
shell. Theauthorshave recently derived the el ectron-
phonon interaction Hamiltonian for QDQW
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nanostructures and cal culated the binding energy and
thetrapping energy of thebound polaronsin CASHgS
QDQW nanostructures*”,

Theapplication of an external eectricfieldinthe
low-dimensi onal quantum system, i nduces both apo-
larization of the carrier distribution and an energy shift
of thequantum states. Thisproperty has significant ef-
fect on optod ectronic devices. The quantum-confined
Stark effectshave been extensively investigated for both
QWS and QDS?+%. Huangfu et d .14 studied the
bound polaroninaspherica quantum dot structureun-
der andectricfidd. They cdculated thebinding energy
of the hydrogenicimpurity state and found that the po-
laron effectsgive sgnificant correctionsto the binding
energy and its Stark shift. However, up tonow, only a
few authorshaveinvestigated the polaron problemin
QDQW nanostructures and the el ectron-phonon ef-
fectson Stark shiftsfor QDQW nanostructures have
rarely been studied.

In this paper, electron—phonon effects on Stark
shiftsof bound polaronsin QDQW nanostructuresare
studied theoretically by using avariational approach.
Thebinding energy of the hydrogenicimpurity stateis
cal culated by taking theinteraction of an eectronwith
both the bulk longitudinal optica phononsand the sur-
face opticd phononsinto account. Theexchangeinter-
action between impurity statesand longitudinal optical
phonons has al so been considered to obtain the bind-
ing energy of the bound polaron. The numerical calcu-
lationsfor CAS/HgS QDQW nanostructure embedded
inwater have been carried out. Theresultsrevea that
thed ectron—phonon effects give significant corrections
to the Stark shift. Electron-phonon contributionto the
binding energy decreasessignificantly withincreasing
thedectric-fidld strength. It isalso found that the bind-
ing energy increase asthe coreradius of the QDQW
nanostructure decreaseswhilethe outer radiusof the
shdll isfixed.

THEORY

We consider an electron confined inthewell of a
QDQW nanostructure, completely interactingwith the
positively charged centre and the phononsin an exter-
nal eectricfield dongthez-direction. TheHamiltonian
of thesystemisgivenas
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H=H +H_ +H +H +H" )

Thefirst termin Eq.(1) isthe Hamiltonian of the
electron in a ‘vacant’(without phonons) QDQW
nanostructure and can be described as,

p2 e2
H, = +V(r)- + eFr cos
e = om (-—— 0 )

b €,
where m_ and e are the electron effective mass and
charge, ande_ isthehigh-frequency dielectric constant
of theshell materid. r isthedistance betweentheelec-
tronandtheimpurity Site. Fisthedectricfiddintensity
and 6 istheangle between the position vector and the
electric field. V(r) is the confining potential of the
QDQW nanostructureand isgiven by

O,R,<r<R,
V(r)= ©)
o,r<R;,r>R,

whereR, and R, aretheradii of the spherical coreand
spherica shell.

Thesecondtermin Eq. (1) isthe phonon Hamilto-
nian
th =Zh(")LOaIeralm +2h(‘omb;|mbalm (4)
wherea’, (a ) isthecreation(annihilation) operator for
theconfined LO phononswithfrequency o, . b*, (b, )
isthecorresponding operator for SO phononswith fre-
quency o, and o= 1,2 and 3 refer to then™ branch of
the SO modes, which aregivenin Ref.[7,

Thelast threetermsin Eq. (1) describetheinterac-
tion Hamiltonian, reflecting thefact that both theimpu-
rity and the el ectron interact with phononsand can be
written ag'’,

e’ r-R,
Hx=e*r(1_R2_RlJ (5)
H'= ZVnLIm [almgl(knlr)Yern(e’d))+ H -C-] (6)
and

H =V [oun (A +Br )y, (0.0)+He] @
where

1 1 1
e e ®
g, isthestatic diel ectric constant of the shell materid,
and

g(k,r)=n(k Rk r)-jk,R)nk, r) ©)
wherej (x) and n(x) arethe spherical Bessel function
and spherica Neumannfunctionof order| (1=0, 1, 2,

flano Science and flano Technology

7 e T ot



98 Electron-phonon effects on Stark shifts of bound polarons

NSNTAIJ, 4(2) 2010

Full Paper ==

3...).Y,.(0,4) arethespherica harmonic functionswith
m=0,%1, ..., £l. The constants k , are chosen so
that g, (k ,R,) =0.1f x_isthen™ zero of equation g,(x)
=0,thenk =x/R,.

Thed ectron-phonon coupling coefficientsaregiven
by

1
Vi o [2uhcoLoe2N§| ]2

nim — k 2 3* (10)
nl
and
1 1
. -ﬁ&mm(lyzmMéz
T g(wy,)—e, \&F o, ()

whereN  and N, are the normalization constants of
elgenfunctionsof longitudinal optica phononsandthe
surfaceoptical phonons, respectively.

Within the adi abati c approximation, the effect of
theeectron-phononinteractionisto displacethe equi-
librium positions of theions. Thiscan be achieved by
performing acanonical transformations corresponding
to the bulk and the surface modes.

U= exp[Z(aﬁnfr:lm -H .c.)+ Z(b;mf;lm -H c)] (12)
wheretheparametersf | _andf | _will bevariaiondly
determined later. Thetotal wavefunction of thesystem
isgiven by the product
|#y = uly)lo) (13)
where | 0) isthezero-phonon state, and | ) isandlec-
tronicwavefunction.

In order to describethe el ectronic ground state by
meansof variationd technique, wechosethetrid wave
functionasfollows.

|\V>: Nsnk(:‘_Rl) e—ﬁkre—ukroose (14)

where N isthe normalization constant, 3 and p are

T
R 2= Rl
from the boundary condition y(R,) = 0. After some
caculationsweobtain thetotal energy of the system
E=E+E,+E, (15)

Thefirst termin Eq. (15) iskinetic energy of the
electron, and

’

n*v?
E = <‘|’“
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variational parameters, and k = is obtained

ku+ 1 kB+
242 Ry TR
:_TcNh J- sinzk(r—Rl)e'z'“(”"" r 2r2 r
mb Ry _B +ki_L
2ur®  2ur  2ur
_kn_ 1 _kB_
2r 2r? or
sin?k(r —R,)e 2 ¢
PR ke,
2ur?  2ur  2ur
+cosk(r—R1)sink(r—Rl)e2'“”3“)(E—%—QJ
r2ur® pr
+cosk(r—Rl)sink(r—R1)e2“(3*“)(5+i2+ﬁ)]dr
r2urs ur
(16)

Thesecondtermin Eq. (15) isthepotentia energy
givenby

2

E, = \y—e—+H + eFr cos0
r X

\|1>=E1+E2+E3

' (17)
with
202 R2 qin2 _
. =_ue N sin k(l'z R,) o 2Bkr (eZpkr —efzukr)dr a8)
gouk r
2n12 R2
E, = ne’N
e*pk g
r-R, sin’k(r—R)) — (ez"‘“ g )dr (19
R,-R; r?
and
R 1
E, = 2neFN? [ | sin?k(r —R,)e 20| - ——+
Ry 2p.k
(20)
— +Sin2 k(l’ _Rl)e—zkr(lhu) _i_ 1— dr
kT 2uk Apckr

Thelast termin Eq. (15) isthe electron-phonon
interaction energy given by
E, = (OKwlU"(H,, + H" + H")U|W)|0) (21)
Solving theminimum equation o€ /of . =0and
OE/of =0, onecan obtainthe parametersf and

f . asfollows,
=
fom ==Vom — 223
I ' ho, o (222)
F m
fa,lm = _ij ﬁ (22b)

la

2m,
e Tntian fnal, e —
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with
Fom=wlgk,nY,.0.0) v (23a)
Fun =Wl (Ar+Broy, 6,0)ly) (23b)

Substituting Egs. (4), (6), (7), (22), (23) into Eq.
(21), wehave
Ven||

ho,,

F

2
a|m|

S JE Funf -X

ho, o

The binding energy of the bound polaron can be

defined by
E,=E,.-E (25)

The corresponding Hamiltonian for afree polaron

iswrittenas

(24)

2
=p—+V(r)+ H,, +H'+H"+eFr cos6

free 2m . (26)
Wechoosethetrid wavefunction
Iy = Uly’y|0) (27)
with thetria wavefunction for thedectron
|\V'>: N Sink(r _R:L) e—kkrcose (28)

"
where isvariational parameter. Theground-state en-
ergy of the free polaron can be obtained by avaria-
tiond procedure.

_min (¥'[He¥)
free = A <‘P' |‘P'> (29)

NUMERICAL RESULTSAND DISCUSSION

Thebinding energiesof bound polaronsinthe CdY
HgS QDQW nanostructure with an applied electric
field have been computed numerically by thevaria-
tiona approach and theresultsareillustrated infigure
1-4. Thematerial parametersused in the calculation
arelistedinTABLE 1.

TABLE 1: Values of the physical parametersused in the
computationg'?. Energiesaremeasur ed in meV and masses
in the electron rest mass

Materials mp hoo Hhoro € €5 &g
Cds 0.2 57.2 445 9.1 55
HgS 0036 278 220 182 1136
H,O 1 1.78

Thebinding energy of bound polaronasafunction
of the spherical core radius in CdS/HgS QDQW

—= Ful] Paper

nanostructure with the outer radius of spherical shell
R,=15nmat theelectricfield F=5x10°V/misplotted
infigurel. Itisclearly seenthat the binding energy of a
bound polaron decreases when the core radius in-
creases. Thisisdueto thefact that thewell-widthis
reduced withtheincreasing coreradiuswhen the outer
radiusof spherical shell isfixed.

To clearly understand theinfluences of theel ectron
field on thebinding energy of bound polaron, wehave
a so plotted the curves of the binding energy of abound
polaron asfunctions of theelectric field in the CdSY
HgS QDQW nanostructurefor outer radii of spherical
shellsR =7nmand 15nminfigure 2, respectively. Itis
found that the binding energy of abound polaron de-
creasesmonotonoudy withincreasingthedectric-fiedd
intensity. The Stark shiftsare considerably enhanced
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Figurel: Binding ener gy of abound polar on asafunction of

the spherical core radius R in the CdS/HgS QDQW

nanostructure with the outer radius of spherical shell

R,=15nm at theelectricfield F=5x10°V/m
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Figure 2 : Binding energies of a bound polaron with the

spherical coreradiusR,=3.5nm asfunctionsof theelectric

field in the CdS/HgS QDQW nanostructure for the outer

radii of spherical shellsR,=7nm and 15nm, respectively
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when theouter radiusof spherical shell becomeslarger.
For example, thebinding energiesarereduced by 25.3%
for the outer radius of spherical shell R,=15nm, but
only 1.2%for R =7nm, asanelectricfield of F=20x10°
V/missupplied.

Figures3 and 4illustrate the Stark shiftsand con-
tribution of thee ectron-phonon interaction to thebind-
ing energiesof abound polaron asfunctionsof thecore
radiusin the CASYHgS QDQW nanostructurewith the
outer radius of spherical shell fixed at 15nm, respec-
tively. Itisshown that Stark shift obviously increases
withincreasing coreradius. Thecontribution of theelec-
tron-phonon interaction to the binding energies de-
creaseswith increasing core radius and the polaron ef-
fectisun-negligible.
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Figure3: Sark shift of abound polaron asafunction of the
spherical core radius R, in the CdS/HgS QDQW
nanostructure with the outer radius of spherical shell
R,=15nm at theelectricfield F=5x10°V/m
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Figure4: Theelectron-phonon interaction to the binding
ener gy of abound polaron asafunction of thespherical core
radiusR, in the CdS/HgS QDQW nanostructure with the
outer radiusof spherical shell R =15nm at theelectricfield
F=5x10%V/m
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CONCLUSIONS

In conclusion, we have studied theoretically the
electron—phonon effects on Stark shifts of bound po-
laronsin the quantum dot quantum well nanostructure
by usingavariationd approach. Thebinding energy of
thehydrogenicimpurity stateiscal culated by teking the
interaction of an eectron with boththelongitudina op-
tical phononsand the surface optical phononsinto ac-
count. Theinteraction betweenimpurity and longitudi-
nal optical phononshasalso been considered to obtain
the binding energy of bound polarons. The numerical
results for a CdS/HgS quantum dot quantum well
nanostructure show that the binding energy of thebound
polaron decrease monotonously with increasing core
radiusand thed ectric-fieldintengity, respectively. Stark
shift obviously increaseswith increasing coreradius,
whilethe contribution of the e ectron-phonon interac-
tionto the binding energies decreaseswith increasing
coreradius, and the polaron effect isun-negligible.
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