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‘We have carried out a theoretical calculation of the differential cross section for the electron Raman scattering

process associated with the surface optical phonon modes in a semiconductor quantum disc. Electron states are consid-

ered to be confined within a quantum disc with infinite potential barriers. The optical phonon modes we have adopted

are the slab phonon modes by taking into consideration the Fréhlich interaction between an electron and a phonon.

The selection rules for the Raman process are given. Numerical results and a discussion are also presented for various

radii and thicknesses of the disc, and different incident radiation energies.
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1. Introduction

Recently, the nanometre-scale crystallites of semi-
conductor materials have attracted much attention be-
cause of their relevance for practical applications and
as probes for the study of the electronic structure of
mesoscopic media.[!=16] Most of the theoretical stud-
ies of quantum dots (QDs) are focused on spherical
QDs. As a matter of fact, the shapes of QDs depend
on the growth conditions. It can be not only an ideal
spherical dot, but also a pyramid, disc or cone.[®~13]
In this paper, we discuss the disc-like QD with a lat-
eral size much larger than the extent in the growth

direction.

One of the major issues about QDs remaining
to be addressed concerns the effect of the phonon on
the electron, hole and exciton. More and more works
have shown that the electron—phonon interaction plays
an important role in determining the physical prop-
erties of nanocrystals especially for low-dimensional
structures.['319 Many authors have not only consid-
ered the effect of bulk longitudinal optical (LO) and
transverse optical (TO) phonon modes but also the
surface optical (SO) phonon modes and interface op-

tical (IO) phonon modes.3=17]

It is well known that the Raman scattering exper-
iment is a powerful tool to obtain information such as

electronic structure and electron—phonon interaction

in low-dimensional semiconductor materials. Experi-
mental research on the Raman scattering in nanocrys-
tals has been extensively reported.!2728:33=36] Many
theoretical attempts to interpret experimental results
usually focus on the calculation of the differential cross
section for Raman scattering. Bergues et al?°! dis-
cussed the differential cross section for electron Ra-
man scattering in quantum well (QW) wires and free-
standing wires involving phonon-assisted transition at
T=0K. Zucker et all?!] studied the Raman scattering
process in GaAs/Al,Ga; ,As QWs. Cardona et al
discussed the Raman scattering in QWs under high
magnetic fields??l and electric fields.?3] Krauss and
Wisel?*! worked out the multiphonon resonant Ra-
man scattering (RRS) in PbS QDs. Sood et all?®26]
first reported the IO modes in GaAs—AlAs superlat-
tices by Raman scattering. Using this Raman scatter-
ing method, Hayashi and Kanamori?” have demon-
strated that the surface phonon mode appears be-
tween the LO and TO phonon modes in GaP mi-
crocrystals. Liu et all?8] have reported the surface
As far

as we know, however, little attention has been paid

phonon mode in a non-polar microcrystal.
to similar work in polar crystals. Cardona and co-
workers studied the first-order Raman cross section
and the resonance profile for optical phonons in semi-
conductor spherical QDs.[3%31] The phonon modes
they discussed are neither purely LO nor purely SO
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modes, but a mixture of LO, TO and SO components.
In this paper, we calculate the first-order Raman scat-
tering process in a QD, involving the transition as-
sisted by SO phonons and photons.

In this paper we first outline the model and the-
ory. In section 2 we give the Hamiltonian, the relevant
eigenfunctions and eigenenergy levels of the system to
be studied. In section 3, we derive the analytical ex-
pressions of the differential cross section for the res-
onant Raman scattering in SO phonon modes. We
also study the selection rules for the Raman scatter-
ing processes in this section. Numerical calculation
and discussion with a typical GaAs QD are given in
section 4, and finally a brief summary is presented in

section 5.
2.Model and theory

We describe briefly the model and the theory ap-
plied in our studies. We consider a polar crystal QD
(Fig.1), with electron and lattice vibrations, under
the action of a transverse electromagnetic radiation
field. The unperturbed Hamiltonian describing the

three non-interacting subsystems can be written as

Hy :He+th+HF. (1)

hw;

Fig.1. Geometry of a disc-like quantum dot.

The first term denotes the Hamiltonian of an elec-
tron. For simplicity, we assume that the envelope
wavefunction approximation and the isotropic effec-
tive mass approximation are valid in the disc, and that
the inner potential is null and the outer potential is
approximately infinite. Using the cylindrical coordi-

nates, H, reads
-
5 Ve + W [z|<d, r<R
He = v (2)

h
——V?4+V, |zl >d, r>R,
2m0 ’

with

0, |2/<d, <R
Vo= 3)
oo, |z2|>d, r>R.

where m* and mg are the effective mass and the free-
electron rest mass of the electron, and 2d and R are
the thickness and the radius of the disc, respectively.
The second term in Eq.(1) is related to the lattice vi-
brations. There are different phonon modes that can
exist in the QD, such as LO modes and SO modes, etc.
The wave vector of the LO modes is given byl'3:37]

K = sz + K., (4)
2
where || = (57) and m=1,2,3... 50 |K],,;, =

m
¥ ~ Inm~!, and the wave vector of a photon
W%ich participates in the Raman scattering is about
10?mm~! <« |K|

tion law must be satisfied in the Raman scattering

min- As the momentum conserva-
processes, the LO phonon mode should not partici-
pate in the Raman scattering we discussed. This is

30,31] Tp,

different from the situation of spherical QDs.|
this paper we only concentrate our attention on the

SO modes. Hence, we have

Hpy = Hso = Y hVpb§ ,bg.p, (5)
q7P

where q is the wave vector, and bap (bg,p) is the
creation (annihilation) operator for the symmetric
(p = +1) or antisymmetric (p = —1) SO mode with
frequency Vp.

The last term in Eq.(1) represents the radiation
field and the photons with wave vector k and energy

hw

)

Hp = ho(k)ag (k)aq(k), (6)
k.o

where |k| = we/n, ¢ is the velocity of light in vacuum
and 7 is the refractive index.

Thus the eigenfunction of Hy can be written as

1) = Inu) g [Nu)so [#)e » (7)

where |n,)p and |N,)q, are, respectively, the states
of the radiation field and the vibrational system, and
n, and N, are the number of photons and phonons,

respectively. The electronic state |u), is given by [13]

_ 1 2 Zot, . llﬂr(z—l—d)
.= gy 7 ()

where V is the volume of the disc, [, is a positive in-
teger and is limited by the band width, i.e. [, < D/a,
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Jo and J; are the zeroth-order and first-order Bessel
functions, and z, is the t,th zero of the zero-order
Bessel function, i.e. Jo(zo,) =0, t, = 1,2,3....

The eigenenergy is expressed as

eu= Y nuhw(k) + > NAV(Q) + By (9)

) ()

On the other hand, the perturbation Hamiltonian

with
h2

B omex

E

. (10)

Hj, containing the interaction terms, can be decom-
posed into
H; = Her + He—so, (11)

where H.p refers to the interaction between the elec-
tron and photon. We treat this in the dipole approxi-

mation, then for the incident radiation field

Hoplw) = 155 [ laf — . (12)

and for the secondary-radiation field

Her(ir) = 500 [ lo — ). (1)

+
B

with the polarization vectors a., for photons. v = ¢

where al (a.) is the creation (annihilation) operator
denotes the incident-radiation field, and v = f repre-
sents the secondary-radiation photon.

Given the shape of a QD, whose radius is very
large compared to the thickness, i.e. R > d, the
phonon modes we adopt here are the slab phonon
modes. Thus!'3:37]

1/2
H, g0 = Z e—1d [sh(zqd)]
q

x {BeIT[G. (g, 2)b]

+G_(g,2)bs _] + c.c.}, (14)
where
[2me? €50 1/2
B =] |: A hVLO (60 — 600) E , (15)
_ cosh(gz)/ cosh(qd)
G+(q,z) _(Eoo + 1) — (eoo — 1)e_2qd
_ _ —2qd1/4
X (600 ha 1) (EOO 1)e 7|Z| < da
(€0 + 1) — (eg — 1)e2ad
sinh(qz)/ sinh(qd
G_(q,2) = (¢2)/ sinh(gd)

(€00 + 1) + (€00 — 1)e244

(Goo + 1) + (Eoo _ 1)6—2qd 1/4
) { (€0 + 1) — (eo — 1)e—2ad ] |2 < d.
(16)

Here, A is the surface area of the disc, and ¢y and
€5 are the static dielectric and optical dielectric con-
stants, respectively. Vi can be expressed in terms of

the frequency of LO phonon modes

1 -1 —2qd
Gt Dxlo-be 0 ey, )

Vi=
+ (€co 1) F (€00 — 1)e 299 ¢

3. Differential cross section

There are different types of Raman scattering pro-
cess. In this paper, we put emphasis on the three-step
process (Stokes emission): in the first step, the sys-
tem absorbs one w; photon from the incident radiation
with the electron transition from the initial state |¢)_
to a virtual state |v),; in the second step, the elec-
tron undergoes another transition from state |v)_ to
state |p), and emits an optical phonon with frequency
V¢; in the final step, the electron returns to the initial
state |i), and emits a secondary-radiation photon with
frequency wy.

For simplicity, we assume that there is no real
phonon at the initial state |¢). It is valid in the low-
temperature limit. Thus we have n; photons with
frequency w;, ny photons with frequency wy and an

electron occupying the ground state,

[0) = i +np)p [0)s0 [9).. (18)

are the initial states

where |n; + ny)pn, |0)go and |i),

of the radiation field, surface vibrational system and

electron, respectively.

In the initial state

h2 o1 2 T2

In the final state |f), we have a secondary-
radiation emitted photon with energy hAwy, and a
phonon with energy hV; and an electron back to the

ground state. Accordingly, we have

[f) = " (wp)b" (g)a(ws) |i) (20)

and

Ef =(n; — 1)hw; + (nf + 1)77,0.1f + hVy
h2 o1 2 T\ 2
g [(7) +(33) } : (21)

Based on the energy conservation law, we have

€; = €5, hence
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hw; = hwy + RVy. (22)  lation) can be changed optionally, there are six permu-
. . tations open to us, and the transition matrix elements
The Raman cross section can be given by the

K¢ consist of six terms

third-order perturbation theory[30-31]
Po  nwdn(wy) : Kip =3 Wis(u,v) (24)
= i Kz h Z'—TL 2. 23 if = if (B V)
d.thwf 47r2h4c4 ;| f| ( W Vf) ( ) v
Since the time order of quantum creation (annihi-  with
Wi () = (f |Her(wy)| 1) (p|He—so| v) (v | Her (wi)| ©)
ST T (hw; + B; — B, — hVs + jal,)(hw; + E; — B, + jhl,)
n (f| Her (ws) 1) (p[Her (wi)| v) (v| He—s0 |9)
(E; — E, — hVy + jial,)(hw; + E; — E, — BV + jhl,,)
(fl He-so |1) (| Her(wy) [v) (v| Her (wi) [4)
(hw; + E; — E, +jhl,)(E; — E, — hVy + jhl,)
. (fl Her(wi) 1) (u He—so [v) (W] Her(wy) 1)
(E; — By — hw; + hVy +jhl,)(E; — By — hw; + jRI)
o \FI Her(wi) |p) (1] Her (wy) [v) {v] He-s0 |7)
(E; — By — hw; +jhI,)(E; — E, — hVy +jhI,)
n (| He_so |p) (p| Her(wi) [v) (v| Her(wy) |7) (25)

(E; — E, — hw; + AV + jhl,)(B; — E, — BV +jhl,)

Here, j = /—1; I', and I, are the inhomogeneous line
widths of the electron transitions; n(w) is the refrac-
tion index as a function of radiation frequency w; and
|v) and |pu) denote the intermediate states with energy
levels €, and €, respectively.

In the following, we calculate the matrix ele-
ments of the differential cross section. We choose the
backscattering configuration, where the incident radi-
ation wave vector is parallel to the X-axis, k;|| X, and
the scattered radiation wave vector parallel to —X-
axis, k; ||X, with both the polarizations of the inci-
dent and scattered wave vectors parallel to the Z-axis,

a;llafl|Z, ie. X(Z,2)X,

8ed 1 2h n;
Hep(w)|v) = j—ag —— | = =M, (26
</’L| F(w)|’/> J7TR2 n(wz) T ow; Iz ( )
and
.8ed 1 2h (ny +1)
He = - 11, v
(27)
with
w
nm,=——*"*"
: Jl(IOtM)Jl (iﬂot,,)
1 1
X + tu,tus (28)
[(lu - ll/)2 (lu + lu)2
where
l,—1,==£1,%£3,£5.. (29)

| ‘We have defined

E,—FE,
wy S
h 2 TR\ 2
2
Tom R (thH - iUot,,) + (1, —1) (ﬁ) )
(30)
and
R
T x
L0, = /J0< (1]:;“ 7«) J0< %” r) rdr (31)
0
But
(u]| Her (wi) |v) = (p| Her (wy) [v) =0, (32)
with
l,—1,=0,+2 44 (33)
On the other hand,
2B
<,LL| He—SO ‘V> = WTMV(qv d)7 (34)
where
Ty (q,d)
_ exp[—qd] sinh(qd) [sinh(2qd)} 1/2 J
Ji(zot, )J1(zot, ) cosh(qd) q bt
g B q
T2 T2
2 _ o 2 2
e (R MR (R AE
% [(€00 +1) = (€oc — 1)exp(—2qd)]*/*
x [(eo + 1) — (g — 1)exp(—2qd)] /4, (35)
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with
R
pom o (5 )a ()
0
l,—1,=0,+2 +4.. (37)
and
(u| He—so lv) =0, (38)
with
l, —1,=41,+3 +5.. (39)

It is obvious that the antisymmetric SO modes are
inhibited in the Raman scattering process according
to Egs.(14), (38) and (39). Also, it is clearly seen that
the selection rules Egs.(29) and (37) must be satisfied
if the Raman cross section is not equal to zero.

After cumbersome calculations we obtain the ex-
pressions for the differential cross section for the three-

step Raman scattering process

d?o 2048 e%d?

d.def :71-864 R1433 (60 - Eoo)
o [E= nws) (Wi = Vy)Vio
€0 77(%‘) Wi
x n;(ny+1 | (40)

where we have made use of the relationship between

wy and w;, based on the momentum conservation law

- {(’7(‘(‘:’;‘)2> V242 k| [Ril (1~ COS[)’)}UQ.
(41)

Here k; and kj are, respectively, the wave vectors of

the incident radiation and secondary radiation field,
and [ is the angle between k; and ky, with

w; =clk;| /n(wi),
wy =clky| /n(wy). (42)

We have

HfuTuu(Qa d)Hui
(Wi — wys + 1) (wi — Vy — wpi +iT7,)
o Hy 15, T, (g,d)
(Wi, + V5 —i0)(wi = Vi —wpi + 1)
Tyu(q,d) 1, 11,
(wi = wyi +j0) (Wi + Vi = i)
+ three similar terms. (43)

A =

puv

Compared to the first three terms, the contribu-
tion of the last three terms in Eq.(43) is so small that
it can be neglected. In the present work, we thus con-
sider just the contribution of the first three terms of
Eq.(43) during the calculation of A4, for the determi-

nation of the differential cross section.
4.Results and discussion

In this section, the resonant differential cross sec-
tion given by Egs.(40) and (43) is calculated nu-
merically for a GaAs QD. The parameters used
€00=10.89,

and the lattice constant a =

in the computation are:'3! ¢;=13.18,
hwr,0=36.25meV,
0.56533nm. The effective mass of an electron is taken
to be m* = 0.067mg. The relaxation parameters I are
not well identified experimentally even in bulk mate-
rials. We use the following values for the purpose of
order estimation:(®8! 1/I', = 1/I',=1ps.

In Fig.2 we plot the differential cross section as
a function of the incident phonon energy Aw;. The
thickness and the radius of the disc are kept at 6 nm
and 50nm, respectively. The number of photons in
the initial states is n; = 1, ny < 1. It can be seen

from Egs.(43) and (40) that the differential cross sec-
2

ti 7 sh i
on SNOWS a maximuim
d2dw;
— Vi = Wi, (44)
or
w; = Wy;- (45)

So we can obtain the information about phonons
and electronic states involved in the scattering pro-
cess. Figure 2 also demonstrates that there are several
double peaks, such as (a, A), (b, B) and (¢,C) in the
Raman profiles. Peaks a, b and c are related to the
incoming resonance, and the incident photon energy
corresponds to the transition, namely, Eq.(45) is ful-
filled. Peaks A, B and C are related to the outgoing
resonance, i.e. the scattering photon is in resonance
and Eq.(44) is fulfilled. The incoming resonance is
larger than the outgoing resonance at (a, A). In con-
trast, the outgoing resonance is larger than the incom-
ing resonance at (b, B) and (¢, C). This shows that the
incoming resonance dominates for transitions to lower
energy states and the outgoing resonance dominates

for transitions to higher energy states.
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2 > (6 /d2dw ;) max c states is dependent on the disc radius R and thickness
a a0 T R ol D. The spatial overlap is optimum at Rax and Dyyax,
3 l“ leading to the matrix elements in Egs.(26) and (27),
£ 151 i . : . d’c
3 I and consequently the differential cross section
= i df2dwy
- i .
3 101 " reaches the maximum.
: |
© 5 i : | 801
= Lo a . /A
0 AN /JL\\&/‘ ‘L N A . J . _ E / \
T T T T =) 60 ‘ :
3600 4000 4400 4800 5200 -g {
Photon energy/cm™? E
£ 40
Fig.2. Raman differential cross section as a function 3 /
of incident photon energy for a GaAs quaitum disc g /ﬁ
with D=6nm and R=50nm in the X (Z, Z)X scatter- T 207 / \\\
ing configurations. :‘.g {  Dmax T
o7
350 7 2 4 6 8 10 12
w3004 D/nm
5 250 - ,
) / N
a 200 4 / ; \\\ Fig.4. The maximum value of the differential cross
é 150 4 / : \ section as a function of the thickness for a GaAs quan-
i~ / : \ tum disc with radius R=50nm in the X (Z, Z)X scat-
3 1004 / \ tering configurations.
S s0d / \
K} : .
3 0 4 ¥ e — e — — . .
= j/Rmu Finally, according to Eq.(40) we should note that
50 30 40 50 60 70 80 90 the differential cross section is proportional to ns + 1.
R/nm If ny > 1, the scattering photon with frequency wy

Fig.3. The maximum value of the differential cross
section as a function of the radius for a GaAs quan-

tum disc with thickness D=3.36nm in the X(Z, Z)X

scattering configurations.

It is also clearly seen that the differential cross

t] hes the maxi iy t point
section reaches the maximum | ——— at poin
d%o

C in Fig.2. | ——

mre (d()dwf

the disc radius R and thickness D. Figure 3 shows

th d?c

e | —~

d.def

disc thickness D is fixed at 3.36nm. There is a peak

> has something to do with
max
> versus the disc radius R, while the

d?c
at point R,.x. This demonstrates that [ ———
d.QdL(Jf max
increases with the radius R when R < R,.x; but

d?c
_— decreases as the radius increases when

d?o

R > Rpy.x- Figure 4 shows <m> . versus
thickness D, while the radius R is fixed at 50nm.
There is also a peak at point D,,,..x. Since electrons are
considered to be confined in a QD with infinite poten-

tial barriers, the spatial overlap between two bound

will be the main part in the secondary-radiation field.
So, stimulated Raman scattering can be realized in

our system.

5. Conclusions

We have investigated theoretically the differential
cross section for the electron Raman scattering process
involving SO phonon-assisted transitions in a semi-
conductor QD. It is shown that the antisymmetric SO
mode is inhibited in the Raman process. The numer-
ical results in the scattering configuration X (Z, Z2)X
also show that the differential cross section depends
on the disc radius, thickness and the energy of the
incident radiation field. We can obtain information
about the phonon mode and the intermediate elec-
tronic states involved in the scattering process form-
ing the Raman peaks. Moreover, the system studied
is expected to be a stimulated Raman scattering laser
model. So far as we know, there are few experimental
results about this type of Raman scattering. We hope
that our results can stimulate interest in experimental

efforts in this direction.
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