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Abstract

Optical absorption of quantum dots is investigated using the adiabatic approach, in which a Frohlich-type interaction between
electron-hole pair and longitudinal optical phonons has been assumed. The role of the finite barrier potentials in predicting the mag-
nitude of the Huang-Rhys factors is considered. For the small GaAs/AlAs quantum dots, the Huang-Rhys factors are found to be
larger than those in the bulk phase by one to two orders of magnitude. The absorption and photoluminescence spectra of such nano-

structures are analyzed.
© 2004 Published by Elsevier B.V.
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1. Introduction

Theoretically, the response of one or several electron—
hole pairs (EHPs) is often invoked to explain the optical
spectra of semiconductor quantum dots (QDs). The adi-
abatic approximation is frequently used when the elec-
tron—phonon coupling is taken into account. It is
widely accepted that a strong quantum confinement of
the electron or a strong electron—phonon interaction,
which result in increasing of kinetic energy of the elec-
trons, are circumstances which justify an adiabatic treat-
ment (see, e.g. [1]). The ineffectiveness of the electron—
phonon coupling implies weak phonon-induced mixing
between the energy levels of QD. On the other hand,
when the level spacing becomes comparable with the
optical phonon energy (see, e.g. [2]), the phonon mixing
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of the EHP states becomes important. In this case, the
phonon-assisted absorption is a more probable process
and a nonadiabatic approach is demanded. Such a non-
adiabatic treatment is used to explain the discrepancy
between the large values of Huang—Rhys factors found
experimentally and the smaller ones predicted by adia-
batic treatment [3]. On the other hand, for small QDs
there are experimental reports of large values of
Huang—Rhys factors (by two orders of magnitude larger
than in the bulk phase). In such cases the mixing effect
induced by phonons becomes less important as the in-
ter-level energy is usually much larger than the LO pho-
non energy and the optical processes are adiabatic. The
problem of Huang-Rhys factor of small QDs, where
nonadiabatic effects are expected to be insignificant
and the adiabatic approach appropriate, is addressed
in this paper. We provide an explanation for the exper-
imental observation of increasing Huang-Rhys factor
with decreasing of QD radius.

We use a simple model to describe the interaction be-
tween photon, EHP, and phonon. Thus, to investigate
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the phonon-assisted optical processes, we consider the
limit of low excitation intensities and work within the
framework of the adiabatic Huang—Rhys-type treatment
[4]. To model small GaAs microcrystallites embedded in
AlAs matrix, we choose spherical symmetry and finite
confinement potentials for both electron and hole, iso-
tropic and parabolic electron and hole bands [5,6], and
consider the effective mass approximation and pure
EHPs. Moreover, in the case of small QDs that we ana-
lyze, the Coulomb electron—hole interaction can be con-
sidered as a perturbation to the confinement potential
[7], which can be neglected in the zeroth order approxi-
mation. Though simple, the adopted QD model is accu-
rate enough for the considered application, as we shall
argue. Though the calculation of the optical spectra is
common in the literature [8], we present a procedure of
deriving the linear absorption coefficient, which can be
used for both adiabatic and nonadiabatic cases (the latter
is investigated in [9]). Then, the optical selection rules, the
Huang—Rhys factors, the spectra of absorption and pho-
toluminescence (PL) are obtained for spherical QDs. The
use of the adiabatic approach is justified and the range of
its validity discussed. We find that, for small QDs, the
adiabatic treatment is able to predict values of Huang—
Rhys factors larger than in the bulk phase by one to
two orders of magnitude.

1.1. Optical absorption coefficient

To describe the confined EHP, we use the
Hamiltonian

H=Hy+Hpy+ Hy

= ngB+Bf + Zhw,,b*b + ZM 7By (by +b7,),

(1
in which f'labels the EHP eigenstate, Hylf) = Ejf), o, is
the frequency of the mode with the wavevector ¢,
B; (By)and b’ (b,) are the creation (annihilation) oper-
ators of EHP and phonon, respectively, and Mf is the
EHP-phonon coupling. The EHPs are con51dered as bo-
sons, a valid approximation in the dilute limit. The radi-
ation field is modeled as a single mode of linearly
polarized plane wave. In the limit of linear response the-
ory and long-wave approximation, the semi-classical
EHP-field interaction can be written as [10,11] H,_g =
2eFo(mow) I3 » o{0lePlf) By + h.c.sinwt, with my,
the mass and the charge of electron, &, w, Fy, the polari—
zation vector, frequency, and amplitude of light wave,
and P =5 ,p; the total electronic momentum (with p;
the electron momentum). Initially, the electrons are in
the ground electronic state |0) (EHP vacuum state) and
the phonons are at thermal equilibrium. Applying the
Fermi Golden Rule to the eigenstates of the system and
using the algebra of bosonic operators, the linear one-
EHP absorption coefficient may be written as

— dr t) D¢ (B/(
a(w) = ncmotho/ exp(io ; (B (t

)

where ¥V is the volume of the absorptive system, ¢ the
speed of light in vacuum, n the refractive index, D=
|01tz PN, (B, (1)B}) = (0l(exp(itH /)B; exp(—itt /1)
B} )ol0), and (---)o = Tr[po- -] the trace over the pho-
nonic modes with p, the equilibrium density matrix of
phonons. To solve Eq. (2), we introduce the time evolu-
tion operator, U(t) = exp(itHy/h)exp(—itH/h), with
Hy=H,+ Hy,  and  obtain (B, (t)B}),= (0
B/ (U(1)),B}10) = (O1B,(T exp[i [y duy (1) /R])oB; 10)
where 7 is the time-ordered operator, and
V(1) = exp(itH/h)H, pn exp(—itHy/h). With the usual
expansion of the time evolution operator [8a] and the
Wick’s theorem for bosons, Eq. (2), which assumes a lin-
ear coupling, can be resumed. In the framework of the
Einstein model (o, — wy), the bosonic Green’s function
of Eq. (2) yields a form similar to the well-known adia-
batic spectral function for fermionic carriers [4,5,8a]

2(0) = € 3> {Df exp[—g, (2N + 1)]

nemihoV o
X Z I, (gf N(N + 1)) exp(nPhwo/2)
<00 = 0y + 4y = o)}, ()

where [, are the modified Bessel functions,
A = wozq(|M£|h_lwgl)2 = wog, is the phononic in-
duced renormalization of EHP energy, and gr is the
Huang-Rhys factor. However, this similarity is to be ex-
pected for an adiabatic treatment, as long as the EHP
model adopted by us does not involve electron—hole
interaction. The relative intensity of the absorption lines
is given by the coefficients of Dirac delta functions. Eq.
(3) assumes the form reported in [5] and, in addition,
may be used to estimate the absolute value of the absorp-
tion coefficient.

1.2. Quantum dot model

Within the effective mass approximation, a spherical
model is considered for the case of size-quantized ener-
gies of QD (or equivalently, QD with dimensions smal-
ler than its corresponding exciton Bohr radius) [7]. Such
a case is suitable for an adiabatic treatment as long as a
typical Coulomb term, responsible of the excitonic ef-
fect, €*/(4mkegren) (x the vacuum dielectric permittivity,
gy the static relative dielectric permittivity, and r., the
electron-hole distance) has an energy of the order of
longitudinal optical (LO) phonons.

The confinement potential energy is Ve(r.) =0 for
r.€[0,Ry ], and V(r.) = Vo, for ro> Ry (similar equation
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is written for holes by replacing r, by ry,); Ry is the QD
radius. The envelope wave function is @,,(r) =
R,(r)Y;,(0,p), where R,(r) is the radial and Y,,,(0,¢)
the spherical harmonics function. Generally, the LO
phonons are considered as the main contributors to
the electron—phonon interaction in polar semiconduc-
tors. An important aspect is that, by choosing finite con-
finement potentials for both electrons and holes, a non-
vanishing EHP—phonon interaction is obtained. The
EHP state may be written as [|f) — |p,) =
[ dredryo,(re) @, (rm)ast ap|0), where aS* (ay) are the crea-
tion (annihilation) operator of an electron in the con-
duction band at r, (valence band at r,) and a(b) holds
for the set of quantum numbers n., lo, m. (nn, L, Myp)
of electrons (holes). The optical selection rules are deter-
mined by the matrix element (f|e - P|0) of Eq. (2). Using
the pure EHPs eigenstates and an appropriate definition
of the momentum [12], P = p?, [ dRa§ a + h.c., where
pl, is the momentum mdtrlx element between the va-
lence-band and the conduction-band at the I' point
and R integrates over unit cells, one obtains
<<Dab‘P‘0> - pcvéle/h menmy fo drrzR"e/e( )R”h/h (I") Epgvémemh
Apem1» With Io =1, =1 (see also [7]). Thus, the optical
selection rule requires [, = /,. We model the electron—
phonon interaction by the Frohlich interaction between
electrons and dispersionless bulk LO phonons, which is
an acceptable approach for QD with high geometrical
symmetry, where the interface modes are usually weak
[5,13]. Within the pure-EHP approximation the EHP-
phonon interaction reads

M{; . Val/zfoffl
x / dre iy’ (r) 03 () 0 (1) 04 (1)
x [exp(igr.) — exp(igr,)], (4a)

which for spherical QDs becomes

My = MP =V g
< [ 4P R = R0 Q)
=7, q vy, (4b)
where fy = \/2nfimge? (e} — ¢;')k ! is the Frohlich cou-

pling constant g 1s the LO phonon frequency, and
0,,(¢.7) = [ QY (Q)Y1(@) expligr) = Y2 i’ (21 + 1)
j,,(qr)<l’lOO|lO><l’lOm|lm>. Jjy(x) are the spherical Bessel
functions, and (---|) are the Clebsch-Gordan coeffi-
cients. The last equality is obtained by using the expan-
sion of plane waves, exp(igr) = 307, (27 + )i’ j (gr)
Py(cos 0), the addition theorem of the spherical harmon-
ics to expand the Legendre polynomials P,(cos6), and
the integration of three spherical harmonics over the so-
lid angle. The Huang-Rhys factors corresponding to the
state |qoa;,2 are obtained from 3}, |M”b| — f22n)"!
I dq|v"”| by manipulating the spherlcal and modified

spherical Bessel functions contained in the radial func-

tions R,,. After averaging over polarization directions,

one obtains a factor 1/3 and therefore D, —
| A2 /3 in Eq. (3).

Neltp

2. Application and discussions

Though simple, the pure EHP model can pass certain
tests concerning its accuracy in describing the spherical
QDs. Thus, the GaAs conduction band shift induced by
the strains when a GaAs sphere is embedded in AlAs is
insignificant as the two semiconductors are lattice-
matched (less than 10 meV, see [14]). That allows, in a
first approximation, neglecting the strain effects in such
semiconductor heterostructures. Also, comparing with
results from [6], where one uses finite potential barrier
to obtain the excitonic states, the EHP model slightly
overestimates the values of energy levels (for example,
less than 50 meV at Ry =25 A for the first excitonic
state). Regarding the band structure of GaAs/AIAS
heterostructures, the interplay of the three lowest minima
I', L and X for GaAs and AlAs yields a spatial confine-
ment only for the I electrons (see e.g. [15]) and the energy
gap is dictated by the I' minimum. On the other hand, as
reported in [16], the complexity of valence band structure
and the band mixing effects become less significant for
smaller spherical QDs and a one-band calculation of
the energy structure is a satisfactory approximation.

Compared to [17], which also considers finite confine-
ment potentials (and, in addition, excitonic and image
charge effects) to describe spherical quantum dots
embedded in a matrix, the present model takes into ac-
count the difference in the effective masses between the
nanosphere and its surroundings. Following [18], the
expression of orthonormalized R,(r) and the secular
equation of energy are as follows:

B =\ s 0k ) = K0 ()i (9]
k)G R, < R,
: {JI(Y) ki(xr/Rq), < Ro, (5a)

moxki ()] (x) = miyj, (x)k; (), (5b)

where x=Ro\/(2m\E, /) /1.y =Ro\) @ms(V§ — E,.)) /1P,

k; the modified spherical Bessel functions, m; (m,) the
effective mass in the dot (surrounding medium), V' the
band offset of the carriers, and n, [ — n., I, or ny, I
for electron and hole, respectively. For GaAs microcrys-
tallites embedded in AlAs matrix, the compound ad-
dressed in our application, we use the parameters of
material from [6]: the GaAs energy gap E, = 1.5177 eV,
the GaAs (AlAs) electron effective mass m./my=
0.0665 (m./my=0.124), the hole effective mass my,/
mo = 0.45 (my/mg=0.5), the conduction band offset
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Ve = 0.968 eV, and the valence band offset V'§ = 0.6543
eV. The energy spectrum is obtained from Eq. (5b), and
the EHP energy E,. ;. 1, = E¢ + Enet. + Ey 4, 1S com-
puted as a function of the QD radius and shown in
Fig. 1. Some particular levels are labeled by the set of
quantum numbers, (#,le;nn, ) as follows: Ay —
(1,0;1,0), B — (1,0;1,1), C — (1,0;1,2), Dy — (1,0;2,0),
E — (1,1;1,0), F —(1,0;2,1), Gy — (1,1;1,1).Based on
the distribution of energy levels and taking into account
the exciton Bohr radius (larger than 100 A), we consider
Ry =50 A as a reasonable upper-limit for our approach.
Possible phonon mixing effect could manifest starting
with Ry~ 23 A (see the ellipse mark at Fig. 1), between
the optically active level Gy and the dark level F. But,
the phonon-assisted transition between G, and D, is
improbable (at least in the low temperature limit) be-
cause (Eg — Ep,)/hwo=3.37 (the LO phonon energy
hiwg = 36.2 meV). For the first two optically active lev-
els, the adiabatic treatment is safe for Ry <22 A and
may be accepted as satisfactory for Ry <32 A, beyond
which the C level appears.

The Huang-Rhys factors of the optically active levels
may be obtained with

"2 o) 00
g;1e4,l4,nz;r1h4,[,rn = f40 /0 /0 d}"d}",VZ}"Q [Rnel(r)z - Rnhl(r)z}

22 hr o}

X [Rncl(r,)z - Rnh/(r,)z} /0 dqum(%V)le(—q,V').

(6)

However, extension of the definition of v2” from Eq. (4b)
to dark levels immediately allows an expression to be
obtained for such levels as well. Fig. 2 summarizes our
calculated Huang-Rhys factors for the first two opti-
cally active levels. The values obtained are larger than
those predicted for the GaAs bulk excitons, 0.0079 in
[5]. In the extreme limit of small radius (10 /0\), our mod-
el yields values which are by two orders of magnitude

3.2
3040 R R T L
1 @ . By el
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3 il
~ 2.4 8 gg
> g g
S i
g 2.2- ! ;
22 H
w ¢
2.04 4]
- i
1.8 e Optical levels :§§§§
Dark levels Sees
1.6 T v L] v T v ) M T v ) v ) v L} v L]
10 15 20 25 30 35 40 45 50

Radius (A°)

Fig. 1. The energy spectrum of small spherical GaAs/AlAs QDs
within the adopted model.

larger than those for the bulk, but this result must be
considered with reservation because the effective mass
approximation may become questionable at such small
dimensions. We ascribe these large values of Huang—
Rhys factors for the small spherical QDs as the result
of considering finite potential barriers. Given the charge
distribution of an electron (or a hole) in the QD, the
Huang—Rhys factor is related to the difference between
the form factors of electron and hole (see Eq. (4a)).
For an infinite potential, electrons and holes have a zero
charge separation, the same form factor, and the EHP—
phonon coupling vanishes. By choosing finite barriers,
one obtains a charge separation even for the first EHP
state as seen in Fig. 3, where the charge density,
p(r) ran,(r)2, with n,/ —» n., =1, L, =0, is shown.
Besides this charge separation, the other factor involved
in the form factors responsible for the increased Huang—
Rhys in small QDs is the spatial confinement of the
envelope wave function [19]. In their earlier calculation,
Nomura and Kobayashi [5] used an infinite potential
and a valence-band mixing treatment, and obtained
within an excitonic model a Huang-Rhys factor of the
same order of magnitude (but smaller) than for the bulk;
a similar behavior of increasing Huang-Rhys factor
with decreasing QD radius is obtained. Large Huang—
Rhys factor are reported from measurements in small
QDs, where the nonadiabatic effect is expected to be
insignificant and, consequently, the excitonic effect
small. Thus, for our semiconductor compound, values
larger by two orders of magnitude than for the bulk
are reported in [20], where localized EHPs by quantum
wells-QDs intermediate states in GaAs/AlAs superlat-
tices are analyzed. For self-assembled InAs/GaAs QDs,
where the strain, band mixing and shape effects cannot
be neglected, and the simple spherical QD model be-

[]
144 o 9 0.161 ¢ .
J g, R
1-27 012’ n °
g |
= 0.04 "
[9)] 08* o - [ ]
> L »
é ] 0.00+———+—————+———+——
- 0.6 20 25 30 35 40 45 50
=) 4 a
[
S 044 4
I 1 o
0.2 T e e
il u . . ° ° °
0.0 T T T T T L] n | n
10 20 30 40 50
Radius (A°)

Fig. 2. The Huang-Rhys factors of small spherical GaAs/AlAs QDs
obtained with Eq. (6). The results for larger QDs are magnified in the
inset. The open squares represent results for the region where the
effective mass approximation becomes questionable (see the text).



ARTICLE IN PRESS

T.0. Cheche et al. | Chemical Physics xxx (2004) xxx—xxx 5

gl QD radius:
7 . i R, =20A
e. 4 + Hole Center
8 L[
= 10 20 30 40
2 0 ! ) | ! .
3 Radius (A)
o) 25
o
E -4 - Electron Center
5 I
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Fig. 3. The charge separation of small spherical GaAs/AlAs QDs with
radius Ry =20 A for the first EHP state induced by finite potential
barriers. The plus and minus circle symbols indicate position of the
center of positive and negative charges, respectively.

comes inadequate, the measured values range from 0.5
for small QDs (below 45 A) [21] to 0.05 for larger
QDs [22,23]. Given the simplicity of our model, we
may extend the limit of calculation to excited states.
Thus, the Huang-Rhys factor g, of Dy is slightly larger
than g; of Ay, mainly due to a larger charge separation
for this excited state. On the other hand, for larger radii
we obtain smaller values, close to the values obtained
theoretically for excitonic states of spherical GaAs
microcrystallites in [24].

According to [3], when a EHP recombination occurs,
the intensity of the equilibrium PL spectrum can be
characterized by the product of absorption coefficients,
Ipr(®) X 020 Dexe) ot )/ Wexe, Where wexe is the frequency
of the monochromatic incident radiation. Thus, with
expression from Eq. (3) for the absorption coefficient,
the PL intensity obtained by exciting to level Dy + i - LO
(i=0,1,2,...) and recording from the level Ag+ ;- LO
(j=0,—1,-2,...) is written as

IpL(w) o Y 11~<2g2 ﬁ(ﬁ—&-l))lj(Zgl N(NH))

i>0,7<0
X exp {ﬁh <%+ a)lﬂ

. 2
X lA%loe@] +82) (2N +1) <w—1 — 4 +J.w0)
Wy — Az — 1)y

X 5(wexc — )+ Az +1600)5((1) - + Al —ja)())

. 2
e e262(2N+1) wy — A3 + Jwy
120 Wy — Az — iwo

X 5(wexc —wy + Az +1(H0)(§(CU — ;) + Az _]CO()):| .

(7)

According to the previous discussion regarding the
energy-level distribution, the probability of a sequential
relaxation process of EHP may be neglected for the

range 10-32 A at low temperatures, and, consequently,
for this range, we may consider emission processes
occurring from the EHP states. Figs. 4(a) and (b) show
the absorption spectra obtained with Eq. (3) and the PL
spectra obtained for a resonant excitation of the level D
for Ry =25 A, in which the line shape has been modeled
by Lorentzians with a width of 15 meV (a limited spec-
tral resolution of experimental equipment is considered,
see e.g. [3]). The familiar LO-phonon sidebands appear
in both the absorption and PL spectra. As expected,
the spectra have weak temperature dependence. The
possibility of non-resonant excitations is reflected by
the presence of the LO peaks on the positive side of
the absorption spectrum. Weaker negative (positive)
lines in the absorption (PL) spectra would disappear at
zero temperature, and appear at temperatures where
LO phononic population becomes significant. The nega-

(@) 3007 5 710K )
lo T=300k 4 10
250 10"+
@ R, = 25A
g 200~
S ]
8 150
c ]
= 1004
o
S ]
8 50
<
Oﬁ
1.8 21 22 2.5
Energy (eV)
(b)

\S]
!

PL (arb. units)

o
il

2.‘0 | 2.‘1 | 212 | 2.3 | 2.4 | 2.5
Energy (eV)

1.8 1.9

Fig. 4. The absorption (a) and PL (b) spectra of GaAs/AlAs QDs
Ry=25 A. The lines and their associated symbols represent the
intensities, which are proportional to the factor of the Dirac delta
functions from Eq. (3) for absorption and from Eq. (7) for PL. PL is
obtained from resonance excitation, with i = 0, see the text. The insets
show in detail the LO phononic progressions. The black (gray) lines
are for the spectra at 7= 300 K (10 K).
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tive absorption sidebands implies a direct LO phonon-—
photon coupling, highly improbable as the particles
have much different energies. Though possible, to our
knowledge, such a process has not been observed exper-
imentally. Thus, the real presence of negative absorption
sidebands must be further analyzed by relaxation
dynamics studies. On the other hand, the positive PL
sidebands would involve a simultaneous relaxation-re-
combination process of LO phonon and EHP particles.
Though, separately, the two processes have much differ-
ent relaxation times, the obtained PL lines support for-
mation of the EHP-polaron whose relaxation is a one-
step process [25]. The PL spectral line shape has a form
similar to that obtained from the experiments in [21-23],
for InAs/GaAs self-assembled QDs. We perform calcu-
lations for different radii at 7= 10 K (not shown in fig-
ures), and find that as the radii values are increased (20
A/30 A/50 A), (i) the absorption strengths for level A,
(Dy) increase (decrease), and the ratios for the 0 LO
peaks are approximately 1/1.32/1.6 (3/1.69/1); (ii) the
PL intensities for both 4y and D, levels decrease, and
the ratios for the 0 LO peaks are approximately 1/0.6/
0.36 and 1/0.21/0.05, respectively.

In conclusion, an adiabatic treatment of the ““bosonic
pure EHPs carriers plus phonons” system yields a spec-
tral function similar to the well-known adiabatic spec-
tral function of fermions. The adiabatic approach is
justified in characterizing the optical spectra of small
spherical QDs, unless the optical levels are mixed with
other (optical or dark) levels via phonons. The simple
model of EHP within finite barrier potentials represents
a useful tool in providing, within acceptable limits, the
energy spectrum, the Huang-Rhys factor, and the
description of the absorption and PL spectra of small
spherical QDs. The adiabatic treatment of small spheri-
cal QDs, a case where the nonadiabatic effects can be ne-
glected, yields Huang—Rhys factors larger by one to two
orders of magnitude than those in the bulk phase. A
quantitative analysis, which could predict accurately
the magnitude of the EHP-phonon coupling, requires
refined models for QDs.
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