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We develop a model appropriate for describing the Raman spectrum of samples, containing
a collection of semiconductor quantum dots with and without dispersion in their linear
dimensions. These nanometer size crystallites are assumed to have the same atomic
arrangement as that of the bulk material and to be embedded in a host material made up of a
different semiconductor of the same crystal structure. The results from our calculations are
compared to previous models for polycrystalline materials.

1. Introduction

The recent advent of crystal growth techniques with capability to fabricate
artificial semiconductor structures on the nanometer size scale has stimulated
interest in quantum confinement of both electronic and vibrational states. There
is now considerable theoretical and experimental work on multiple quantum
wells i.e., two-dimensional systems fabricated by alternating very thin semicon-
ductor layers of different composition. Confinement of electrons and phonons in
these two dimensional layers lead to a variety of interesting phenomena (for
reviews see Refs. 1 and 2). It is thus natural to explore the consequences of this
confinement in nanostructures of lower dimensionality such as (one-dimen-
sional) quantum wires or (zero-dimensional) quantum dots® (QD). There are
already several attempts to produce the latter using techniques such as interrup-
ted colloidal growth in solvents®® and particle growth in glasses.®” The effect of
confinement of the electronic wave function in these microcrystals appears as a
blue shift in the absorption edge.*” However, to the best of our knowledge, the
effect of confinement in quantum dots on the vibrational states has not been
studied.

In the present work we attempt to describe the changes in the first order Raman
spectrum of a typical semiconductor material (of zincblende or diamond type
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structure) that occur as a consequence of diminishing the particle size to a few lat-
tice constants. For the purposes of the present study, we need to define what we
mean by a semiconductor quantum dot.® Arbitrarily small structures made up of
a given semiconductor material cannot be included in this definition. In small
clusters the atoms will seek a more close-packed structure than in bulk crystals.
As the number of atoms grow larger, a crossover will take place to the bulk crystal-
line structure. Recent estimates for Si show that (in vacuum) this crossover
should take place for clusters containing ~ 10° atoms.® However, if the crystallites
are embedded in a host material of the same structure as the bulk material, this
crossover should occur at smaller sizes. Hence, we shall define our QDs as
crystallites made up of a given semiconductor material and having the same
atomic arrangement as in bulk (infinite) crystals. The linear dimensions, L, of
these crystallites is of the size of a few lattice constants “a”, i.e., L = Na with
N ~ 2-20. In the case of Si, this means clusters with 64-64,000 atoms. We con-
sider these crystallites to be embedded in a host material of the same structure,
but having an optical phonon dispersion such that the optical phonons of the QD
cannot propagate into the host material. This situation is analogous to that
encountered in GaAs/AlAs superlattices and leads to confinement of the optical
phonons? within the QD. This confinement will alter the number (and relative
intensities) of the peaks in the one-phonon Raman spectrum. We shall study this
problem and compare the predictions of our model to other available model for
microcrystals® that has been applied successfully to ordinary polycrystalline
samples and alloy materials.®"!" First, we review the essential steps leading to the
derivation of the Raman cross section'’ for one-phonon process in bulk
semiconductor materials (Sec. 2). In Sec. 3, we discuss the modifications
necessary to adapt this procedure to the case of a QD. Next (Sec. 4), we show the
results of our model and compare these results to that of other models for
microcrystalline materials. Finally, in Sec. 5, we offer some concluding remarks.

2. The One-Phonon Raman Spectrum of an Infinite Crystal

In what follows we shall reproduce some essential steps in Loudon’s deriva-
tion'? of the Raman cross section for an infinite crystal, in order to determine the
modifications that must be introduced for the case of a microcrystal. We consider
a Stokes-Raman event in which one photon is scattered from an initial state
characterized by frequency (wave vector) w;, (K)) into a final state w, (K,) with the
creation of one phonon in the u-th optical branch of wave vector and frequency q
and Q,(q) respectively. The electronic system before and after the event remains
in the ground state. If by |a) and |b) we denote the initial and final states of the
unperturbed system (electron plus phonon plus photon fields, without mutual
interaction), the transition probability for this event is given by:
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where,
HI = Her+Hep (2)

is the interaction Hamiltonian composed of the sum of the electron radiation
(H.,) and the electron-phonon interaction (H,,) respectively. Using Bloch states of
band index n and wave vector k as a basis for the electronic system, we can
express these interaction Hamiltonians in second quantized notation as:

172
H, = (ﬁ) (——~h—) Civ Co (@ (K) pik Sk’ —k+K) + h.c) (3)
m/) \2¢enVw(K) w

for the electron radiation interaction. In Eq. (3) &, is the permittivity of vacuum, 5
is the dielectric constant, ¥ the volume of the crystal, a* (K) (a(K)) the creation
(annihilation) operator for a photon of frequency w and wave vector K and
Cr (Cy) the corresponding operators for an electron in a Bloch state |n,k).

In the above expression explicit use was made of the Bloch function
translational property

q)nk(r + R) = elk R q)nk(r)’ (4)

where R is a vector of the lattice, and the electron radiation matrix element:

Py =Ny f d’r @, (r) ™7 6(K) - p @y (1) (5)
Yo

is integrated over a unit cell of volume v, (V' = ANyv). In Eq. (5).é is the
polarization vector of the photon and p is the momentum operator. The function
S(Q) in Eq. (3) is a sum over all lattice vectors given by

1 )
SQ = e ()
NO R
This function has the limiting property

lim S(Q) = dq.0. (7)

Ng—
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modulo a reciprocal lattice vector G.
Analogously, we write the electron-phonon interaction (H,,) as:'?

1/2
H,, = —iNy? ( ) T(q) 2 Cri Cu(bp M 4SKk’ —k+q) + hc),

2Qy(q) nn’
kk’

(8)

where b* (b) are creation (annihilation) operators for phonons and:
U, (@& qe" ™
T(q) = ), . ©)

12
v Mv

Here the sum is carried over all the atoms in the unit cell. U,(q) is the Fourier
component of the ionic potential, é%(q) is the vibrational eigenvector of the
phonon with wave vector q and X, (M,) the position (mass) within the unit cell
of the v-th atom. Finally, the matrix element

My =N, f d’r @ (1) €7 @y (r) (10)
o

is also integrated over a single unit cell. In Eq. (8) through (10) k conservation
was assumed and Umklapp processes were neglected.'>'* Although this proce-
dure is appropriate for an infinite crystal, it is not necessarily valid in a QD. In
treating a finite size system, however, we shall use Eq. (8) for the electron-
phonon Hamiltonian since, otherwise, we would not be able to obtain an expres-
sion for the Raman cross section which is independent of the specific form
assumed for this interaction.

Following the Loudon’s procedure the scattered light intensity (I,) is expressed
in terms of the incident light intensity (7)) as:

I; (_e_)“ 7iNo ] D (n(u, @+ 1) T*(q)

* 3 \m ctelw? 5 Q,(q)
. five
X z Pﬁ" Micw Pf"k + analogous
nn’ (Evw —Ep) + th(Q) —fiw;) ((En'k’ —E,)— hwi)
Kk’ k” terms
2 Yo

X Sk’ —k—K) Sk’ —k’ + ) S(k—k” +K,)

(0, 0,— Q@) + (/2"
(11)
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where the finite lifetime of the phonon is taken into account by substituting
6(w;— w;,— Q,(q)) by the appropriate Lorentzian function with lifetime broa-
dening y,, n(u,q) is the Bose population factor for the phonons and c is the
velocity of light in vacuum. For infinite crystals (N, — o), the limiting property
of the geometric size function S(Q) (Eq. (7)) reduces Eq. (11) to the well-known
expression:

I (e )4 ANy ] (n(p, @) + 1) T (qo)
3272 ctedw? Q,(q0)

s
m

Y0
(0,— 0, — Qu(a0)* + (0/2)*

X | P (12)

where (, is the Brillouin zone center wave vector and the second rank tensor x
is given by:

g<é> _ Z { P:,sk+l(i—qM‘ll(+l(,~—q,k+l(,~P:((Q-K,-,k
<~ LW(E, T O 7Q,(q0) — fiw;) (En krk, — En) — fie;)

k

+ five analogous terms} . (13)

3. The One-Phonon Raman Spectrum of a Quantum Dot

As mentioned in Sec. 1, we define a semiconductor quantum dot (QD) as a
crystallite which has the same atomic arrangement as in the infinite solid. When
the linear dimensions of this crystallite (L) are of the same order of magnitude as
same characteristic length (L), quantum size effects should become important.
This characteristic length is not uniquely defined; it depends on the type of probe
used to obtain information about the system.

If we are measuring transport properties L. should be usually considered of the
order of the carrier’s mean free path. But it has been by now well established,
theoretically'>-'7 as well as experimentally in metals'® and in semiconductors'®?!
that at low temperatures, the phase of the electron wave function remains
coherent for distances larger than the mean free path with respect to collisions
with impurities. The relevant length becomes Ly = \/D_'r, , called the phase-
coherence breaking length. Here, D is the diffusion constant and 7;the electronic
lifetime for inelastic scattering events. At finite temperatures L. ~L; =
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\ AD/kT . These systems are called mesoscopic and this character has manifested
itself in the form of reproducible aperiodic oscillations in the conductance as a
function of external probes.'”!® This shows that quantum effects in transport
properties are probe- as well as sample-dependent. It is therefore reasonable to
expect the characteristic length L, to be different for phonons.

If, as in our case, we are probing the stationary states of the system, this length
should be defined in terms of the excitation wavelength (1) and its dispersion
relation, Q(4), in such a way that the confinement condition: nA = L/2, (rn an
integer), for a cubic box of side L, produces measurable changes in the energy
spectrum. Again, the value of L, thus defined depends on the type of excitation
being considered. In our case we deal with optical phonons of rather weak
dispersion and, as we shall see, this leads to values of L. of very few lattice con-
stants. Expressing the linear dimensions of the crystal as an integral multiple of
the conventional cubic unit cell of size a (L = Na) we are dealing with N ~ 2-20.
For zincblende or diamond-type materials this, in turn, implies in crystallites
composed of 64 to 64,000 atoms. The question arises whether such small clusters
of atoms will have the same type of atomic arrangement as an infinite crystal. An
arbitrarily small structure made up of a given semiconductor material does not
satisfy this definition since in this structure the atoms will reorder themselves in a
more close-packed arrangement so as to minimize the number of broken bonds.
The crossover to bulk structure for Si microcrystals in vacuum has been
estimated to take place at ~ 10° atoms (N ~ 5).” Moreover, if the crystallite is
grown embedded in a host material with the same crystallographic structure this
crossover might take place at even smaller sizes because of the saturation of
surface bonds by host atoms. Hence, it might not be unrealistic to speculate on
the effects of quantum confinement on optical phonons in semiconductor
quantum dots of these dimensions. Next we discuss the necessary modifications
in the derivation of Sec. 2 which lead to the Raman cross section for one-phonon
scattering in these QDs.

We assume that the phonon dispersion relation, Q,(q), in the QD is the same as
that of the bulk crystal. This assumption has been successfully applied to short
period superlattices,? disordered'' and amorphous®® systems and should not be
very restrictive. Analogously, the electronic states are assumed to be similar to
those in the bulk material, in the sense that they are well described by Bloch states
appropriately modified by confinement. The recent calculations of Tomanek and
Schliiter® lend some support to this hypothesis. Implicit in these assumptions is
that surface modes or electron states are not important. These place a more severe
limitation in our model than the previous suppositions. Another limiting
assumption is keeping for the electron-phonon interaction the same form (Eq.
(8)) as for the infinite crystal. There is no justification for this procedure, except
that it is the simplest ansatz that leads to a Raman cross section whose general
shape is independent of the details of this interaction. We hope, in this way, to ob-
tain the main qualitative aspects of the Raman spectrum of a QD.
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With the above assumptions, the Raman spectrum of a QD will be dominated
by the functions .S(Q) and the condition that the vibrational amplitude of the
optical mode vanishes at the crystallite boundary. The latter will depend on the
size and shape of the crystallite. Again, in the spirit of obtaining the main
qualitative features of the Raman spectrum, we assume cubic microcrystals of
linear dimensions L = Na. In this case, the only allowed modes are those whose
wave vector, q, satisfies:

nn; . .
g =—,(=x,2), with n==1,£2,..., £N. (14)
Na

Now, the lattice sum S(Q) (Eq. (6)) can be explicitly performed resulting in:

_ = _l_sin(QjNa/Z)
SQ=e H[N sin (Q, a/2)

j=1

], (j=x,,2). (15)

The phase factor 6 is unimportant since the Raman cross section is defined in
terms of |S(Q)]%. Owing to the limiting property of Eq. (7), the function S(Q) is
strongly peaked around Q = 0. If we assume the matrix elements in Eq. (11)to be
slowly varying functions of k and we are far away from resonance (i.e., the energy
denominators in this equation do not vanish) the summation in this equation can
be factorized as:

> {~--}S(k’—k—K,-)S(k”—k’+q)S(k—k”+Ks)

kk’ k”

~ 2{ e } Zs(k’——k—K,.)S(k”—k’+q)S(k—k”+Ks), (16)

k' k”

where {. ..} refers to the expression in curly brackets in Eq. (11). Within this
approximation, it is possible to extend the summations of k’ and k” to infinity
(since S(Q) ~ 0 for Q # 0), in which case it is easy to prove the following exact
result:

2 Sk —k—K)Sk"—k +q) Sk—k”+K) = SK,—K;—q), a7

k’ k”
with which Eq. (11) reduces to:
I, = C|% (o, w)} £(N, o). (18)

Here C is a consant, & is given by Eq. (13) and
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AN, o) =N D SK~K,~0q) % (19)

- (0= Q,(a,)) + (/2

Here the summation is performed over all the values of q allowed by the
boundary conditions of Eq. (14). Thus, away from resonance, the shape of the
Raman spectrum of a QD is given by the line-shape function £ (N, w) of Eq. (19).
The same would be true for a sample composed of many quantum dots, all of
identical size and shape. If we now consider a sample containing a collection of
QDs of identical shapes, but with a random distribution of sizes the Raman
intensity would be proportional to

(L, 0,) = f " 2L, )P, (L) dL, 20)
0

where P,(L) is a size distribution function with mean vaiue I and standard
deviation o.

4. Results and Discussion

In order to obtain the qualitative features of the Raman cross section for our
type of systems we must use a concrete function for the optical phonon dispersion
relation, Q,(q), and give numbers for the different parameters (a, y,, etc.) entering
into Z(N, w) (Eq. (19)). For the dispersion relation we assume isotropy and use
the analytic expression which results for a linear chain model.?* This expression
has been used successfully for GaAs and Si.*!" Focussing our attention on GaAs
as a typical material the line-shape function can be obtained from:

Y 1 )Zsinz(qua/2) sin’(g,Na/2) sin*(q,Na/2)
N, w)= N, —
N, @) °,,,,,Zn=l<No sin’(q,a/2) sin’(g,a/2) sin’*(q,a/2)

Yo
X 21
(0= Q,@)* + (7/2)’ (12)
with
Q,(q) = [4+ (4% — 2Bsin’(ga/2))"*"?
q=lq = (%) C+m*+n?)? (P+mP+nh)?=N (21b)

where we recall that N, = N? is the number of unit cells and with** 4 = 4.26 X
10°cm™%, B = 7.11 X 108 cm™*and y, = 3.0 cm ™! (from the half width of the in
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intrinsic Raman line of bulk GaAs).!! In Egs. (21) we have made K, (K,) ~ 0, an
approximation suitable for visible light. The type of Raman spectra predicted by
Egs. (21) for different crystallite sizes are displayed in Fig. 1. In this figure we
indicate by Q(X) and Q(I'") the LO-phonon frequencies for the X and I points in
the Brillouin zone. The spectrum is seen to consist of several peaks contained in
the frequency region between these two extreme values. As the crystallite size in-
creases the spectrum evolves towards a single peak centered around Q(I"), which
is the Raman spectrum of a bulk crystal. This evolution is very quick and spectra
predicted for L = 300 A (N = 60) are essentially identical to those of bulk crystals.
Hence, distinctive quantum effects in the Raman spectra of GaAs crystallites are
expected only in the range 10 A < 102 A.

In order to explore the effects of fluctuations in the crystallite size of real sam-
ples, we focus our attention on the spectrum for N = 8, which exhibits rich
structure. To simulate the effects of a random distribution of crystallites, we

GaAs \ pos

QUX) Q(rl

RAMAN INT. torb.units)

‘ N-60(3394) - -

N=z2
N=20(1134)
‘ L i 1
240 272
N=15(84.75R) w(cmly

|
! N=10(56.54)
Ne8(45.24) l

l N=6(33.98)

RAMAN INTENSITY {arb. units)

n-4(22.68)

o
N=2{i1.34)
T I I I 1
240 260 280 300 320

w (em'}

Fig. 1. First order Raman spectra for QDs of linear dimensions L = Na as predicted by our model.
Vertical lines indicate LO-phonon frequencies for the I' and X points of the Brillouin zone. The inset
shows the limiting case N = 2 for our model (solid curve) and the RWL model (dashed curve)
compared to the phonon density of states (dash-dot line).
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T ] T
GaAs T=452A(N=8)
Qu) /,‘i‘,m
S \ RWL
e i R ——

RAMAN INTENSITY (arb. units)

240 260 280 300 320
Wiem™)

Fig. 2. First order Raman spectra for a sample composed of a collection of QDs of average size L =
452 A (N = 8) with a gaussian distribution of sizes having a dispersion g. The dahsed upper curve
shows the prediction of the RWL (Ref. 9) model for the same average crystallite size.

recalculate the Raman cross section (Eq. (20)) using a gaussian distribution of
sizes centered about this mean value (N =8, i.e. L = 45.2 A) and different
dispersions . The results of this calculation are shewn in Fig. 2. We see that the
statistical distribution of sizes rapidly smoothes out the Raman spectrum
producing, for large enough values of o (6= 0,), a single broad and asymmetric
peak slightly shifted in frequency from €(I'). Our calculations show that a value
of 6. = 35 A is enough to produce this effect for any value of L, as shown in Fig. 3.
This is a consequence of the fact that the emitting intensity of a given crystallite is
proportional to its volume (cc N*) and therefore, the Raman spectrum of a given
sample is dominated by the contribution of the largest crystallites composing it.
This result (single asymmetric Raman peak) is qualitatively similar to the
prediction of previous models for microcrystalline samples, such as that
proposed by Richter, Wang and Ley’ (RWL). For the purpose of comparing the
predictions for both models, the results of the RWL model for the same crystallite
size (L = 45.2 A) are reproduced as a dashed curve in the upper part of Fig. 2. We
observe that, in spite of the qualitative agreement, the feature predicted by the
RWL model is broader, more asymmetric and exhibits a larger shift towards
lower energy from Q(I'). The large difference between both models, however, is
evidenced when comparing their predictions for samples without size dispersion
in the limit L — 0. This limit for both models is shown in the inset of Fig. 1. The
density of states of our model solid (based on the dispersion relation of Eq. (21b))
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Fig. 3. Raman spectra for QDs with a gaussian size dispersion (¢ = 35 A) and different average
crystallite sizes.

1s also reproduced there in dash-dotted lines. For this calculation we have taken y,
= 0.3 cm ™' in order to better appreciate the limiting predictions of both models.
In this limit, our model predicts a single peak of frequency close to €3(X), as a con-
sequence of the phonon confinement condition. In contrast, the RWL model in
the limit L — 0 (y, — 0) predicts a Raman lineshape which essentially coincides
with the density of states i.e., the spectrum evolves continuously towards that of
an amorphous material?? as L — 0. Thus, in spite of their apparent similarity for
large values of L or considerable dispersion in size distribution, each model
applies to two distinct physical situations. Our model is adequate to describe
samples composed of mutually isolated QDs, in the definition of Sec. 1, which
has as a limit for L — 0 that of a ““molecule” of the semiconductor material. The
phonons, in this model, are strictly confined within each crystallite. In the RWL
model, phonons are localized (with exponentially decaying amplitudes) around
regions of crystalline order of size L but these regions are all interconnected by
distorted or even amorphous regions of the same material. Hence its smooth
transition to the amorphous state as L — 0. A detailed comparison between both
models for different crystallite sizes, and for samples of uniform and non-
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Fig. 4. Raman spectra for different crystallite sizes as predicted by our model (solid lines) and that of
Ref. 9 (dashed curves). On the right (left) we assume samples composed of crystallites with a gaussian
(uniform) distribution of linear dimensions L having an average value Land size dispersion g = 35 A.

uniform size distribution, is shown in Fig. 4 where the features commented above
are brought into sharp focus. We believe these differences can be explored as a
characterization tool in the early stages of sample production, when both, size
dispersion and crystalline perfection are going to be acute quality-control
problems. In this respect it is worth to explore further the differences between the
Raman spectrum of a random collection of QDs and that of a regular
polycrystalline sample. The latter has been well described®!! by the RWL model
in terms of three parameters readily obtainable from the experimental spectra: (a)
the frequency shift Aw = Q') — Q,, (where Q,, is the frequency of the maximum
in the observed Raman peak); (b) the total broadening, y, (full width at half maxi-
mum) and (c) the asymmetry, p = y,/7,, defined by the ratio of the half width to
lower energies (y) to that at higher energies (y,). These parameters are taken
directly from the experimental spectrum and their definition is illustrated in the
inset of Fig. 5. In this figure we display the dependence of each of these
parameters on the crystallite size for the RWL model (dashed curves) and for our
model (solid curves) in a sample with a gaussian distribution of crystallite size
and a dispersion of ¢ = 35A. The RWL model predicts more pronounced
increases in these parameters as L decreases, than our model for a collection of
QDs with a random distribution of sizes. Hence, even when the qualitative
aspects of the Raman cross sections of the two types of systems described by each
model are similar, they differ sufficiently in their detailed quantitative behavior
50 as to be able to exploit these differences to tell them apart. We thus believe that
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Fig. 5. Comparison between the predictions of our model (for a gaussian distribution of dispersion o
= 35 A) and that of the RWL model in terms of the line-shape features defined in the inset versus
average crystallite size (I).

analyzing the Raman spectra of microcrystalline samples we should be able to
isolate aspects of their average size dependence that distinguish QDs (even when
their sizes are not uniform) from other types of polycrystalline samples.

5. Concluding Remarks

In summary, we have developed a theoretical model for the first order Raman
spectrum of a sample composed of mutually isolated quantum dots. When the
sizes of these quantum dots are uniform their spectra for small crystallites
(L <10%*A) are characteristic and display a multiplicity of peaks due to the
combined effects of optical phonon confinement and the relaxation of k
conservation. The most serious approximations made in order to obtain these re-
sults consist of ignoring surface (interface) modes and assuming the same form of
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electron-phonon interaction in a QD as in a bulk crystal. When the sample is
composed by a collection of QDs with a random distribution of crystallite sizes
this structure is washed out. For a gaussian size distribution with dispersion
g=0,~ 35 A (GaAs), we find that the resulting Raman spectrum consists of a
single Raman peak which is asymmetric, broader and downshifted in frequency
when compared to the spectrum of the bulk material. This result is qualitatively
similar to that predicted by a previous, RWL (Ref. 9), model. However, both
models are conceptually different since the RWL does not assume quantum
confinement of optical phonons. Rather, it postulates localization, in the form of
an exponentially decaying amplitude of the optical phonons in regions of
crystalline or average linear dimensions L. Thus, the RWL model is more
adequate to describe the Raman spectrum of a polycrystalline sample which
makes a smooth transition to the amorphous state as L — 0 than to a collection of
QDs of varying sizes. Even for large size dispersion, the detailed quantitative pre-
dictions of our model are sufficiently different from those of the RWL model as
to suggest that a careful line-shape analysis of the Raman spectrum could be a
useful guide to distinguish between these two types of microcrystalline samples.
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