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Abstract. Raman spectroscopy results obtained under visible (non-resonant) and UV
(resonant) excitation for nanocrystalline ZnO, ZnO:Mn and ZnO:Mn:Al thin films grown
by RF sputtering are presented and compared. The origin of the multiple longitudinal
optical (LO) phonon Raman peaks, strongly enhanced under resonance conditions, and
the effects of the dopants on them are discussed in the framework of the “cascade” model.
It is suggested that the observed suppression of the higher order LO phonon lines in
ZnO:Mn:Al is caused by the dissociation of excitons in the heavily n-type doped material.
Based on the cascade model interpretation of the higher order Raman peaks in the
resonant spectra, the LO phonon frequencies for wavevectors away from the I' point are
evaluated and compared to previously published phonon dispersion curves.
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I. Introduction

Zinc oxide (ZnO) is a direct band gap
semiconductor (band gap energy E; =

3.37 eV at room temperature), considered as
a good candidate for optoelectronic
applications in the near UV region and for
transparent electronics [1]. Moreover, since
the famous prediction [2] of room
temperature ferromagnetism in Mn-doped
Zn0O (ZnO:Mn), it has been considered as a
potentially very interesting material for
spintronics. Raman scattering spectroscopy
is a powerful non-destructive analytic
technique which can provide useful
information on the structure, morphology
and chemical composition of semiconductor
materials as well as on the photon-electron
and electron-phonon interactions occurring
in these materials [3]. Several earlier Raman
studies have been performed on ZnO single
crystals [4-6], as well as on nanostructured
thin films and nanowires [6-13], both doped
and undoped. These studies have
demonstrated that non-resonantly excited
Raman spectra, in general, follow rather
well the symmetry-dictated selection rules
characteristic of wurtzite crystal structure [4,
5]. At the same time, they revealed a strong
dependence of the spectral features upon the
nature and concentration of impurities
present in ZnO samples [8-13]. Some of
these features can be associated with local
impurity vibrational modes [14] while some
may be due to structural changes or
impurity-induced lattice defects [8], grain
size or secondary phases present in doped
ZnO materials [15]. However, generally
speaking, the knowledge of the Iattice
dynamics of ZnO is still rather limited as
compared to most of IlI-V and II-VI
semiconductors.

As far as resonant Raman scattering (RRS)
is concerned, the spectra are simpler in the
sense that the number of observed
independent modes is lower. In fact, several
studies [6, 8, 9] revealed just numerous
replicas of the LO phonon mode (up to 11
[8]), likewise it had been observed for CdS

in the classical works [16, 17] or more
recently for GaN [18]. The intensity and
number of LO phonon lines observed in
RRS spectra of ZnO-based materials depend
on the grain size, impurities, defects, and
free carrier concentration [8]. In a
previous work [19] we studied the first-order
(non-resonant) Raman response of ZnO
films doped with different impurities
including Mn. Here we report on our RRS
results obtained on low-temperature-grown
films of pure ZnO, ZnO:Mn and ZnO:Mn
co-doped with Al (ZnO:Mn:Al). The aim of
this work has been to get a further insight
into the dopant’s behavior in the ZnO lattice
and their effect on the exciton-phonon
interaction that mediates RRS. We will
show that the obtained results can be
understood within the “cascade model”, first
proposed in Ref. [20] and further developed
in Refs. [21-23], and discuss the
interpretation of the relative intensities of
the different multi-LO-phonon replicas in
the spectra.

I1. Experimental procedure

ZnO thin films were grown on silica
substrates in an Alcatel SCM 650 sputtering
system using a mixture of O, and Ar gases
(relative oxygen fraction of 0.23), at a
constant working pressure of 0.7 Pa and at a
substrate temperature of 50°C. The target
consisted of a hyper-pure (99.99%) metal
zinc wafer spaced 60 mm away from the
substrates. Radio frequency (13.56 MHz)
reactive sputter deposition was carried out
after the chamber had reached a base
pressure of 5x10” Pa. Using this technique
we produced pure ZnO, ZnO:Mn and
ZnO:Mn:Al layers. For the doping we used
pieces of Mn and Al placed above the Zn
target outside the erosion area. The Mn and
Al contents in the samples were determined
using Rutherford Backscattering
Spectrometry (RBS) and Particle Induced X-
Ray Emission (PIXE). For the ZnO:Mn
sample studied in this work, the RBS and
PIXE data analysis yielded the Mn
concentration of 1 at% and for the
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ZnO:Mn:Al one the Mn and Al contents
were evaluated at 1.5 at.% and 0.12at.%,
respectively. The RBS analysis also
confirmed the uniformity of the dopant
concentration profile across the film. X-ray
diffraction spectra of all films reveal the
presence of a single phase with the
hexagonal wurtzite structure and preferential
orientation of the c-axis along the growth
direction. The crystalline domain size was
estimated at ~ 180 A. The undoped ZnO,
ZnO:Mn and ZnO:Mn:Al films are
completely transparent in the visible and
near IR range. The thickness (= 600 nm) and
optical parameters were determined using
the Minkov method [24]. We found that the
band gap energy slightly increases with the
Mn content as expected [25].

Room temperature (RT) non-resonant
Raman spectra were measured on a Jobin-
Yvon T64000 spectrometer equipped with a
liquid nitrogen cooled CCD detector, in a
back-scattering geometry, using the 514.5
nm excitation line of an Ar+ laser with an
incident power of 4 mW. RRS spectra were
measured at RT wusing a Jobin-Yvon
LabRaman HR spectrometer equipped with
a multi-channel air cooled (-70°C) CCD
detector, in the back-scattering geometry,
using the 325 nm excitation line of a He-Cd
laser. The photon energy (3.815 eV) is well

above Eg for all the films studied.

I11. Results and discussion

Figure 1 shows non-resonant Raman spectra
of the studied 2ZnO, ZnO:Mn and
ZnO:Mn:Al samples. They are similar to
those reported in our previous work [19].
Vertical lines in Fig. 1 indicate the positions
of the phonon modes previously observed
for ZnO and ZnO:Mn. Among them, there
are those allowed by the symmetry selection
rules characteristic of wurtzite structure
crystals [4, 5], namely, the E; -low and E, -
high non-polar phonon modes, the A; and E;
transverse optical (TO) phonons, and the A;
longitudinal optical (LO) phonon (574 cm™).
The E; LO mode (584 cm™ according to [4]
587 - 591 cm™ according to [5, 26]), strictly

speaking, cannot be observed in a
backscattering geometry as a dipole-allowed
mode. Still, there are mechanisms that can
make it Raman-active in doped [18] and
nanostructured [8] wurtzite crystals and
especially under resonant excitation [3].

The broad peak at about 330 cm™’, seen in
the spectrum of pure ZnO has been
attributed to the second-order Raman
processes involving acoustic phonons. Its
presence demonstrates a good quality of the
sample which is probably deteriorated with
doping. The characteristic 437 cm™* peak,
assigned to the non-polar E; optical phonon
mode, is present for pure and Mn-doped
ZnO thin films, with a similar shape. The
spectrum of the ZnO:Mn:Al sample appears
rather structure-less, which might be
attributed to a change in the surface
morphology caused by the in situ co-doping
with Al. In the previous work [19] the Al
doping was achieved by ion implantation
and the corresponding Raman spectrum (Fig.
2b in Ref. [19]) is rather similar to that of
Zn0O:Mn.

The presence of the intense Mn-related
mode at ~ 530 cm™ is clear in all Mn-doped
samples. In our sputtering-grown samples,
this mode appears only when Mn is present
and its intensity has been shown to increase
with increasing the Mn concentration [19].
We believe that it is an indication that Mn
substitutes Zn in the lattice sites and the 530
cm™ mode is related to a local vibration
involving Mn atom. However, similar
impurity-related  Raman  modes  at
frequencies close to 530 cm™ have been
reported for ZnO materials not containing
Mn [8, 27], so we cannot exclude that our
530 cm® mode can be related to the
presence of Mn in the sample only indirectly.
For instance, it might be associated with
defects in the host lattice induced by the
doping [8].

Let us turn to the resonant Raman scattering
results obtained on the same samples, shown
in Fig. 2. The energies of the incoming and
inelastic-scattered (shifted up to 4000 cm™)
photons match real electronic states in the
material.
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Figure 1: (colour online) Non-resonant
Raman spectra of pure ZnO, ZnO:Mn and
ZnO:Mn:Al samples. Vertical lines indicate
the positions of the previously observed
phonon modes.

According to several previous studies [6, 8,
9], under resonant scattering conditions the
Raman spectra of bulk ZnO-based materials
consist of only LO phonon lines and our
spectra of Fig. 2 are also of this type (except
for an extra mode marked “?”, seen for the
ZnO:Mn:Al sample”).

What are these LO phonons? The measured
shift of =~ 580 cm' is between the
frequencies of the A; and E; LO phonon

modes at k = 0. As known [28], for a small
(finite) wavevector making an angle 9 with
the c-axis of a uniaxial crystal, the LO
phonon mode is a mixture of the Brillouin
zone center A; and E; LO phonon modes,

with the frequency given by w?, (%)=
w?,c0s* 3 + wf, sin> 3. The observed RRS
peak frequency corresponds to the
maximum  of <(a)2—wfo(9))_l> where

(...) means an appropriate average over 3.

Indeed, the resonant enhancement of the
(dipole-forbidden) LO  scattering s
associated with the Fréhlich -electron-

" This mode seems to be related to the Al doping
and is enhanced under resonance conditions. Its
nature requires further investigation.

phonon interaction = mechanism and
corresponds to the participation of LO
phonons with small but finite wavenumbers
[3].

As mentioned in the Introduction, the
intensity and number of LO phonon lines
observed in RRS spectra of different 11-VI
and 111-V materials can depend on several
factors but generally it is proportional to the
strength of the exciton-phonon coupling that
can be measured by the Huang-Rhys
parameter (HRP). Based on the HRP value
for ZnO [29], it has been predicted that the
number of multiple LO phonon lines in bulk
ZnO crystals should be higher than that of
CdS with 9LO (n =9) [16, 17].

4000+
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Figure 2: (colour online) Resonant Raman
spectra of pure ZnO, ZnO:Mn and
ZnO:Mn:Al films. The increase in the signal
from pure ZnO at higher wavenumbers
corresponds to excitonic photoluminescence
(PL). The vertical line denoted E,shows the
expected position of the center of this PL
band.

However, in most of the previous studies a
smaller number of the multi-LO-phonon
lines has been observed, n = 4 — 8 for pure
Zn0O [9, 30] and n = 3 — 5 for doped ZnO
materials [11, 31]. On the other hand, in a
recent work [8] up to 11 replicas were
resolved in the spectra of ZnO nanowires
co-doped with two impurities.

In our data presented in Fig. 2, the number
of the multi-phonon lines seen is also
different for different samples, as is the full
width half maximum value (FWHM). In
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order to quantify the intensity of the n-LO
lines in the RRS spectra, we fitted them with
a set of Lorentzians centered at the shifts

equal to nfiw, 4, with adjusted FWHM and

amplitude. For the pure ZnO sample, a
Lorentzian contour representing the free
exciton photoluminescence (PL) band
(centered at the exciton energy, 3.31 eV at
RT [1], equivalent to the Raman shift of
4070 cm™ with respect to the incident
photon energy) was subtracted. The area of
each n-LO Lorentzian, considered as the
intensity of the corresponding multi-phonon
peak, is plotted in Fig. 3.

As it can be seen from Fig. 3, already
doping of ZnO with (electrically inactive)
Mn reduces the intensity of the n=2 peak
(relative to n=1). In principle, it could be
explained by a (small) variation of the
exciton-phonon coupling strength in the
presence of Mn since Mn atoms deform the
crystal lattice and, in principle, affect the
properties of free excitons. However, we
notice that the free exciton PL is suppressed
by the Mn doping (it should be seen at a
smaller Raman shift because of the increase

of E;). Still, we can observe at least six LO

phonon replicas in the RRS spectrum. The
extra presence of (electrically active)
aluminum, comparing ZnO:Mn  and
ZnO:Mn:Al samples, is expected to have
more drastic effects on the exciton
properties. In particular, high concentration
of free carriers should destroy excitons
because of the screening of the electron-hole
interaction. Indeed, no exciton PL could be
observed in this sample. Also, the number of
multi-LO-phonon peaks and their intensity
both decrease. Clearly, the relative
intensities of the n-LO and (n+1)-LO are not
determined by the strength of the exciton-
phonon coupling constant.

This puzzling situation was realized already
in the 70-s and explained by the *“cascade”
model [20-23]. It has been shown that, so

long as both the incident ( 7€, ) and
scattered (7€24) photon energies are larger
than E;, , the multiple-LO-phonon
“resonance Raman effect”, in fact, is a

sequence of (phonon-assisted) indirect
processes of light absorption and emission
by excitons [20].
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Figure 3: (colour online) Relative intensity
of n-LO phonon lines in the RRS spectra of
Fig. 2 (normalised to that of n=1 line for
each sample). Lines are guides to the eye.
Inset: RRS spectrum and corresponding fit
for sample ZnO:Mn. Note that the mode

frequencies w, (i=2,3,...) are not exact
multiples of @ o .

According to the cascade model, the
following sequence of elementary processes
takes place: (i) the creation of an exciton via
absorption of the incident photon (7€, ), (ii)
the (non-radiative) relaxation of this exciton
into lower energetic states with successive
emission of LO phonons, and (iii) the
radiative recombination of the exciton with
the emission of scattered phonons with

energy hQg =hQ, —nho, (N>1) , as
schematically shown in Fig. 4. In our
experiments 7€), is approximately equal to

(E, + 7Thw,, ) where E, =331 eV is the

ground state energy of free exciton. As
illustrated in Fig. 4, the incident photon is
absorbed into a virtual exciton state (marked
by the cross). The “true” n-th order Raman
process (left panel) involving the
simultaneous emission of n>1 phonons is
less efficient than the sequence of phonon-
assisted absorption-emission (for n=2) or
absorption-relaxation-emission  (for n>2)
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processes, depicted in the right panel of

1) 0, =A0Abs(hQI)x

Fig.4 [21].
Raman Absqrp@ion/
EA EA Emission
ho,
hQ-LO
hQ-2L0
7Q-3LO
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Figure 4: (colour online) Schematics of Raman (Ram1l - 3) and indirect absorption (Ab)
/emission (Em) processes leading to multi-phonon replicas in the emission spectra
(adapted from Ref. 21). The abbreviation Rel means relaxation. Values of the

wavevector indicated in the right panel, k (i=1,2,...) correspond to phonons

interacting with the exciton in different states. Note that A, (i =1,2,...) shown in the

right panel are not exactly equal to @, .

Therefore, according to the cascade model,
only the first-order spectral peak
corresponds to the “true Raman process”
(denoted by Raml in Fig. 4) and its cross-

section (o) is determined by the (Fréhlich)
interaction between hot excitons and LO

phonons with k ~ 0.

The other peaks represent the exciton PL
emission processes assisted by absorption
and emission of phonons. In particular, the
second-order process is physically different
from the 1LO scattering, involves phonon
absorption and emission (Ab+Em in Fig. 4)
and its cross-section can be evaluated as
[23]:

{ WEm(hQI _tho) }
WNr(hQI _ha)LO)+WEm(hQI _ha’Lo)

where the constant A is of the order of
unity, o, (E) is the cross-section of the

indirect photon absorption, W, (E) is the

probability of indirect annihilation of an
exciton  with  Kkinetic energy E
accompanied by the emission of one LO

phonon, and W,, is the probability of all

non-radiative  processes involving the
exciton (relaxation and dissociation).

Comparing o, /o, for the three samples we
can conclude that W, for hot excitons must
be much larger in the ZnO:Mn:Al sample,
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probably because of the high probability of
the exciton dissociation in the presence of
free carriers.

In analogy with Eqg. (1), one can write for
the cross-section of the third-order process:

@) o, :G{Wm(hgl _ha’Lo)}(
WEm(hQI _tho)

We, (hQ| —2ho, ) }

|:WNr (hQI _ZthO)+WEm(hQI _ZthO) .

Similar to the relative intensity of the 2LO
line, the o, /o, ratio is also the lowest for
the ZnO:Mn:Al sample, however, from Fig.
3 we can conclude that o, /o, > 0,/0; as

it should be according to Eq. (2). For the
sake of completeness, we note that this
simple recurrent relation neglects (phonon-
assisted) exciton transitions to higher energy
states and becomes increasingly incorrect
for larger n. If multi-phonon lines are

observed for orders n>n. =

[(nQ, —E,)/hewy], as it is the case of

some samples in Ref. 8, they cannot be
described by the cascade model and should
be regarded as truly Raman lines (left panel
of Fig. 4).

From the fitting results presented in the inset
of Fig 3, we verify that the separation
between the consecutive Raman peaks is not
exactly the same and not exactly equal to
®,, - Itis naturally explained by the cascade
model because higher order processes
involve phonons with smaller wave vectors
(see right-hand side Fig. 4). Therefore it
opens the possibility to determine the
dispersion relation for phonons taking part

in the cascade process. The quantities A

shown in Fig. 4 are the phonon frequencies
and the corresponding values of the
wavevector, k., can be calculated as
explained below. For n>3 , we have
A, =w, -, , where @, are the shifts of

the corresponding Raman peaks.

Table I: Frequencies of the phonons taking
place in the cascade process

n 1,2 3 4 3]

A cm? | 579.3 | 579.5 | 581.0 | 584.0

n’

Since A,, cannot be measured (the first

peak has a different naturel), we take
A =A,=m,/2 and k, =k, , which is
justified because the photon scanline in Fig.
4 is almost vertical. The phonon frequencies
A obtained for the pure ZnO sample are

n
given in Table I. Note that the 1-st Raman
peak for the same sample is located at

o =58L6cm* ie. w o > A, ,, A, butat

the same time o, < A;. It clearly indicates

that the physical mechanisms responsible for
the first and higher order peaks are different,
in accordance with the cascade model.

The corresponding values of the wavevector
can be calculated from the following relation,

3) |5X+’L“22'\k/|“2 =h(Q, —EAJ (n>2),

where M is the free exciton mass
(=0.9m, for ZnO [32]).

Phonon dispersion curves for bulk ZnO have
recently been measured using inelastic
neutron scattering (INS) [33]. In Fig. 5 we
compare our results, A (k) with the data of
Ref. 33. It should be pointed out that the
INS measurements were performed at 10 K
while our RRS data correspond to room
temperature. Within the Griineisen model,
the relative shift of the phonon frequencies
with temperature can be estimated as
dw/w =—ya 8T, where 7 and & are the
average Griineisen parameter and average
thermal expansion coefficient, respectively.
With the data available from Ref. 34 we
obtain for Sw_, less than 0.5 cm™, which is

below our experimental precision.
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Figure 5: (colour online) ZnO LO phonon
dispersion relations along I'-M, I'-K and I'-
A directions in the Brillouin zone and our
w0 and A_(k, ) data (full symbols). Open

symbols represent the INS data from [33]
rescaled to the units used here and curves
are parabolic fits to these data (guides to the

eye).

From Fig. 5 we can see that our A (k) data

fit quite well the LO phonon dispersion
relation characteristic of the Xy plane (E;

type phonon modes). This is understandable
because these polar phonons should be most
strongly interacting with excitons and their
contribution to the total density of states is
larger compared to A; type phonon modes.

IV. Conclusions

We observed the strong enhancement of the
polar LO phonon mode in the 1-st order
spectrum under resonant excitation, owing
to the strong Frohlich interaction between
excitons and LO phonons. No enhancement
of Mn-related Raman features in the spectra
of ZnO:Mn and ZnO:Mn:Al films was found,
although a new feature, presumably related
to Al doping, was detected in the RRS
spectra. The intense multi-LO-phonon lines

observed in the RRS spectra of all our ZnO
films, which are also characteristic of many
other 11-VI and I1I-V materials, appear
because of the indirect emission of light by
hot excitons with appropriate energy, more
efficient than the simultaneous emission of
several phonons. This is confirmed, in
particular, by the fact that the separation
between the consecutive Raman peaks for
n > 2 is different from the LO-phonon
frequency measured by the position of the
first peak. Moreover, such intense higher
order peaks are not observed in the RRS
spectra of 2-3 nm size crystallites (quantum
dots) of the same materials [35]. Owing to
the spatial quantization of the exciton energy
spectrum in quantum dots, the cascade
relaxation of hot excitons by emitting LO
phonons is not possible there and the
relaxation occurs via other processes
involving the polaron formation [36]. For
the samples studied in the present work,
with the typical grain size of 20 nm, the
quantum confinement effect is not important.
Using the cascade model [20-23], we
evaluated the relation between the
frequencies and wavevectors of phonons
responsible for the higher order peaks in the
RRS spectrum of pure ZnO film, which fits
quite well the recently measured dispersion
relation for E; type phonon modes in bulk
ZnO [33]. The doping with Mn and Al
influences the RRS spectra in different way
and the characteristic features of this
influence have also been understood in the
framework of the cascade model. In
particular, we suggest that the suppression
of the higher order LO phonon lines, is
caused by the dissociation of excitons in the
heavily n-type doped ZnO.
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Equations:

Equation (1)

o, = Ao, (hQ)) We, (1, —hoy,)
i e | Wy, (1Q, —ho o) +We, (72, - o)

Equation (2)

0,=0 WNr(hQ' _hw'—O) WEm(hQI _Ztho)
C WEm(th _thO) WNr(hQI _Zha)LO)+WEm(hQI _Zha’Lo)

Equation (3)

21,2 n-1
Ex+hk”=h(Q,— Aij; nx2

Table 1. Frequencies of the phonons taking place in the cascade process

n 1,2 3 4 9]
A,,cm™ | 579.3 | 579.5 | 581.0 | 584.0
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Figures captions:

Figure 1: (colour online) Non-resonant Raman spectra of pure ZnO, ZnO:Mn and
ZnO:Mn:Al samples. Vertical lines indicate the positions of the previously observed

phonon modes.

Figure 2: (colour online) Resonant Raman spectra of pure ZnO, ZnO:Mn and
ZnO:Mn:Al films. The increase in the signal from pure ZnO at higher wavenumbers
corresponds to excitonic photoluminescence (PL). The vertical line denoted E,shows the

expected position of the center of this PL band.

Figure 3: (colour online) Relative intensity of n-LO phonon lines in the RRS spectra of
Fig. 2 (normalised to that of n=1 line for each sample). Lines are guides to the eye. Inset:

RRS spectrum and corresponding fit for sample ZnO:Mn. Note that the mode frequencies

o; (i=2,3,...) are not exact multiples of w, .

Figure 4: (colour online) Schematics of Raman (Raml1-3) and indirect absorption
(Ab)/emission (Em) processes leading to multi-phonon replicas in the emission spectra
(adapted from Ref. 21). The abbreviation Rel means relaxation. Values of the wavevector

indicated in the right panel, k; (i=1,2,...) correspond to phonons interacting with the
exciton in different states. Note that A, (i=1,2,...) shown in the right panel are not

exactly equal to w,,, .

Figure 5: (colour online) ZnO LO phonon dispersion relations along I'-M, I'-K and I'-A

directions in the Brillouin zone and our e, and A, (k,)data (full symbols). Open

symbols represent the INS data from [33] rescaled to the units used here and curves are
parabolic fits to these data (guides to the eye).

12

Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)



http://www.novapdf.com
http://www.novapdf.com

)

E2(2
LO
o)

.

Zn0O ==
ZnO:Mn c <
| —— zno:MnAl £
g |
S u | | M
—
< W
|

Raman intensity (arb. units)

200 400 600

/MWWWW%

Wavenumber (cm™)

Figure 1:

Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)

13


http://www.novapdf.com
http://www.novapdf.com

4000 ~

E,

00 Pure ZnO

Exciton PL

2000

%

0- ZnO:Mn (1.5 at%):Al (0:12at%)

ZnO:Mn (1at%)

Raman intensity (arb. units)

— T T T T — T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™)

Figure 2 :

Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)

14


http://www.novapdf.com
http://www.novapdf.com

1.0 1

0.8 4

0.6 4

0.4

Relative intensity

0.2 4

0.0+

Raman Intensity (arb. units)

!

!

!

!

“Lo

Pure ZnO

Fit

®2

3
©4

©s5 ZnO:Al:Mn
A

T
500

T
1000

T 7 T T T T J
1500 2000 2500 3000 3500 4000 4500

Wave number (cm-1)
T T T

Figure 3 :

Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)

T
1

2 3 4 5

Raman mode order, n

15


http://www.novapdf.com
http://www.novapdf.com

Absorption/
Emission

HQ,
#0,-LO
1n0,-2LO
=310 HE-Famd
nQ-4L0
10,-5L0

#Q-6LO |
E=hQ-7LO

\ E, — exciton states

- exciton ground state photon states

> ——H
k e k4k3k1,2 k

Figure 4 :

16

Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)



http://www.novapdf.com
http://www.novapdf.com

595 -+

590 4=——

gl

(o]

ol
|

') 1
b |

gl

(o]

o
|

(6]

~

)]
|
(o)

Frequency (cm™)

ol

N

o
1

. o |NS I'-M direction
565 INS r-K direction

oINS I'-A direction
e 1-storder RS (this work)
560 ¢ Cascade model (this work)
T T T T T T T T T
0 1 2 3 4

Wavevector (nm™)

Figure 5 :

Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)

17


http://www.novapdf.com
http://www.novapdf.com

