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ABSTRACT

Raman scattering in low—dimensional semiconductor nanostructures, especially
heterostructures and nanocrystals, were studied. We used ZnSe-ZnS strained-layer
superlattices (SLSs), SijsGe,s/Ge/Si;_,Ge, heterostructures, and Si nanocrystals. By using
macro— and micro—-Raman scattering measurement techniques, zone-folded modes of acoustic
phonons, stress effect on the optical phonons, and the confinement of optical phonons were
studied. These phenomena are peculiar to the semiconductor nanostructures.

We first showed higher—order zone-folded phonon modes, up to the 5th order, in
ZnSe-ZnS strained—-layer superlattices (SLSs) whose average lattice constant is equal to that
of GaAs substrate. We were able to reproduce our zone—-folded spectrum using transmission
clectron microscopy (TEM) data and a photoelastic model. The agreement between our
calculation and the measurement shows that the Raman spectrum reflects dominantly the
periodicity of the superlattices and the roughness of the interface. Furthermore, the stress does
not play an important role to the observation of the zone-folded modes.

Next, we studied the optical phonons in ZnSe~ZnS SLSs. In these heterostructures,
there exists a strain lying in the plane parallel to the interface. In order to investigate the
directional stress, we newly measured Raman scattering with the incident light parallel as well
as perpendicular to the interface plane. As a result, we observed for the first time two types
of the optical phonon shifts, a singlet and a doublet, induced by the biaxial stress.

We measured the Raman scattering from the submicron-order region of
SiysGe s/Ge/Si;_Ge, heterostructures. Generally, the spatial resolution is thought to be
limited by the spot size of the laser beam at the sample surface. The spot size is about 1 um

when the micro-Raman measurement system is used. Whereas, we measured the Raman



scattering in the heterostructures by scanning the irradiated spot at intervals of ~0.1 wm and
obtained submicron-order profile of Raman spectra. The calculations which consider the beam
profile and the structural profile fully reproduced the dependence of the Raman intensity on
the position of the irradiated spot. The results suggest that if we consider the beam profile,
we can observe the Raman signal from the submicron—order region of the opaque sample.

Finally, we studied the confinement effect of optical phonons in Si nanocrystals
fabricated by a gas break—-down method. The Raman spectra of the smallest nanocrystals
showed high energy shift and the narrowing of the spectral width. These anomalous behaviors
can be explained by the spatial correlation (SC) model which considers both the dispersion
curves of LO and TO phonons. It was shown that as the size of nanocrystals decreases, the
energy difference between LO and TO phonons increases, the LO phonon mode becomes
broad and weak, and TO phonon mode becomes dominant. Our treatment of the confinement
of optical phonons also reasonably explained the previous experimental results of the other
authors.

In this work, we have discussed and clarified the phonon dynamics in semiconductor

nanostructures.
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CHAPTER I

INTRODUCTION

In 1928, a new light scattering phenomenon was discovered by C. V. Raman.' The
new phenomenon is nowadays called the "Raman effect." It was soon realized that the newly
discovered effect constituted an excellent tool to study molecular structures. At the early
stages, mercury arcs were used to excite the samples and it was difficult to adopt the
experiments for lattice dynamics in single crystals because of the small scattering cross
sections. The discovery of laser in 1960 changed this situation rather drastically. The laser is
an ideal excitation light source for Raman scattering spectroscopy for its monochromaticity,
coherence, collimation, and power. The detection technique also changed from photographic
recording to photoelectronic recording with photon counting or optical multichannel analyzers.
At present, several reviews of application of Raman spectroscopy to the investigation and
characterization of semiconductor materials have appeared.””’

Recently, optical and electronic properties of nanometer—size semiconductor structures
(nanostructures) have attracted much attention, because they exhibit new quantum phenomena
and have potentials for becoming novel and future devices. The development of crystal
growth techniques like molecular beam epitaxy (MBE), metalorganic chemical vapor
deposition (MOCVD), and metalorganic molecular beam epitaxy (MOMBE) made it possible
to grow artificial nanostructures with dimensions comparable to the distance of a few
monolayers. For example, much interest has been paid in wide-band-gap II-VI

semiconductor heterostructures both for improved understanding of their physical properties



and for their potential applications in optoelectronic devices in the blue spectral region.?

Furthermore, very recently, unique optical properties of nanostructures (heterostructures,
nanocrystals, etc.) made from indirect—gap semiconductors such Si, Ge, etc. have been
reported.m'14 In particular, the discovery of intense visible luminescence in nanocrystals of
Si and Ge is an extremely important scientific breakthrough with enormous technological
implications, since it opens a new possibility for group 1V semiconductors as new materials
for optoelectronic applications.

For fabricating a good quality sample, the structural characterizations of the
nanostructures, such as periodicity and interface roughness in the superlattices and the
crystallinity of the nanocrystals, are highly important. Most of the heterostructures have
inherent stress at the heterojunction interface due to the lattice mismatch. These stress induces
a change in the band structure, and then affect the optical propertics.”‘“’ Therefore, 1t is
essentially important to evaluate the strains in the heterostructures.

Raman spectroscopy is a very useful tool to study lattice dynamics in semiconductor
nanostructures as well as bulk semiconductors. Raman spectra offer various information on
the stress in the heterostructures, the periodicity of the superlattices, the size of the
nanocrystals, etc. Therefore, Raman spectroscopy is applicable to characterize the
nanostructures. However, the quantitative characterization method has not been completely
established, yet. Therefore, it is strongly desired to establish the nondestructive
characterization method of the nanostructures.

From the fundamental viewpoint, a lot of interesting physical phenomena have been
observed in the nanostructures. In the case of superlattices, new behaviors of phonons, such
as the zone-folding of acoustic modes and the confinement of optical phonons, are being

studied extensively.® In the case of nanocrystals, three-dimensional confinement of optical
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phonons, surface phonons, and new acoustic phonons? are currently under
investigation.

As mentioned above, it is essentially important to study the Raman scattering in
nanostructures both for improved understanding of lattice dynamics and for establishing the

complete method of sample characterization. This thesis is devoted to the properties of

phonons in the nanostructures heterostructures and nanocrystals by means of
Raman scattering spectroscopy. Three issues were mainly studied: (a) zone—folded acoustic
modes in ZnSe—-ZnS strained-layer superlattices (SLSs), (b) effects of biaxial stress on optical
phonon in ZnSe—ZnS SLSs, and (c) phonon confinements in Si nanocrystals. The construction
of this thesis is as follows.

In Chapter II, theoretical treatments of Raman scattering processes and the preview
of Raman scattering in nanostructures are described.

In Chapter III, the experimental equipments used in this thesis (macro— and micro-
Raman measurement systems) are illustrated.

In Chapter 1V, higher—order zone—folded modes of acoustic phonons in ZnSe-ZnS
SLSs are studied. One previously speculates that the lattice mismatch makes it difficult to
establish high—quality epitaxial layers and to observe zone-folded modes. Whereas, in this
study we first showed the higher—order doublet phonon modes, up to the Sth order, in ZnSe-
ZnS SLSs whose average lattice constant is equal to that of a GaAs substrate.”® We tried to
answer two questions. One is why such higher order folded modes were observed. The other
is whether or not the stress is a matter of the zone folding of phonon modes. A model
calculation based on the transmission electron microscopy (TEM) data was used to solve these

problems.

In Chapter V, biaxial splitting of optical phonons in ZnSe-ZnS SLSs is shown. In



these heterostructures, there exists a stress lying in the plane parallel to the interface. In this
sense they have quasi—two-dimensional structures. The biaxial stress may induce the biaxial
splitting of optical phonons. In order to find the biaxial splitting of the phonon modes, we for
the first time measured Raman scattering with the incident light parallel as well as
perpendicular to the interface plane. We demonstrated that two types of phonon modes, that
is a singlet and a doublet, can be observed.

In Chapter VI, we study the Raman scattering from the submicron-order region of
SigsGeg 5/Ge/Si;_ Ge, heterostructures. Generally, the spatial resolution of the Raman signal
is thought to be limited by the spot size of the laser beam (=1 pm) at the sample surface.?>™>!
Whereas, we were able to observe the submicron—-order region of the heterostructure by
scanning the irradiated spot at intervals of ~0.1 pum. It is suggested that when we take account
of the beam profile, we can observe the Raman signal from the submicron—order region of
the opaque sample.

In Chapter VII, a new treatment of the confinement effect on optical phonons in Si
nanocrystals is proposed. Most of the nanocrystals studied in the previous works are
embedded in glass matrices. ! 1719212232 Tperefore, extrinsic effects such as strain between
nanocrystals and matrices can not be neglected. It is desirable to prepare nanocrystals free
from the extrinsic effects. In this Chapter we prepared Si nanocrystals fabricated by a gas
break—down method. The samples are expected to be free from the extrinsic effects. In Si
nanocrystals, the q=0 selection rule is relaxed and we must consider phonons in the region
of g=0. The LO and TO phonons are not degenerate at the region of g=0. Hence two of the
dispersion curves were considered, although they were not considered before. Moreover, only
the average size of nanocrystals has been previously taken account to discuss the Raman

spectra, however it is necessary to consider the size distribution for the precise understanding



of the confinement effect. In this study we considered the size distributions obtained through
TEM images to analyze the Raman spectra.

In Chapter VIII, we conclude this thesis.
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CHAPTER II

THEORY OF RAMAN SCATTERING

We consider the scattering of photons by phonons. When a monochromatic light of
frequency w; excites the crystal, the scattered radiation consists of a very strong line at the
frequency w;, as well as of a series of much weaker lines with frequencies wzw, , where ®,
are phonon frequencies. The strong line centered at w; is due to elastic scattering of photons
and is known as Rayleigh scattering. The series of weak lines at w;+w, originate from
inelastic scattering of photons by phonons and are called Raman scattering.

The chapter start with a discussion of the theoretical treatment of Raman effect on the
basis of the radiation emitted by an oscillating dipole (Sect. 2.1).1"* We then give properties
of phonon in low-dimensional structures, especially strained-layer superlattices (SLSs) and
nanocrystals. In Sect. 2.2 we discuss the properties of acoustic phonons and optical phonons
in SLSs. Finally, the phonon confinement effects in nanocrystals are discussed on the basis

of a spatial correlation (SC) model in Sect. 2.3.

2.1 Raman Scattering from Lattice Vibrations

Let the electric field of the incident light E; is given by

E =e E explj(wt-k; 1], (2.1)

where e; and k; are the unit vector of polarization and the wavevector, respectively. The

dipole moment M is induced by the electric field and is given by



M=[«]E,. 2.2)

Here [a] is the electronic polarizability tensor. The electronic polarizability depends on the
clectric charge distribution in the crystal. If the atomic configuration changes during the
lattice vibration, charge distribution and hence [a] will be modified. Therefore, [a] will
change linearly with the phonon normal coordinate u,. Expanding [o] in a Taylor's series, we

obtain

[a]=[alo+):(
13

ola]
ou

* /0

1 &
) up+§§: [___Lﬁl_) IR ASS (2.3)

ou_ou
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If the lattices vibrate with the frequencies ,, and wavevectors q, we have
u,=A exp[+j(w t-g,1)]. (2.4)
Substituting Egs. (2.3) and (2.4) into Eq. (2.2) gives

M=[a] e.E expli(wt-k;1)]

+¥ (%[ug!) elAPEOiexp(j[(wiiwp)t_(kiiql-l) al
0

" (2.5)
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Equation (2.5) shows that the induced dipole moment M vibrates not only with the frequency
; of the incident light, but also with the frequency w=w, and wzw . The first term in
Eq. (2.5) is responsible for Rayleigh scattering, while the second and the third terms give rise
to first— and second-order Raman scattering.

This oscillating dipole radiates the electromagnetic wave, i. e., dipole moment

radiation. The radiated electric and magnetic field, E; and H, can be given by



E =nx(nxM)/c’R,

- (2.6)
HS=(Mxn)/c2R,

where n is the unit vector of the radiation. When we consider the term of the first—order

Raman scattering in Eq. (2.5), we obtain

nx(aﬁﬂ)
ou
li]

The electric field scattered by the u—mode lattice vibration, Ef, can be expressed by

(0w )?
- * nx

E-Y

p o APEOiepr'[(miimp)t—(kiiqp) ). (2.7)

E}=e Eexplj(w t-k 1], (2.8)
where e, o, and Kk are the unit vector of polarization, the frequency, and the wavevector of

the radiated electric ficld. Comparing Eq. (2.8) with Eq. (2.7), we obtain

WEW W,

k,=k;q,. 29)
Equation (2.9) shows the conservation of energy and momentum. The plus and minus signs
correspond to the anti—Stokes and Stokes processes, respectively. For typical Raman scattering
experiments, we use in— or near—visible light and the magnitude of the scattered wavevector
| k| is less than 10® cm™. This implies that for the first-order Raman scattering processes,
the accessible range of | qﬂl is small compared to a reciprocal lattice wavevector (~10% cm™).
Therefore the phonons with q=0 can be observed in the first~order Raman scattering

measurements.

The energy flux of the scattered light is given by
S=—S(E xH)=--|E,|’n, (2.10)
4 4

where S is a Poynting vector. The magnitude of the Poynting vector S is proportional to the

9



production of E¥ and M, and Eq. (2.10) becomes

n
47 R%3

_ B.oxri2
S,=|E} M| (2.11)

Using the second derivative of Eq. (2.5) with respect to the time and Eq. (2.8), we obtain

2

w0 )n
S =~(—-'-—~—£2———A§E§,'E§A ) olel) |
Y 4nR Ou

i
u

(2.12)

Equation (2.12) shows the relation of the polarization between the incident and scattered light.

The Raman processes can be allowed when the polarizations satisfy the following selection

5 au” , I

The terms of (d[a]/du,), is called a Raman tensor. The Raman tensor of the allowed

rule:

#0. (2.13)

scattering have been tabulated for all crystal classes by Loudon.®> By choosing different
polarization configuration it is possible to observe the different components of the Raman
tensor. This information is of considerable importance for the assignment of the vibration

symmetry of the observed phonons.

2.2 Raman Scattering in Strained-Layer Superlattices

In this section, the superlattices made out of diamond- or zincblende-type bulk
constituents are discussed. Let us assume that the two constituents (materials 1 and 2) have
the layer thicknesses d, and d,. The superlattices have a new period along growth direction
z being d=d;+d,. Because of the enhancement of the period along the growth direction z, the

Brillouin zone (BZ) must be folded into a smaller mini~BZ. After zone-folding, new modes

10



appear in the mini-BZ at q=0. These modes can now be Raman active and are called zone—
folded modes.*

For acoustic phonons, the dispersion relations are linear and can be observed a few
peaks of folded modes. The theoretical treatment of the acoustic zone-folded modes are
discussed in Sect. 2.2.1.

Whereas, the dispersion curves of bulk optical branches are usually flat and the group
velocities are small. Hence, the optical phonon becomes a standing wave and is confined in
the alternating layers.” Most of the crystals of zincblende structure has the maximum LO
phonon energy located at the point of q=0 in the reciprocal lattice space. Hence the higher-
order optical phonon modes arc located at lower energy side. When the period d is longer
than 10 monolayers, the difference of the peak position of the higher order modes is very
small (less than 1 cm™) and can not be distinguished because of the wider peak width.’
Hence, the spectral shape of the optical modes have a tail in lower energy side in the large
period superlattices.

Another topic concerning optical phonons is a strain effect. Most of the superlattices
have inherent stress at the heterojunction interface due to the lattice mismatch. For example,
the lattice mismatch in ZnSe-ZnS superlattices is about 4.5%. They become strained-layer
superlattices (SLSs) within the critical thicknesses.® There exists a stress lying in the plane
parallel to the interface. In this sense they have quasi-two—dimensional structures. In Sect.

2.2.2 we concentrate the stress effect on Raman scattering spectrum.

2.2.1 Zone Folding of Acoustic Modes
In acoustic region, the zone-folded modes of LA phonons are Raman-active. The

dispersion curves of the folded LA modes were calculated on the basis of the layered elastic

11



continuum model by Rytov.” The dispersion is written by

cos(gd) =cos[ ©d ]cos( wdz}_ L sin( ©d, ]sm( mdz) , (2.14)

v, 12 2x v, v,

where @ and q are the phonon frequency and the superlattice wavevector, v, and v, are the
sound velocities of materials 1 and 2, and d is the period of the superlattices. The coefficient

K is defined by
X=V,0,/V,0,, (2.15)

where p, and p, are the corresponding densities.

It can be assumed that the q conservation rule leads to q=0 in a bulk material (Sect.
2.1). However it is not correct in superlattices because the incident wavevector k; is not so
small compared to the wavevector of the mini-BZ. Therefore the exact formula of Eq. (2.9)
should be adopted. Because of q=0, the cross points of q and the dispersion curve given by
Eq. (2.14) become doublet. In the small energy region, the approximate dispersion relation

for the mth order doublet is

w, =|2mn/dtq|v,, (2.16)
where v is sound velocity of superlattices defined by

dfv,=d,[v,+d,|v,. (2.17)

The intensity of Raman scattering from the folded LA modes can be theoretically

1.5% The photoelastic model has been used previously to

calculated by a photoelastic mode
predict the intensity of the folded modes'® and to characterize the periodicity and roughness
of the interface’! in GaAs-Ga Al,_ As superlattices.

The Raman scattering of folded LA modes origiﬁatcs from the photoelastic effect. The

polarizability M(z) can be written as’

12



ou

M()=P@) ai@ E(@). 2.18)

Here P(z) is the local value of the photoelastic coefficient, u(z) is the longitudinal
displacement, and E;(z) is the electric field produced by the incident lfght. [t can be assumed
that the superlattices have bulk photoelastic coefficients P, and P,. Thus P(z) reflects the
structural profile of the superlattices. The quantities P(z) and u(z) can be expanded in Fourier

series:

P@)=) Q,e"%,
u(z)=e 74y un__qef"Gz , (2.19)

E(z) =E,.ejk‘z ,
where G=2m/d. Substituting Eq. (2.19) into Eq. (2.18), we obtain

Mki—q =Z Q—nun,-qi(nG _q)Ei ) (220)

The mth term in this sum describes Raman scattering of folded LA phonons has intensity at
w,, and,

I =0, (n,+DE;|Q,u, (mG-q)[

(2.21)
oc(om(nm +1) lQm 12 4

where n is the Bose factor. Equation (2.21) indicates that the relative intensity of the folded

modes can be calculated, when the structural profile of the superlattices P(z) is known.

2.2.2 Strain Effect in Heterojunctions
As mentioned above, there exists a biaxial stress in the heterojunctions. In this section,

it is proposed that this stress causes a spitting of optical phonon modes. Let the growth

13



direction of the heterojunctions is parallel to <001> axis. When a, and a, are defined as the
unstrained lattice constants of bulk materials 1 and 2, the lattice constant of the strained layers

in the plane parallel to the interface (a,) is given by the following equation:'?

d

ai=a2(1+-—fl——l———}, (2.22)
Gd +G,d,

where f is the lattice mismatch defined by the equation, f=(a,—a,)/a,, G, and G, arc shear

moduli.

The components of strain—tensor parallel to the interface plane are given by

€ =eyy=(al—a)/a=(Su+812)X, (2.23)

xx

where S;; and S, are elastic compliance constants and X is the strength of the stress.

Ll3

Following Cerdeira er al.””, we can obtain two types of the energy deviations from the energy

of bulk modes (w,) under biaxial stress in the (001) plane:

AQ =[pS},+q(S,,+S )X/ @,

2.24
AQ =[p(S);+S,) +q(S,, 35 )1X 20, (224)

where p and q are parameters proportional to the changes of the spring constant induced by
the strain (see Appendix). In Eq. (2.24), AQ, indicates the shift of the singlet-type mode
vibrating parallel to the <001> axis, while AQ, indicates the shift of doublet-type modes
vibrating perpendicular to the <001> axis. This splitting occurs because the biaxial stress

makes the sample quasi-two-dimensional.

2.3 Raman Scattering in Nanocrystals

In nanocrystals, some interesting facts have been observed by means of Raman

14-19 20-23

scattering, such as confinement of optical phonons, two types of new acoustic modes,

and a surface mode.?

14



When the crystal size decreases to be an order of nanometer, the optical phonon modes
are confined in the nanocrystal and the q=0 selection rule is relaxed. The confinement effect
in the nanocrystal is larger than in the superlattices. This is because the vibrations in the
nanocrystal are confined three-dimensionally, whereas confined only in one direction along
z in superlattices. The peak position shifts lower energy side and the spectral shape becomes
asymmetric due to the confinement effect. A quantitative model calculation for nanocrystals
which takes into account of the phonon confinement effect was developed by Richter et al.”
Later Campbell and Fauchet!’ expand this model calculation and obtained the relationship
between the nanocrystal size, the peak shift, and the spectral shape. This model is often called
spatial correlation (SC) model.

In acoustic region, no folded modes were observed because there is no long range
periodicity in nanocrystals. The acoustic vibration modes of a spherical particles were, at first,
studied by Lamb.*® He suggested the existence of two types of modes, that is a spheroidal and
a torsional modes. However good—quality data has not been reported so far and this proble‘m
is now under investigation.

Another topic of Raman scattering in nanocrystals is the surface phonon. Hayashi et
al.* studied the surface phonon mode in GaP nanocrystals and observed that the surface
modes show three characteristic features which were predicted theoretically.

In this Section, we concentrate the confinement effect of optical phonons following
the SC model.™'” The wave function of a phonon with wave vector q, in an infinite crystal
is

$(gy:1) =ulgy,r)exp(ky T-jo Hexp(~1ty), (2.25)

where u(q,,r) is a Bloch function and T, is a phonon lifetime. The nanocrystal is assumed to
be spherical with a diameter L. The phonon is confined in the volume of the nanocrystal. In

15



order to impose this confinement effect, we replace ¢ by a new function :

2
tl!(qo,r)=vexr>{~ r2 d(gy1)

Ly

(2.20)
_ 2r% . . -
e ——Lz—’”ﬂco'r exp(~jw t-t/tdulq,.r).

Equation (2.26) means that 1 is localized to |r|<L/2 in the form of a Gauss distribution. The

function 1 can be expanded in a Fourier series:

Y (o[22 Pexn| - 4L 1 2.27
¥(g,0) j(ﬂL/) exxv[ : )1/%_],(@_%). (2.27)

Here w(q) is the phonon dispersion curve. The amplitude of this wave function is given by

¥ (g, ) l2=y2(nL2/2)3exp[— gL (2.28)

2 2) 1
4 )(0-w) (1t

The term of exp(-q°L%4) indicates the relaxation of the q=0 selection rule. The Raman

intensity is proportional to the integral of Eq. (2.28) in the region of BZ:

2n/a quz) 1 3
I(w,L)e - dq’. 2.29
(@ )fo exp[ + Jo@-oy ey q (2.29)

In order to calculate the theoretical Raman spectrum, we must integrate Eq. (2.29) over entire
BZ. However, the integration is difficult because of the anisotropy of the phonon dispersion
relations. As far as the nanocrystal size remains large enough, significant contribution to the
integral comes from a relatively small region at the center of the BZ and the anisotropy in
that region is not so large. Therefore we assume that the BZ is spherical and the phonon
dispersion curves are isotropic.

1-15

Richter et al.”> assumed that the phonon amplitude at the boundary of the nanocrystal
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decays ¢™'. However this assumption does not explain the experimental results quantitatively.
Later Campbell and Fauchet'” determined the boundary condition to fit the experimental data
and reported that the data agree well when the amplitude at the boundary is exP(——4n2). In
Chap. VII, we will use the SC model with the boundary condition determined by Campbell

and Fauchet.
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CHAPTER 1II

EXPERIMENTAL

Two types of Raman scattering measurement systems were used in this study, that is
macro— and micro-Raman scattering measurement systems. Figure 3.1 shows the apparatus
of the macro~Raman measurement system. Some of the lasing lines of an Ar ion laser were
used to excite the sample. The monochromatic lascr beam passcs through the laser filter
monochromator which rejects the plasma lines. The laser beam then focused by the lens onto
the sample. The spot size of the laser beam is about 100 um. The scattered light from the
sample is focused by the camera lens onto the entrance slit of the 85 cm double
monochromator (Spex; 1403). For a polarization experiment, an analyzer was uscd in front
of the slit and after that polarized light passes a Babinet compensator to scramble the
polarization. The analyzed light is focused onto the photomultiplier (RCA; C31034) and the
number of output clectric pulses are amplified and counted by the multichannel analyzer
(Tracor Northern; TN-1710). The output of the signal are acquired by the personal computer
(NEC; PC-9801). The personal computer also controls the sweep of the double
monochromator and can get the spectrum.

The apparatus of the micro-Raman scattering measurement system is shown in Fig.
3.2. It shows a Raman microprobe measurement system (Japan Spectroscopic Co., Ltd.; NR-
1000). The most different point from the macro-Raman measurement system is that the laser
is focused by a microscope. In this system spot size on the sample surface can be reduced to

~1 pm. Therefore the Raman signal from the region of ~1 um¢ can be measured. The

19



scattered light are analyzed by a 25 cm filter double monochromator and a 1 m
monochromator. The detector used here is a photodiode array (Tracor Northern; TN-6122)
with the optical multichannel analyzer (Seki Technotoron; SK-297).

In order to estimate the spot size of the laser bcam at the sample surface, we scan the
laser beam on the edge of the bulk Si and mecasured the intensity of the reflected light. The
schematic measurement apparatus is shown in the inset of Fig. 3.3. Figure 3.3 shows the
reflected intensity as a function of the position of the laser. The solid line shows the fitted
curve where the beam profile is assumed to be a Gaussian shape. The spot size, the fitting
parameter, was estimated to be 1.3 um in diamecter.

When we use the micro-Raman measurcment, it takes only a few minutes to get a
Raman spectrum and we can obtain the information of small sample region. However, there
are two demerits in this measurement system. Thc system has cxactly backscattering
configuration and the laser reflected by the sample is also enters into the monochromator.
Therefore, intense stray line gocs through the monochromator and this makes it difficult to
mcasure a low frequency region (w<200 cm™). This is the first point of the demerits. The
second is that the spectral range measured in one scan is limited by the width of the
photodiode array and is about 500 cm™ . Therefore, when the low frequency region or wide

spectral range is needed, the macro—Raman measurement should be used.
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Fig. 3.1. Apparatus of macro—Raman scattering measurement system.
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Fig. 3.2. Apparatus of micro—Raman scattering measurement system.
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CHAPTER 1V

HIGHER-ORDER ZONE-FOLDED ACOUSTIC MODES

Most of the II-VI semiconductor spuperlattices have a biaxial stress at the
heterojunction interface due to the lattice mismatch. For example, stress—induced peak shifts
of optical phonons were observed in strained-layer superlattices (SLSs).!™ The spectra of
zone—folded acoustic phonons were broad and only the first or second order were previously
observed.*” One speculates that the lattice mismatch makes it difficult to cstablish high—
quality epitaxial layers and to observe zone-folded modes.

The stress comes from two types of lattice mismatch which exists between SLLSs and
a substrate, and between the alternate layers in the SLSs. In this study we were able to
observe higher order doublet phonon modes, up to the 5th order, in ZnSc-ZnS SLSs whosc
average lattice constant is equal to that of a GaAs substrate.® We tricd to answer two
questions here. One is why such higher order folded modes were observed. The other is
whether or not the stress matters to the zone folding of phonon modes. A model calculation
based on the transmission electron microscopy (TEM) data was used to consider thesc

problems.

4.1 Experimental Results
A sample used in this work was ZnSe-ZnS SLSs grown by metalorganic molecular
beam epitaxy (MOMBE) on a (100) GaAs substrate.® The designed thickness of ZnSe and

ZnS layers were 200 and 10 A, respectively. The average lattice constant of the SLSs was
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cqual to the GaAs substrate in order to reduce the stress between the SLSs and the substrate.

Figure 4.1 shows polarization dependence of Raman spectra. The cxcitation laser
wavelength was 4765 A and the macro—Raman measurcment system was used in quasi—
backscattering configuration on (100) plane. The sample was kept in vacuum to avoid
scattering from the air. Several peaks were observed assigned to be the zonc—folded
longitudinal acoustic (LA) modes. Fig. 4.1 shows all the zone—folded modes arc allowed in
z(x,x)z configuration and are forbidden in z(x,y)z configuration, where x and y denote the
polarization of the incident and scattered light (x/<100>, y/<010>). However, group
theoretical analysis predicts that the lower energy mode of the doublet is allowed only in
z(x,x)z configuration whereas the higher energy mode is allowed only in z(x,y)z
configuration. The same results were obtained in GaAs—GaAlAs superlattices.” Jusserand et
al.? attributed the breaking of the selection rules to the fact that the non-zone—center phonons
display other symmetry.

Figurc 4.2(a) shows the spectrum where the background was subtracted from the
spectrum of Fig. 4.1. The background is probably originated from Rayleigh scattering and
single particle excitations.!® Figure 4.2(a) shows zone—folded doublet modes up to the Sth

order. To our knowledge, it is the first observation of such higher order modes in II-VI SLSs.

4.2 Discussion

The peak positions of the folded~modes were calculated using the phonon dispersion
curve given by Eq. (2.14). The insct of the Fig. 4.2(a) shows the dispersion curve. The
parameters used in the calculation are listed in Table 4.1. The sound velocities used in this
calculation were stress—free values in bulk crystals. The solid circles in the inset are observed

peak frequencies of the folded modes which were estimated from the peak positions of the
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Stokes and anti-Stokes zone-folded spectra. When the thicknesses of ZnSe and ZnS, d, and
d,, are designed values, 200 A and 10 A, the calculated peak energies do not agree well with
the observed ones. The period, d, was estimated to be 205 A from the x-ray diffraction
measurement,® though the constituting layer thicknesses, d, and d,, were not obtained exactly.
Therefore, we fixed the period, d, to be 205 A, and varied the layer thicknesses, d; and d,,
to fit the all of the observed frequencies of the zone—folded modes. The fitted values of d,
and d, were 198 Aand 7 A, respectively. These values were used to calculate the dispersion
shown in the inset of Fig. 4.2(a). The calculation fits the experimental data satisfactorily.

So far, zone—folded modes were observed in ZnTe~ZnSe®'! and InAs-AlAs’ SLSs.
It was suggested that the observed peak energies of the folded modes do not completely agree
with the calculated ones. This discrepancy was believed to be originated from the strain
between the alternate layers. Recio et al.” considered the cffect of the strain on the sound
velocities deduced from the stress—induced peak shifts of LO-Raman modes and Griineisen
constants. We tried to include the stress effect on the sound velocities using their method.
However all the estimated peak energics were larger than the observed ones by ~0.2 cm™.
The calculation does not fit the experimental data better than the stress—free calculation.
Furthermore, it was found that the changing of the thicknesses by a few angstrom induces the
peak shift of the folded modes more than the stress.

Figures 4.3(a) and 4.3(b) show low- and high-resolution transmission electron
microscopy (TEM) images of the sample, respectively. Figure 4.3(a) shows good periodicity
of each layer. However a large fluctuation exists near the interface as shown in Fig. 4.3(b).
Figure 4.3(c) shows the histogram of the lattice points of ZnS. We obtained the each data in
the histogram by counting the lattice points of ZnS along the straight arrays of lattice points

parallel to the interface plane. The full width at half maximum (FWHM) of the histogram is
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about 4 layers and it is a little larger than the fitted value for the thickness of the ZnS layer,
7 A. The position at the center of the ZnS layers is fluctuated. Therefore the FWHM of the
histogram is larger than the thickness of the ZnS layer.

In Sect. 2.2.1, we have shown that the intensity of Raman scattering from the folded
LA modes can be theoretically calculated by a photoelastic model, where the superlattices
have bulk photoclastic coefficients P; and P,. According to this model, the modulation of
photoclastic coefficient, P(z), along the growth direction z reflects the modulation in the
structure of the SLSs. It is noted that we do not need the absolute values of P, and P,, but
nced only the lineshape of P(z) in order to calculate the intensity of Raman spectrum.

When P(z) is assumed to be a square—wave function, in an ideal case, the mth order

Fourier component Q,, is given by

(4.1)

|Q,1*=

2
mm

P,-P, [nmdl)
sin .

The Fourier power spectrum is shown in Fig. 4.4(a). The higher order Raman intensity can
be calculated by using Eq. (2.21) and is shown in Fig. 4.4(b). Figure 4.4(b) shows that the
higher order I decreascs very slowly and the square—wavc assumption can not reproduce the
experimental spectrum at all.

Then the fluctuation of the periodicity and the interface roughness were considercd
from the TEM data. The roughness of the interface was directly deduced from the distribution
of ZnS layers as shown in Fig.4.3(c). The fluctuation of the periodicity, that is the fluctuation
of the ZnSe layer thickness, was deduced from two—dimensional densitometric data of the
low-resolution TEM image [Fig. 4.3(a)]. Thus the profile of P(z) was obtained by taking
account of the fluctuation of the periodicity and the roughness of the interface. Figurc 4.5(a)
shows the obtained profile of P(z). The intervals between the peaks, that is the fluctuation of
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the periodicity, are shown in Fig. 4.5(a). Figure 4.5(b) shows the Fourier power spectrum,
|Q(k) |* where k is the wavenumber defined by k=2mn/z. Several peaks show the mth order
Fourier components. The roughness of the interface and the fluctuation of the periodicity
causc the decrease of the higher order Q,. The fluctuation of the periodicity also causes the
broadening of the higher order Q. By using Eq. (2.21) and the Fourier components Q,,, the
Raman spectrum of zone-folded modes was calculated as shown in Fig. 4.2(b). The Raman
spectrum reproduces the experimental data in the following two essential points: the higher
order modes becomes wider and more than 6th order modes reduce their height obviously.
In this calculation, we have assumed that the roughness of the cach layer interfaces is the
same. If the roughness of the each layer interfaces is taken into account, the intensity of the
higher order zone—folded modes decreases more and the model calculation reproducces the

Raman spectrum more precisely.

4.3 Summary

We have observed higher order (up to the 5th order) zonc—folded acoustic modcs in
ZnSc—ZnS strained—layer superlattices (SLSs). We were able to reproduce the zone—folded
spectrum using TEM data and a photoelastic model. The agreement between our calculation
and the measurement shows that the Raman spectrum reflects dominantly the periodicity of
the superlattices and the roughness of the interface. Furthermore, the stress does not play an

important role to the observation of the zone—folded modes.
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Table 4.1. Parameters for ZnSe and ZnS used in the calculation of Rytov model.

ZnSc ZnS

d (A) 198 7
v (10° cm/s)? 4.054 5.047
p (g/cm®)? 5.266 4.086

* Landolt-Bornstein, Numerical Data and Functional Relationships in Science and Technology
(Semiconductors —— Physics of II-VI and [-VII Compounds, Scmimagnetic
Semiconductors), cdited by O. Madelung, M. Schulz, and H. Weiss (Springer, Berlin, 1982),

Vol. 17(b), p. 145.
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Fig. 4.2. Observed (a) and calculated (b) Raman spectra of zone-folded modes. The arrows
show the peak positions of the fifth—order folded modes. Inset is phonon dispersion using
conventional Rytov model, where q,,, is the zone-edge wavevector m/d and d is the

superlattice period.
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of ZnS. We obtained the cach data in the histogram by counting the lattice points of ZnS

along the straight arrays of lattice points parallel to the interface plane. The solid line is a

Fig. 4.3 Low- (a) and high— (b) resolution TEM images. (c) Histogram of the lattice points
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Fig. 4.4 (a) Fourier power spectrum of ideal sample structure (square-wave function). G is
defined by G = 2m/d, where d is the superlattice period. (b) Calculated Raman spectra of

zone—folded modes in an ideal sample structure.
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CHAPTER V

BIAXIAL SPLITTING OF OPTICAL PHONON MODES

In Sect. 2.2.2 we have mentioned about the stress—induced peak shift of optical
phonon in strained-layer superlattices. There exists a stress lying in the plane parallel to the
interface. In this sense they have quasi-two-dimensional structures.

Many researchers have estimated the strains in the SLSs by means of Raman
scattering.!™® All of the previous Raman studies of the strains measured the peak shifts of
longitudinal optical (LO) phonons from bulk energies in a backscattering configuration with
the incident light perpendicular to the interface plane. In this configuration, however, we
cannot observe the directional stress directly. As mentioned in Sect. 2.2.2, the biaxial stress
may induce the biaxial splitting of optical phonons. In order to find the biaxial splitting of
the phonon modes, we newly measured Raman scattering with the incident light parallel as
well as perpendicular to the interface plane. As a result, we were able to observe two types

of phonon modes, that is a singlet and a doublet, for the first time.

5.1 Theoretical Prediction

In Sect. 2.2.2 we have shown that the splitting of optical phonon modes occurs
because the biaxial stress makes the sample quasi—two-dimensional. In ZnSe-ZnS SLSs, Eq.
(2.24) and parameters listed in Table 5.1 lead the relation |AQ|>]AQ,[, for both the modes

of ZnSe and ZnS.

When the incident and backscattered light are perpendicular to the interface plane
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(perpendicular configuration), the LO mode corresponds to the displacement of the atoms
along the <001> dircction [Fig. 5.1(b)]. Thercfore, it will shift as the singlet typc. On the
other hand, the TO modes correspond to the displacement in the planc parallel to the
interface. Thercfore, it will shift as the doublet type. Thus in this cxperimental configuration,
Eq. (2.24) indicates the cnergy deviations of the LO and TO modcs as,

O
AQ=[pS,,+q(S, +S, )IX/w i,

(5.1)
A Q§O=[p(8u +51)+q(S +3S12)]X/2("go-

We consider, next, the case where the incident and backscattered light arc parallel to
the <110> axis (parallel configuration). In this configuration, wc can expect the LO mode will
shift as the doublet type and the TO modes will split into the singlet and doublet types [Fig.
5.1(c)]. From Eq. (2.24) we can obtain,

L0 Lo
AQ, =[p(5,,+S,)*+q(S,,+38)1X 2w,

A £st0=[p.'9u+q(s11 +S )] X/, (5.2)
AQI=[p(S,,+8,,) +q(S,, +3S, )1X/205 .

To summarize the above mentioned expectation,” a) we will observe two types of
shifts, a singlet and a doublet, of cach of the LO and TO modes, corresponding to the two
cases of the scattering configuration, and b) we will observe the singlet-type mode shifts

larger than the doublet-type mode.

5.2 Experimental Results

We used three samples grown by low-pressurc metalorganic chemical vapor
deposition (MOCVD)?® on (001) GaAs substrates. All the samples have the same thickness of
ZnS layers (40 A) and consist of 150 periods of the superlattice, whilc the thickness of ZnSc
layers are different [(a) 15 A, (b) 20 A, (c) 25 A] We used a (110) cleavage plane for the
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parallel configuration measurement [Fig. 5.1(c)].

For the perpendicular configuration, the experiments were performed at room
temperature by using a macro-Raman measurement system with the 4880 A linc of an Ar ion
laser. For the parallel configuration, micro-Raman measurement system was used to focus
the laser beam to the potion of the superlattice of the cleavage plane. Measurements were
done at room temperature with the 5145 A line of an Ar ion laser.

Figure 5.2 shows Raman spectra of samples (a), (b), and (c) in the perpendicular
configuration. In Fig. 5.2, strong peaks of TO and LO modes of a GaAs substratc arc
observed at about 268 and 291 cm™. The dashed lincs indicate the positions of the unstrained
bulk ZnSe and ZnS LO modes. Very weak ZnSe TO modes are observed at about 210 cm™,
although they are forbidden in this experimental configuration. As seen in the figure, ZnSe
LO modes shift toward the higher energies, while ZnS LO modes shift toward the lower
energies. This is because the ZnSe layers are under compressive stress and the ZnS layers are
under tensile stress. Although the shift of the ZnSe LO mode in three samples does not differ
from each other, the shift of the ZnS LLO mode decreases with increasing ZnSe thickness.
These observations are consistent with the previous works.'®  As mentioned above, in the
perpendicular configuration, we can regard the shift of LO modes as the singlet type and that
of TO modes as the doublet type.

Raman spectra in the parallel configuration are shown in Figs. 5.3 and 5.4. The
incident light was polarized perpendicular or parallel to the <001> axis. The doublet TO mode
is allowed for both polarizations, while the singlet TO mode is allowed only for the
perpendicular polarization. Taking into account this selection rule, we identified the peaks of
210 and 240 cm™! as doublet TO (ZnSe) and singlet TO (ZnS), respectively. Very weak peaks

of about 255 cm™! are identified as the forbidden ZnSe LO (doublet) mode. We can see small
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peaks at about 220 cm™ in Fig. 5.4. Wc identificd them as the forbidden singlet TO (ZnSc)
mode. It is allowed for the perpendicular polarization. However, it is not observed in Fig. 5.3.
This is because the singlet TO (ZnSe) mode is superposed on the singlet TO (ZnS) mode.
This identification is justified by the following reasons. First of all, the intensity of the
220 cm™! mode increases with the increase in the thickness of the ZnSe layer. Thus the mode
is of ZnSe. Second, because of the selection rule, the intensity of the mode is weaker than

that of the doublet TO (ZnSe) mode.

5.3 Discussion

Based on the above mentioned identification, we can summarize the energy deviation
of all the modes in Table 5.2. Table 5.2 shows the energy deviation from the encrgy of the
bulk mode for the sample (c). As for ZnSe modes, we can obscrve the singlet-type and
doublet-type shifts for both LO and TO modes induced by the biaxial stress. The singlet—type
mode shifts larger than the doublet—type one as was cxpected. However, cnergy deviations
arc about 5 cm™! lower than those calculated using Eqs. (5.1) and (5.2). It scems that the
encrgy deviation of the compressive stressed layers tend to be lower than the calculated value.
This tendency was also observed in other SLSs systems, although the reason has not been
well explained.5 The parameters p and q listed in Table 5.1 were estimated under the
conditions of stress of the order of 10° dyn/cm® However, the stress of the samples used in
this work is one order of magnitude larger. There may be some nonlinear terms in addition
to the linear terms of p and g, which cannot be neglected in our highly stressed samples. This
fact may be onme of the reasons of the discrepancy between the experimental and the

theoretical values of energy deviations.

On the other hand, for ZnS modes, we can also obscrve the singlet—type and doublet—
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type LO modes. However, the shift of the singlct type is not larger than that of the doublet
type. This strange behavior may be explained by the following diclectric continuum modecl.
The dielectric continuum model” treats the superlattice as a layered dielectric continuum. This
model shows that the optical phonon mode which propagates in the layer planc can appcar
at ncw energy level. The energy deviation varies with the change in the relative thickness of
the two different dielectric layers. This effect enhances the cnergy deviation of the doublet—
type LO (ZnS) mode. For this reason, the doublet-type LO (ZnS) mode can shifts larger than

the singlet-type one.

5.4 Summary

Raman scattering of ZnSe-ZnS strained—-layer superlattices with the incident light
perpendicular and parallel to the interface plane. We obscrved for the first time two types of
the optical phonon shift, a singlet and a doublet, induced by the biaxial stress. We obtained
reasonable relations between the stress and the direction of the shift and between the layer
thickness and the shift. The singlet-type mode shifts larger than the doublet—type mode for
the ZnSe optical phonon modes. Not only strained-layer superlattices, but there arc many
systems having directional stress in semiconductor devices. The method of this work will

become a new characterization tool for measuring the directional stress in thesc systems.
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Table 5.2. Observed cnergy deviation of the LO and TO modes from the cnergy of the bulk

mode for the sample (c).

ZnSc (cm™) ZnS (cm™)
singlet +7.5 -14.0
LO
doublet +2.5 -21.4
singlet +14.5 -35.8
TO
doublet +0.7 —
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Fig. 5.1. (a) The relationship between the crystal axis and the vibrating direction of the

A

singlet— and the doublet-type modes. Two types of measurement configurations were used:
(b) perpendicular configuration and (c) parallel configuration. The subscripts of s and d denote

a singlet and a doublet, respectively.
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Fig. 5.2. Raman spectra of ZnSe~ZnS SLSs with a fixed ZnS layer thickness (40 A) and
various ZnSe ones [(a)15 A, (b)20 A, ()25 A] The dashed lines show the unstrained bulk
frequencies. The inset shows schematically the experimental configuration: the incident light
is perpendicular to the (001) plane (perpendicular configuration). The subscripts of s and d

denote a singlet and a doublet, respectively.
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Fig. 5.3. Raman spectra of ZnSe~ZnS SLSs with a fixed ZnS layer thickness (40 A) and
various ZnSe ones [(a)15 A, (b)20 A, ()25 A]. The dashed lines show the unstrained bulk
frequencies. The inset shows schematically the experimental configuration: the incident light
is parallel to the <110> axis (parallel configuration) and is polarized perpendicular to the

<001> axis. The subscripts of s and d denote a singlet and a doublet, respectively.
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Fig. 5.4. Raman spectra of ZnSe-ZnS SLSs with a fixed ZnS layer thickness (40 A) and
various ZnSe ones [(a)15 A, (b)20 A, ()25 A]. The dashed line shows the unstrained ZnS
energy. The inset shows schematically the experimental configuration: the incident light is
parallel to the <110> axis (parallel configuration) and is polarized parallel to the <001> axis.

The subscripts of s and d denote a singlet and a doublet, respectively.

47



CHAPTER VI

RAMAN PROFILE OF SUBMICRON-ORDER REGION

In Chap. V we studied the micro—~Raman scattering from the sample with the spot size
of ~1 wm in diameter. Generally, the spatial resolution is thought to be limited by the spot
size of the laser beam at the sample surface.!™ As mentioned in Chap. III, the beam profilc
can be assumed to be a Gaussian shape and the spot size was estimated to be 1.3 um in
diameter. In this Chapter, we scan the position of the irradiated spot at intervals of ~0.1 um
and observed the submicron-order profile of Raman spectra in SiyGe,s/Ge/Si;_Ge,
heterostructure. The results suggest that when we take account of the beam profile, we can

observe the Raman signal from the submicron-order region of the sample.

6.1 Experimental Results

The samples used in this Chapter are Sij, sGe s/Ge/Si;_,Ge, heterostructures shown in
Fig. 6.1. They were fabricated by molecular beam epitaxy (MBE) on (100) Ge substrates.’
As the first growth step, a 500 nm thick buffer layer Si;_, Ge, (x=0.68, 0.75, 0.80) was grown.
The buffer layer is considered to be fully relaxed by leading misfit dislocations.® Next, a thin
Ge channel (20 nm) and a thin SijsGeys cap (30 nm) layers were grown. The Ge channel
layer is sandwiched by two SiGe alloy layers. Thus the Ge channel layer is under biaxial
compressive stress due to the lattice mismatch.

Figure 6.2 shows the Raman spectra of three samples. These spectra were measured

by using a macro-Raman measurement system with the 5145 A line of an Ar ion laser at

48



room temperature. One can notice four peaks. They are a Ge channel mode and three SiGe
alloy modes, that is Ge-Ge (~300 cm™), Si-Ge (=400 cm™), and Si-Si (=470 cm™) bond
vibration modes.”® The peak positions of the Ge channel are 302, 305, and 306 cm™ for the
samples of x=0.80, 0.75, and 0.68, respectively. The phonon energies of the Ge channel are
higher than the energy of triply—degenerated bulk Ge mode (301 ecm™). With decreasing the
composition X, the lattice mismatch between the buffer and Ge channel layers increascs.
Hence the compressive stress in the Ge channel increases and the stress—induced peak shift
increases.

Next, we measured micro—Raman spectra of the cleavage surface of the sample
x=0.68. We scanned the position of the irradiated spot from the surface side to the substrate
side at scanning intervals of ~0.1 wm and obtained the Raman profile of the cross sectional
structure of the sample. The typical results are shown in Fig. 6.3. As the value of "position"
shown in Fig. 6.3 increases, the irradiated spot moves from the surface side to the substrate
side. At the surface side, the Ge channcl mode splits into singlet and doublet types (300,
303 cm™) induced by the biaxial stress. This fact is alrcady discussed in Chap. V. As the
irradiated spot moves to the Ge substrate side, the intensities of the Ge channel modes

decreasc and stress—free Ge substrate mode (301 cm™) becomes dominant.

6.2 Discussion

Figures 6.4 and 6.5 show the peak frequencies of cach mode as a function of the
position of the irradiated spot. The peak frequencies of two types of the Ge channel modes
shift higher energy than that of the Ge substrate mode due to the biaxial stress. As the
position of the irradiated spot moves to the Ge substrate side, the frequency of the Ge-Ge

alloy mode increases while that of the Si~Si mode decreases. According to the experimental
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Raman scattering results of SiGe alloy,5’6 with increasing the composition of Ge, the
frequency of the Ge—-Ge mode increases while that of the Si-Si mode decreases. As for the
Si-Ge mode, the frequency is at its maximum when the Ge concentration is about 50%.
There are two alloy layers in our sample where the composition of Ge in the buffer layer is
higher than in the cap layer. Hence as the irradiated spot moves to the substrate side, the
signal from the buffer layer increases, the frequency of the Ge~Ge mode increases and thosc
of the Si-Si and Si-Ge modes decrease. However, Fig. 6.4 shows that as the irradiated spot
moves to the substrate side, Si—-Ge mode shifts lower cnergy side and has its minimum at the
"position" of 1 um. The peak energy then increases slowly. The reason why the frequency
of the Si-Ge mode does not decrease monotonously can be explained as follows. It is
suggested that the segregation of Ge atoms occurs during the growth of the alloy layer.’
Therefore, Ge composition becomes higher at the surface side in the buffer layer. Thus the
frequency of the Si-Ge mode in the buffer layer is higher at the substrate side than at the
surface side.

Figure 6.6 shows the peak intensity of each modes as a function of the position of the
irradiated spot. Figure 6.7 shows the intensity ratios of Si-Si and Si-Ge modes to the Ge-Ge
mode. Both of them decreases as the irradiated spot moves to the substrate side. The
concentration of Ge in the buffer layer is larger than in the cap layer, consequently the density
of Ge-Ge bond is larger. Then the intensity ratios of both the Si-Si and Si-Ge modes
decrease.

The dependence of the intensity on the position of the irradiated spot is thought to
be reflected both the structural profile of the sample and the laser beam profile. Let us define
the function f(x), g(x), and I(x) as the profile of the sample structure, the profile of the laser

beam, and the Raman intensity, respectively. Here x denotes the position. The detailed profile
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of f(x) will be described later. The Raman intensity I(x) can be expressed as the convolution

of f(x) and g(x):
1(x)= f R -x)dx. (6.1)

Figure 6.8 shows the case for the calculation of the intensity of Ge substrate. The structural
function of the Ge substrate can be expressed as a step function. As discussed in Chap. III,
the laser beam profile can be assumed to be a Gaussian shape with the full width at half
maximum (FWHM) 1.3 wm. In this case the Raman intensity I(x) shows an crror function.

As for the calculation of the alloy mode, we considered the differcnce of the
compositions of Si and/or Ge of the two alloy layers. For example, let us consider the profile
f(x) of the Ge—Ge mode. Since the Ge-Ge mode corresponds to the vibration of the Ge-Ge
bond, the Raman intensity of this mode is thought to be proportional to the density of Ge-Ge

bond in the alloy layers. Hence f(x) can be given by

0.5x0.5=0.25 (-0.30<x<-0.27 :cap layer)

fx)= 0 (-0.27<x<~0.25) (6.2)
0.68x0.68=0.4624 (-0.25<x<0.25 :buffer layer)
0 (x<-0.30,x>0.25).

Here we define the centef of the Siy;,Ge ¢ buffer layer as the origin of position x. We
calculate the intensities of each mode in this way. The results of the calculation are shown
in Fig. 6.9. All the calculated intensity profiles reproduce the experimental results (Fig. 6.0)
very well. The penetration depth of the sample is about 0.5 um at the wavelength region of

5000 A. Therefore we do not consider the dependence of the spot size on the depth.

6.3 Summary

We observed submicron—order profile of the Raman spectra by scanning the irradiated
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spot at intervals of ~0.1 um. The Ge channel mode splits into singlct and doublet types
induced by the biaxial stress. The dependence of Raman intensity and peak cnergy of alloy
modes on the position of the irradiated spot is well understood by considering the difference
of the composition of Ge in the two alloy layers. The calculations which consider the beam
profile and the structural profile fully reproduced the dependence of the Raman intensity on
the position of the irradiated spot. These results suggest that when we take account of the
beam profile, we can observe the Raman signal from the submicron—-order region of the

opaque sample.
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Fig. 6.1. Schematic cross section of the Si sGe 5/Ge/Si;_,Ge, heterostructure. Three samples
of x=0.68, 0.75, and 0.80 were used. The Ge channel layer is sandwiched by SiGe alloy

layers and is under biaxial compressive stress.
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Fig. 6.2. Raman spectra of Si; ;Ge, s/Ge/Si;_,Ge, heterostructures varying the Ge composition
(x=0.68, 0.75, 0.80). The Ge channel mode (-305 Cm_l) and three alloy modes (Ge-Ge, Si-

Ge, Si-Si) were observed.
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Fig. 6.4. The peak frequencies of Si-Si and Si~Ge modes as a function of the position of the

irradiated spot. The solid lines are the guide to the eye.
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Fig. 6.5. The peak frequencies of Ge channel, Ge substrate, and Ge-Ge modes as a function

of the position of the irradiated spot. The solid lines are the guide to the eye.
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Fig. 6.8. The profiles of the functions f(x), g(x), and I(x) for the calculation of the intensity
of Ge substrate. The functions f(x), g(x), and I(x) are the sample structure, laser beam profile,

and Raman intensity, respectively (see text).
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CHAPTER VII

PHONON CONFINEMENT IN SILICON NANOCRYSTALS

So far, we have discussed the Raman scattering from two—dimensional structures. In
ZnSe-ZnS SLSs and SiGe heterostructures, the strain effect is dominant and phonon
confinement effect was not clearly observed. This is because the lattice vibrations are
confined only in one—dimension and the confinement effect is small. On the contrary, in
nanocrystals, though it is not easy to control the nanocrystal size and crystallinity, three—
dimensional confinement is realized and it is easier to study the confinement effect.

In this chapter, the effect of optical-phonon confinement is studied by means of
Raman scattering spectroscopy. Most of the nanocrystals studied in the previous works are
embedded in glass matrices.!™ Therefore, extrinsic effects such as strain between nanocrystals
and matrices can not be neglected. It is desirable to prepare nanocrystals free fron; the
extrinsic effects. We prepared Si nanocrystals fabricated by a gas break—down method.® These

1.78 also studied Si

samples are expected to be free from the extrinsic effects. Hayashi, et a
and Ge nanocrystals fabricated by the gas evaporation technique. However, they observed a
large amorphous-like Raman modes in small-size nanocrystals and the confinement effect
was not discussed qualitatively.

The Raman spectrum of bulk Si exhibits a single peak at 521 ¢cm™, which corresponds
to the triply degenerate optical phonons at the center of the Brillouin—zone. In Si nanocrystals,

the q=0 selection rule is relaxed and we must consider phonons in the region of g=0. The LO

and TO phonons are not degenerate at the region of q=0. Hence two dispersion curves should
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be considered, although this was not considered before.

Only the average size of nanocrystals has been previously taken into account to discuss
the Raman spectra, however it is necessary to consider the size distribution as well as the
average size for the precise understanding of the confinement effect. In this chapter we
discussed the confinement effects of LO and TO phonon modes qualitatively considering the

size distribution.

7.1 Experimental Results

The Si nanocrystals were fabricated on the glass substrate by using a gas—breakdown
method with a Nd*:YAG pulse laser (1.064 wm, 10 ns, 200 mJ/pulse).® The particle size can
be controlled by varying the pressure of the SiH, gas in the reactive chamber (#1: 10 Torr,
#2: 15 Torr, #3: 20 Torr). Figure 7.1 shows the transmission electron microscopy (TEM)
images of the Si nanocrystals and the nanocrystals show almost spherical. The size
distributions of the Si nanocrystals are shown in Fig. 7.2. It is reported that the distribution

of nanocrystals can be fitted by a log-normal function:”!°

_ VA
ADdL=—L_exp QOL=W) 5 (7.1)
L\/?.noz 20°

where L is a diameter of the nanocrystal and p and o are a scale and a shape parameters.’!

An average diameter d , can be calculated by the following equation,
d,=[" LALAL=exp(u+0*2). (72)

The solid curves in the Fig. 7.2 show the results of the fitting by the log—normal function.
The size distributions are fitted very well and the average diameters of the samples #1, #2,
and #3 are estimated to be 7.0, 10.0, and 13.3 nm, respectively. Figure 7.3 shows the high
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resolution TEM image of the sample #1. The lattice fringes can be clearly seen and the
nanocrystals are covered by oxide layers.® The average thickness of the oxide layer is 1.6 nm.
Thus the net sizes of the nanocrystals must be estimated by subtracting the oxide layer
thickness and are 3.7 nm (#1), 6.7 nm (#2), and 10.0 nm (#3) for three samples. The stress
between nanocrystals and their oxide layers are estimated to be 2x107 dyn/cm? from the data

of a SiO,, film on a Si substrate.!? The optical phonon energy will shift approximately =1 cm™

due to the stress. The typical energy shift due to the confinement effect is larger than 1 cm™.
Hence we neglect the stress effect in the following discussion.

Raman studies were performed by means of a micro-Raman measurement system with
the 5145 A line of an Ar ion laser at room temperature. The Raman spectra of each sample
were measured ten times and the positions of the irradiated spot were randomly selected. The
averaged Raman scattering spectra of the Si nanocrystals arc shown in Fig. 7.4. The samplcs
show good crystallinity because no amorphous-like peak (<480 cm™) werc obscerved. The
pcak energy of the optical phonon mode shifts lower than the bulk Si energy (521 cm™), and
the spectral shape is asymmetric and broad. However, the spectrum of the smallcst-sizc
sample (#1) does not shift larger than the sample #2 and the full width at half maximum

(FWHM) is narrower. One can also notice the small shoulder at the lower energy side

(510 em™) of the sharp peak in the spectrum of the sample #1.

7.2 Discussion

So far, it has been believed that with decreasing the nanocrystal size, the peak position
decreases and spectral shape becomes wider and asymmetric due to the phonon confinement
cffcct. However the smallest—size sample #1 did not show such behaviors. Tsu et al.”? studicd

Raman scattering in porous Si and observed two peaks at 510 and 518 cm™. They attributed

64



the appearance of two peaks to a LO-TO splitting, however detailed discussion was not
stated. The porous Si is thought to be a gathering of nanocrystals'® and is similar to our
sample. Following their attribution, we assign the sharp peak and the shoulder to LO and TO
modes, respectively. We adopted a conventional model calculation of the phonon confinement
to support the above assignment.

In Sect. 2.3 we discussed about a quantitative model calculation for nanocrystals by
considering the phonon confinement cffect which is expressed by Eq. (2.29). The spatial
correlation (SC) model calculation shows the relationship between the correlation length, the
peak shift, and the spectral shape. Previously, LO phonon dispersion curve of bulk Si alone
has been used.” In order to explain the LO-TO splitting, we consider both the LO and TO
dispersion curves and calculate the Raman spectra. The dispersion curves can be expressed

as the from,

w(q)*=A+/A2-B{1-cos[(a/2)q]}, (7.3)
which reproduces the dispersion curves of <111> direction.!® The parameters A and B -uscd
here are A=1.36x10° (cm™2) and B=7.96x10° (cm™) for LO mode and A=1.36x10° (cm™2) and
B=3.24x10° (cm™) for TO mode. The FWHM of the bulk phonon mode, I, used in the
calculation was 3.6 cm™! determined through our experiment. Figure 7.5 shows the calculated
results of the energy shifts from the bulk energy as a function of the diameter of the
nanocrystal. The solid and broken lines are the calculated energy deviations of LO and TO
modes from the energy in bulk Si. With decreasing the nanocrystal size, the energy difference
between LO and TO modes increases. Only one peak was observed in the samples #2 and #3.
In our treatment, this result can be explained by considering that the energy difference
between LO and TO modes is small and that LO and TO modes overlap to each other. When
the particle size is small, the splitting value increases and two modes can be observed.
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Next, we considered the size distribution in order to comparc experimental data to the
theoretical calculation. We calculated the LO phonon spectra by summing up the size—

dependent spectrum weighted by the size distribution function (log—normal function):

I(w)= f (0, DAL)AL, (7.4)
where ['(w) and I(w,L) are the averaged spectrum and the spectrum of the size L, respectively.
The function I(w,L) is defined by Eq. (2.29). The broken lincs in the Fig. 7.4 are the results
of the above calculation. The calculated spectra of #2 and #3 agree very well to the
experimental data. Whereas for the sample #1, the calculated spectrum does not reproduce the
experimental data: Peak energy of the calculated spectrum is too low and spectral shape is
too broad. As shown in Fig. 7.5, peak shift of the TO mode is smaller than that of LO mode.
Therefore, if we consider both the LLO and TO modes, the calculated spectrum will be
improved.

However, when we used TO phonon dispersion curve and Eq. (2.29), the peak position
is still lower and the FWHM is wider than the observed one. One reason of this discrepancy
may be the confinement effect is smaller than that of LO phonon. We then fit the
experimental spectrum by varying the confinement effect of TO mode. The weak tail of the
lower energy side was fitted by superposing the LO phonon spectrum on the weakly—confined
TO phonon spectrum. Figure 7.6 shows the result of the fitting. The dotted lines show LO and
TO phonon spectra and the broken line shows the superposed spectrum. The TO phonon
spectrum corresponds to the confined spectrum of the size of 75 nm. Although the fitted
spectrum can not reproduce the shoulder, the broad weak tail of lower energy side is well
reproduced.

Similar behavior was reported by Fujii et al? in Ge nanocrystals. They reported that
with decreasing the nanocrystal size, the peak energy shifts to lower energy side. However,
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when the size is less than 10 nm, the peak energy returns to the higher encrgy side. They
discussed about this strange result and considered the stress effect, though clear answer was
not obtained. They also observed a weak tail at the lower energy side of the main peak. From
our treatment, the weak tail can be attributed to the LO mode and the main peak corresponds
to the TO mode.

In the above discussion, the problem is why the TO mode becomes dominant as the
size of nanocrystals decreases. The Raman spectrum of amorphous Si depends on the phonon
density of states because of the complete relaxation of the q selection rule.!” Hence the
Raman spectrum of amorphous Si shows a rather broad TO mode with a weak shoulder of
an LO mode at the lower energy side. In our Si nanocrystals the phonon confinement effects
leads a relaxation of the q selection rule and the similar effect may be occur. Therefore, with
decreasing the nanocrystal size, the spectral shape of the LO mode becomes broad and weak

and the TO mode becomes dominant.

7.3 Summary

In this Chapter Raman scattering from Si nanocrystals were studied. The samples werc
fabricated by the gas break—down method and the nanocrystals were in almost stress—free
condition. The Raman spectrum of the smallest nanocrystals showed the high encrgy pcak
shift and the narrowing of the spectral width. These anomalous behavior can be explained by
the spatial correlation (SC) model which considers both the dispersion curves of LO and TO
phonons. It is shown that as the size of nanocrystals decreases, the energy difference between
LO and TO phonons increases, the LO phonon mode becomes broad and weak, and TO
phonon mode becomes dominant. Our treatment of the phonon confinement effect can also

reasonably explain the previous experimental results of the other authors.
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#1

50nm

50nm

Fig. 7.1. TEM images of Si nanocrystals. The pressure of the SiH, gas was varied (#1:
10 Torr, #2: 15 Torr, #3: 20 Torr). The nanocrystals show almost spherical.
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Fig. 7.4. Raman scattering spectra of Si nanocrystals. The broken lines show the calculated

Raman spectra using the SC model and the LO phonon dispersion curve.
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Fig. 7.5. The energy shifts from the bulk Si energy (521 cm™) as a function of the diameter
of Si nanocrystals, L, calculated using the SC model. The solid and broken lines correspond
to LO and TO phonon modes, respectively. It shows that with decreasing the nanocrystal size,

the energy difference between LO and TO modes increases.
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CHAPTER VIII

CONCLUSION

In this thesis, Raman scattering in semiconductor nanostructures, especially
heterostructures and nanocrystals, were studied. We used ZnSe-ZnS strained-layer
superlattices (SLSs), Si,sGe,s/Ge/Siy_,Ge, heterostructures, and Si nanocrystals. By using
macro- and micro—Raman scattering spectroscopy, zone—folded modes of acoustic phonons,
stress effect on the optical phonons, and the confinement of optical phonons were studied.
The results and conclusions are summarized as follows.

Higher—order (up to the Sth order) zone-folded modes were observed in ZnSe~ZnS
strained—layer superlattices (SLSs) whose average lattice constant is equal to that of a GaAs
substrate. We were able to reproduce the zone—folded spectrum using TEM data and a
photoelastic model. The agreement between our calculation and the measurement shows ﬂlat
the Raman spectrum reflects dominantly the periodicity of the superlattices and the roughness
of the interface. Furthermore, the stress does not play an important role to the observation of
the zone~folded modes.

Next, we studied the optical phonons in ZnSe~ZnS SLSs. In these heterostructures,
there exists a strain lying in the plane parallel to the interface. In order to investigate the
directional stress, we newly measured Raman scattering with the incident light parallel as well
as perpendicular to the interface plane. As a result, we observed for the first time two types
of the optical phonon shifts, a singlet and a doublet, induced by the biaxial stress. We

obtained reasonable relations between the stress and the direction of the shift and between the
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layer thickness and the shift. The singlet—-type mode shifts larger than the doublet-type mode
for the ZnSe optical phonon modes. These experimental results were explained theoretically.
The method of this work will become a new characterization tool for evaluating the
directional stress in these heterostructures.

We - studied the Raman scattering from the submicron-order region of
Sij sGey 5/Ge/Si;_,Ge, heterosturctures. Generally, the spatial resolution is thought to be
limited by the spot size of the laser beam at the sample surface. The spot size is about 1 wm
when the micro-Raman measurement system is used. Whercas, we measurcd the Raman
scattering in Sij sGe, /Ge/Si;_,Ge, heterostructures by scanning the irradiated spot at intervals
of ~0.1 um and obtained submicron—order profile of Raman spectra. The calculations which
consider the beam profile (Gaussian shape) and the structural profile fully reproduced the
dependence of the Raman intensity on the position of the irradiated spot. The results suggest
that. if we consider the beam profile, we can observe the Raman signal from the submicron-
order region of the opaque sample.

Finally, we studied the confinement effect of optical phonons in Si nanocrythals
fabricated by a gas break—down method. The Raman spectrum of the smallest nanocrystals
showed the high energy peak shift and the narrowing of the spectral width. These anomalous
behaviors can be explained by the spatial correlation (SC) model which considers both the
dispersion curves of LO and TO phonons. It was shown that as the size of nanocrystals
decreases, the energy difference between LO and TO phonons increases, the LO phonon mode
becomes broad and weak, and TO phonon mode becomes dominant. Our treatment of the
confinement of optical phonons also reasonably explained the previous experimental results
of the other authors.

As mentioned above, we have discussed the properties of phonons in semiconductor
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nanostructures by using Raman scattering spectroscopy. In closing this work, wc would like
to assert that Raman scattering spectroscopy is a powerful tool to investigate the lattice

dynamics in semiconductor nanostructures.
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APPENDIX

In the presence of a strain the dynamical cquations for the q=0 optical modes in

diamond- or zincblende—type crystals, to terms linear in the strain, has the form'*

oK.
miil.=—>: Kx.kuk:——[Kf)uﬁE ——'—ke,mukJ, (A1)
X

km 0%,
where u; is the ith component of the relative displacement of the two atoms in the unit cell,
m is the reduced mass of the two atoms, K @=mw_ 2 is the effective spring constant in the
absence of strain, and i, k, I, and m denote x or y or z. The last term of Eq. (A.1) is the

change in spring constant due to an applied strain g :

oK.
k _pD A

Waex € =K € i =K et E - (A.2)
1

m
From the thermodynamic and symmetry considerations it can be shown that for cubic crystal
there are only three independent components of the tensor K®, namely,?

D _p) _p) _
K=Ky =Koz =P
KO kO gD g, (A.3)

XX,y Yy Z,%

KD =kP =K =mr.

xyxy” Cyzyr” Do
From Eq. (A.1) and the above considerations onec obtains the following secular
equation whose solutions yield the frequencies of the optical phonons in the presence of

strain:

exx+q(syy+eu) -A 2rexy 2re
2re o pe yy+q(eu+ €,)—A 2reyz =0, (A4
2re, 2rsyz peu+q(au+eyy) -A

where )\:Qz—wg and € is the strain—dependent frequency of the optical phonons and can be
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assumed as Q~w,+A/2w,. The relation between the strain tensor [€] and stress tensor [X] can

be written as

[e]=[SIX], (A.5)

where [S] is the compliance tensor. When the biaxial stress is lying parallel to the (001)

surface, we can obtain two types of the energy deviations from the cnergy of bulk modcs:

AQ=[pS,+q(S, +S)IX @,

2.24
AQ =[p(S,;+5,) +q(8,;+35D1X2 0, 224)

where AQ, indicates the shift of the singlet-type mode vibrating parallel to the <001> axis,
while AQ, indicates the shift of doublet-type modes vibrating perpendicular to the <001>

axis.
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