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We experimentally studied the crystal direction dependence of phonon confinement effects (PCEs) and bandgap (EG) modulation of a two-
dimensional (2D) Si layer fabricated on (100) silicon-on-quartz (SOQ) wafers without a handle Si substrate. For the first time, by polarization
Raman spectroscopy, in the case of Raman intensity spectra in the asymmetrical broadening region owing to the PCEs in the 2D Si layer, we
demonstrated that the incident laser polarization direction dependence of the Raman intensity deviates from the Raman selection rule. However, a
photoluminescence (PL) method shows that the EG expansion is isotropic in the 2D Si layer. On the other hand, the reflectivity of the 2D Si layer in
UV region is also modulated. The reflectivity property modulation is possibly attributable to the energy band modulation in the 2D Si layer.

© 2014 The Japan Society of Applied Physics

1. Introduction

Two-dimensional (2D) Si structures are widely used for
extremely thin silicon-on-insulator (ETSOI) field-effect
transistors (FETs) and 3D metal–oxide–semiconductor
(MOS) devices, such as FinFETs,1) as well as Si photonic
devices.2,3) In addition, the surface orientation engineering4)

and strain technique5) have been the major technologies for
realizing high-performance CMOS devices. To improve the
short-channel effects (SCEs) of MOSFETs and the photo-
luminescence (PL) intensity IPL of Si photonic devices, the
2D Si thickness TS should continue to be scaled down.1–3)

However, the quantum confinement effects (QCEs) in a
thinner TS structure cause electron mobility modulation,6–8)

which is due to the QCEs of 2D electrons in ETSOIs. In
addition, the QCEs induce band structure modulation (BSM),
resulting in the band gap EG expansion of ETSOIs.9–11)

Phonon confinement effects (PCEs),12–18) which are due
to the quantum phonon wave vector uncertainty ¦q due to
Heisenberg’s uncertainty principal, are reported to be
enhanced in 1D and 0D Si semiconductors, such as Si
nanowires (1D)13,18) and nanocrystals (0D),13,17) compared
with those in ETSOIs, because ¦q increases with decreasing
Si dimension from 2D to 0D. In the case of 2D Si, the finite
Si thickness TS causes the phonon wave vector uncertainty
¦qL in the longitudinal direction of the 2D Si layer, that is,
¦qL µ 1/TS. As a result, PCEs also occur even in 2D Si.
Therefore, the PCEs induce the carrier mobility reduction
due to the enhanced phonon scattering of carriers even in
ETSOIs.19) Moreover, the drain current drivability of 2D Si
devices is also degraded by self-heating effects in ETSOI
structures, because of the high heat resistance of the buried
oxide layer (BOX) in ETSOIs.1) Therefore, it is very
important to study 2D phonon properties as well as
modulated band structures in a 2D Si layer, to clarify both
the phonon induced carrier velocity reduction and the
modulation of thermal properties (such as thermal conduc-
tivity) of 2D Si structures. Recently, we have experimentally
demonstrated the asymmetrical broadening and peak down-
shift of Raman intensities due to PCEs even in (100) and

(110) 2D Si with TS µ a fabricated by the thermal oxidation
process of SOIs,20,21) where a is a Si lattice constant of
0.543 nm. PCEs are independent of the surface orientation
and tensile strain.21)

On the other hand, the QCEs are reported to modulate the
2D Si band structures, and thus, to change the Si crystals
to a direct band-gap material from an indirect band-gap 3D
Si material.3,9,19,22) In particular, it is also reported that the PL
peak photon energy EPH increases with decreasing TS, which
is caused by the direct optical transmission in the direct
bandgap thin-film Si material that is changed from an indirect
bandgap bulk Si material.21) On the other hand, we cannot
detect the PL intensity from the (110) 2D Si layer, which is
probably attributable to the indirect band-gap structure of the
(110) 2D Si layer.21)

Moreover, the other optical properties of 2D Si layer, such
as the relaxation effect of the Raman selection rule (RSR)23)

caused by PCEs18) and the reflectivity modulation caused by
the band structure modulation in the 2D Si layer, have not
yet been studied in detail, because the optical intensities from
the Si substrate under the BOX are relatively higher than
those of the thinner 2D Si layer surface. In addition, we have
not verified whether the BSM depends on the crystal
direction of the 2D Si layer. Therefore, it is strongly required
to study the QCE of the 2D Si layer without a handle Si
substrate to observe the optical properties of the 2D Si layer
directly.

In this work, we experimentally studied the crystal
direction dependence of the PCEs and BSM of 2D Si layer
formed on (100)-surface silicon-on-quartz (SOQ) wafers
without a handle Si substrate under the BOX.24) Using a
polarization Raman method,25) for the first time, we
demonstrated that the Raman intensity of the 2D-SOQ in
the asymmetrical broadening region deviates from the RSR.
On the other hand, we found that the PL peak energy EPH,
that is, EG, is independent of the crystal direction in the 2D-
SOQ. We also successfully demonstrated the reflectivity R
modulation of the 2D-SOQ, which is enhanced by decreasing
TS. These optical property modulations are considered to be
attributable to the BSM in the 2D Si layer.
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2. Experimental procedure for 2D Si layers on SOQ

(100) 2D-SOQ was fabricated by a thermal oxidation (Dry-
O2) of (100)-SOQ26) at a high temperature (1000 °C). Thus,
we can directly measure the optical properties (such as R)
of 2D Si layer in detail because of the absence of the handle
Si substrate beneath the BOX layer. As a reference, 2D Si
layer on (100) bonded SOI substrates27) was also fabricated.
The TS of 2D Si layer is mainly evaluated using a UV/
visual reflection spectrum, and the TS value was also veri-
fied by high-resolution transmission electron microscopy
(HRTEM).20,21) In this study, we successfully formed 0.5-nm-
thick 2D-SOQ as well as 0.5-nm-thick 2D Si layer on SOI,
which have good crystal quality and uniform layers.20)

We measured the crystal direction dependences of PCEs
and BSM by polarization methods, i.e., laser wavelength
442 nm Raman spectroscopy using a He–Cd laser and PL
method with an excitation laser photon energy h¯ (h is the
Planck constant and ¯ is the photon frequency) of 2.33 eV
(532 nm wavelength) at room temperature, respectively,
where the laser power is 1mW to inhibit the laser-power-
induced heating effects of the 2D Si layer21) and the laser
beam diameter is 1 µm. Moreover, we compared 442 nm
Raman spectroscopy data with usual 325 nm Raman spec-
troscopy data.21) On the other hand, we evaluated the
reflectivity R of 2D-SOQ as a function of h¯ in the UV
region, where the beam diameter is 1mm.

3. Results and discussion

3.1 PCEs in 2D-SOQ
Figure 1(a) shows the 442 nm Raman spectrum of 2D-SOQ
with TS µ 1 nm. We experimentally confirmed the asym-
metrical broadening of the Raman spectrum even in the
442 nm Raman spectroscopy of 2D-SOQ. To analyze the
asymmetrical broadening of the Raman spectrum due to
PCEs,20,21) we introduce the asymmetrical broadening pa-
rameters WL and WH, as shown in Fig. 1(a). WL and WH are
the full width at 1/10 maximum (FWTM) of the Raman
intensity IR in the lower and higher wave number regions
from 520 cm¹1 of the first-order Raman scattering of the ¥

point in 3D-Si, respectively.21) Figures 1(b) and 1(c) show
the Si atom layer number NL (Ô 4TS/a + 1)21) dependences
ofWL andWH, respectively, where NL instead of TS is the best
indicator for evaluating PCEs in the 2D Si layer.21) Here, SOI
data were also evaluated by 325 nm Raman spectroscopy.
When NL < 30, the WL of 2D-SOQ rapidly increases with
decreasing NL and exhibits the same NL dependence of WL as
that of 325 nm Raman spectra of both SOQ and SOI. On the
other hand, WH, which is an indicator of crystalline quality,21)

exhibits almost the same NL dependence of all data and good
crystal quality with the low value in NL > 8. Consequently,
the Raman properties of SOQ are the same as those of SOI
and independent of the incident laser wavelength less than
442 nm. Thus, hereafter, we used 442 nm Raman spectrosco-
py data for evaluating the Raman selection rule of 2D-SOQ.

3.2 Relaxation of Raman selection rule in 2D-SOQ
The ¦q in the 2D Si layer causes the relaxation of the
momentum conservation of q. As a result, the RSR,23) which
is based on the momentum conservation of q at q µ 0, is also
relaxed by ¦q. Therefore, ¦q causes not only the asym-

metrical broadening effects of the Raman spectrum but
also the deviation effects from the RSR. We have already
demonstrated the ¦q induced asymmetrical broadening
effects of the Raman spectrum in 2D Si layer.20,21) However,
we have not yet demonstrated the relaxation of the RSR.
Thus, in this section, the relaxed RSR in the 2D Si layer is
verified using the polarization Raman method.
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Fig. 1. (Color online) (a) 442 nm laser wavelength Raman spectra of 2D-
SOQ with TS µ 1 nm. Even in 442 nm Raman spectroscopy data, we can
observe an asymmetrical broadening of the Raman peak caused by PCEs,
similarly that observed in 325 nm Raman spectroscopy data. WL and WH are
defined by FWTM of the Raman peak intensities in the lower and higher
wave number regions from 520 cm¹1 of the ¥ point in the Brillouin zone,
respectively. NL dependence of (b) WL and (c) WH of SOQ (squares) and SOI
(triangles) evaluated by 325 nm Raman spectroscopy. Circles also show the
442 nm Raman spectroscopy data of SOQ. Almost all data have the same NL

dependence. Therefore, we can evaluate the PCEs of 2D-SOQ in detail using
the 442 nm Raman spectroscopy.
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Figure 2 shows the Raman scattering geometry on a (100)
2D Si surface with the Raman scattering vector (kS) of the
z-axis and an incident laser beam vector (kI) on (100) 2D Si
layer. When the polarization laser vector and polarization
Raman vector are EI and ES, respectively, º is the angle
between the x-axis of the crystal direction [011] and EI, and ª

is the angle made by EI and ES. As a result, the Raman
intensity IR can be determined by the RSR.23) Namely,

IR /
X
J

jEIRJESj2; ð1Þ

Here, RJ is the Raman tensor of phonon J for 3D-Si, which is
given

Rx ¼
0 0 0

0 0 d

0 d 0

0
B@

1
CA; Ry ¼

0 0 d

0 0 0

d 0 0

0
B@

1
CA;

Rz ¼
0 d 0

d 0 0

0 0 0

0
B@

1
CA; ð2Þ

where d is a component of F2g symmetry.23)

In the case of (100) 3D-Si, IR can be simply expressed as23)

IR / cos2ð2�þ �Þ: ð3Þ
Figures 3(a) and 3(b) show experimental polarization

Raman spectra of 2D-SOQ with TS of 1 nm as a function
of ª at º = 0° (EI of [011]) and º at ª = 0° (parallel to EI),
respectively. DL shows the minimum cutting-off Raman
intensity obtained using the Raman polarization filter in
this study. Figure 3(a) shows that the Raman intensity at
520 cm¹1 is nearly equal to the DL level at ª = 90°, as
expected, but that the Raman intensities in an asymmetrical
broadening region lower than 520 cm¹1 are much higher than
the DL level. Moreover, Fig. 3(b) also shows that the Raman
intensity at 520 cm¹1 rapidly decreases with increasing º, as
expected from Eq. (3). However, the Raman intensities in the
asymmetrical broadening region still remain finite with
values higher than the DL level even at º = 45°. Therefore,
the results shown in Figs. 3(a) and 3(b) obtained in the
asymmetrical broadening region are considered to be caused
by the relaxation effects of the RSR due to PCEs.18)

Here, to confirm the relaxation effects of the RSR of
Eq. (3) in 2D-SOQ, the º dependence of IR(º, ª) was
investigated, as shown in Fig. 4, where circles and squares
show the IR(º, ª) data obtained at ª = 0 and 90°, which are
normalized by the maximum IR(º, ª) value at the same ª

values, respectively. The dashed and dotted lines indicate the
theoretical results obtained using Eq. (3) at ª = 0 and 90°,
respectively. Figures 4(a) and 4(b) show the experimental º
dependence of the IR(º, ª) of both 56 nm thick SOQ and 1 nm
thick 2D-SOQ at the first-order Raman scattering of
520 cm¹1, respectively. It is clear that the º dependence of
the IR of both 56 nm SOQ and 1 nm 2D Si layer can be
explained by the theoretical cos2(2º + ª) dependence of
Eq. (3). Therefore, in this study, we experimentally verified
the RSR of 520 cm¹1 in both 3D- and 2D-SOQ. However,
Fig. 4(c) shows that the IR(º, ª) of 1 nm 2D-SOQ in the
asymmetrical broadening region of 480 cm¹1 deviates from
the cos2(2º + ª) dependence of Eq. (3) at both ª values. This
º uncertainty ¦º at approximately ª = 0 and 90° becomes
approximately 15°, compared to Eq. (3), and this ¦º is
attributable to phonon wave vector uncertainty ¦q. Thus, for
the first time, we experimentally verified that the ¦q of PCEs
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Fig. 2. (Color online) Raman scattering geometry on (100) 2D Si surface.
The [100] axis (z-axis) shows the surface orientation of the 2D-Si plane. kI is
the incident laser vector on the (100) 2D Si layer, and EI is the polarization
laser vector. The angle between EI and the [011] axis in the 2D-Si plane is º.
On the other hand, kS is the scattered Raman photon vector, and ES is the
polarization Raman photon vector with the angle ª between EI.
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Fig. 3. (Color online) Polarization 442 nm Raman spectra of 2D-SOQ as
a function of (a) ª at º = 0° (EI = [011]) and (b) º at ª = 0° (parallel to EI),
where TS µ 1 nm. The dashed line shows the detection limit (DL) for the
polarization Raman system in this study. (a) shows that the Raman intensities
at 520 cm¹1 is nearly equal to the DL level at ª = 90°, but that in an
asymmetrical broadening region lower than 520 cm¹1 is much higher than the
DL level. Moreover, (b) shows that the Raman intensity at 520 cm¹1

gradually decreases with increasing º. However, the Raman intensities in the
asymmetrical broadening region are still finite with values higher than the DL
level even at º = 45°.
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relaxes the RSR in the asymmetrical broadening region of
Raman spectra in the 2D Si layer.

3.3 Crystal direction dependence of band structure
modulation in 2D-SOQ
Using the polarization PL method, we studied the crystal
direction dependence of EG characteristics of 2D-SOQ

evaluated using the peak PL photon energy EPH. It is
expected that the EG of 2D Si layer will be independent of the
crystal direction at the 2D Si layer surface, that is, 2D Si layer
has an isotropic EG, because electrons are confined only in
the direction perpendicular to the 2D Si layer.

Figures 5(a) and 5(b) show the polarization PL spectra
of 2D-SOQ at º = 0° ([011] direction) and 45° ([001]
direction), respectively, where TS µ 0.8 nm. At both º values,
we experimentally confirmed the same EPH value of 1.66 eV
of 0.8 nm 2D-SOQ in both directions perpendicular and
parallel to the incident laser polarization direction. In
addition, the EPH of SOQ is the same as that of 0.8-nm 2D-
SOI.21) However, the PL intensity IPL is polarized, because
the IPL at the polarization angle ª = 0° is higher than that at
ª = 90° at both º values.

Here, Figs. 6(a) and 6(b) show the º dependences of EPH

and peak IPL, respectively, where TS µ 0.8 nm, at ª = 0°
(circles) and 90° (squares). Figure 6(a) indicates that EPH

values are completely independent of the crystal direction of
º and the PL polarization angle of ª, as expected. Therefore,
the isotropic EPH shows an isotropic EG of the 2D Si layer in
this study. Moreover, Fig. 6(b) shows that the peak IPL is
almost independent of º. Here, the PL polarization P of the
peak IPL is defined by P Ô (IPL0 ¹ IPL90)/(IPL0 + IPL90),28,29)

where IPL0 and IPL90 are the peak IPL’s at ª = 0 and 90°,
respectively. It is clear that the PL intensity is polarized in the
entire crystal direction, but P is almost independent of º, and
the average P is only 0.052 in this study. Therefore, in the
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entire crystal direction, the peak IPL parallel to EI is higher
than that perpendicular to EI. The P properties are consistent
with the reference results of the Si quantum well structures at
EPH µ 1.7 eV.18) Consequently, the EG values obtained by the
PL method are isotropic in the entire crystal direction in the
2D Si plane.

3.4 Reflectivity modulation of 2D-SOQ
In Sect. 3.2, we demonstrated the BSM at the ¥ point by
showing the PL results. In this subsection, we discuss the
BSM besides the ¥ point by showing the R modulation of
2D-SOQ in the UV region.

Figure 7 shows a schematic band diagram of 3D-Si.30)

Using high energy photons in the UV region, electrons of
heavy hole bands (HH) can directly transit to the conduction
bands. The energy gaps at the L and X points are E1 and E2,
respectively, where the reflectivity and absorptance of
photons have the peak values at both E1 and E2 photon
energies.30) On the other hand, there is no reflectivity and
absorptance peaks at the ¥ point (E0), because of the low
density of states at the ¥ point.30)

Figure 8(a) shows the R spectra of 2D-SOQ in the UV
region at various TS values. Arrows show the E1 and E2 peaks
of photons that correspond to the direct transmission from the

valence band to the conduction band at the L and X points
shown in Fig. 7. Namely, Fig. 7 shows that E1 Ô L1 ¹ L3A
and E2 Ô X1 ¹ X4, where L1 and L3A are energy levels of the
conduction and HH bands at the L point, and X1 and X4 are
energy levels of the conduction and HH bands at the X point,
respectively.30) When TS > 4.8 nm, E1 and E2 peaks are
clearly observed. However, with decreasing TS, E1 and E2

peaks become unclear, and E1 and E2 values shift, suggesting
that the energy band structures of the 2D-SOQ are also
modulated in the L and X points at TS ¯ 1.9 nm.

To analyze the TS dependence of E1 and E2, Fig. 8(b)
shows (dR/dE)/R as a function of photon energy E = h¯.
E1 and E2 values can be obtained using (dR/dE)/R = 0 and
are shifted by decreasing TS. Here, Fig. 8(c) shows the TS
dependences of E1 and E2. With decreasing TS, E1 increases,
but E2 decreases, resulting in E1 µ E2 at TS of around 1 nm.
As a result, the E1 and E2 shifts become larger than 0.5 eV
with decreasing TS from 50 to 1 nm. Therefore, the R
properties of 2D-SOQ also suggest the energy-band structure
modulation even in the other wave vector region besides the
¥ point in the 2D Si layer.

4. Conclusions

We experimentally verified a crystal direction dependence of
quantum confinement effects, such as the modulation of
phonon spectra and the energy band structures of (100) 2D
Si layer on silicon-on-quartz (SOQ) without a handle Si
substrate under the BOX layer, using polarization Raman and
PL methods. The polarization laser angle º dependence of the
first-order Raman intensity at the ¥ point (520 cm¹1) obeys
the Raman selection rule (RSR) even in 1-nm-thick 2D Si
layer. However, for the first time, we demonstrated that the
Raman intensity in the phonon confinement effects (PCEs)
region of 480 cm¹1 relaxes the RSR, which is attributable
to the relaxed momentum conservation of the phonon wave
vector q caused by Heisenberg’s uncertainty principle of q.
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E1 (Ô L1 ¹ L3A) and E2 (Ô X1 ¹ X4) are the energy gaps at the L and X
points, respectively.
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On the other hand, the photon peak energy EPH obtained
by the PL method, that is, the bandgap energy EG of the 2D
Si layer, is isotropic in the entire crystal direction at the 2D Si
layer surface, owing to the fact that quantum confinement
effects of electrons are induced only at the direction
perpendicular to the 2D-Si plane. In addition, the PL
intensity parallel to the incident laser is higher than that
perpendicular to the incident laser, and thus, the PL intensity

is polarized. However, the PL polarization at EPH = 1.69 eV
is very small (0.052) in the entire crystal direction of the 2D
Si layer.

Moreover, the reflectivity of the 2D Si layer in the UV
region is also modulated. The reflectivity property modu-
lation is possibly attributable to the energy band modulation
besides the ¥ point in the 2D Si layer.

Consequently, it is necessary to reconstruct the device
design for CMOS composed of 2D Si structures, such as
ETSOIs and FinFETs, considering the quantum mechanical
confinements of phonon spectra and the energy band
modulation in the 2D Si layer.
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Fig. 8. (Color online) (a) UV reflectivity R spectra of SOQ with various
TS values. Although E1 and E2 peaks (arrows) are clearly observed at larger
TS values, E1 and E2 become unclear with decreasing TS. (b) (dR/dEPH)/R
versus photon energy, which is evaluated from (a) data. E1 and E2 values,
which are obtained using (dR/dEPH)/R = 0, are shifted by decreasing TS.
(c) E1 and E2 obtained using (b) as a function of TS. With decreasing TS,
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