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We have experimentally studied Si monolayers, fabricated by thermal oxidation of silicon-on-insulator (SOI) substrates at high temperature, for

future extremely thin SOI (ETSOI) complementary metal oxide semiconductor (CMOS) devices, and have shown the strong quantum confinement

effects in the ETSOIs. We have successfully formed 0.52-nm Si monolayers, as confirmed by transmission electron microscopy (TEM) and a

UV/visual reflection method. We have experimentally shown the asymmetric broadening and the peak downshift of the Raman peak of ETSOIs

evaluated by UV-Raman spectroscopy, which is enhanced in the ETSOI thickness TSOI of less than about 5 nm. These results are due to the

quantum phonon confinement effects in ETSOIs. Using the TEM observation and UV-Raman spectroscopy of ETSOIs, we have also shown the

tensile strain of ETSOIs due to the Si bending and the TSOI variations in ETSOI substrates. In addition, we have observed photoluminescence (PL)

from the ETSOIs with a TSOI of less than about 5 nm and the PL intensity strongly depends on the TSOI. However, the peak photon energy of about

1.85 eV in the PL spectrum is independent of the TSOI. We cannot explain the PL results perfectly at present, but we have introduced a possible

three-region model of electron/hole pair generation in a two-dimensional Si layer and electron/hole pair recombination at the Si/SiO2 interface

state region. # 2012 The Japan Society of Applied Physics

1. Introduction

Extremely thin silicon-on-insulator (ETSOI) metal oxide
semiconductor field-effect transistors (MOSFETs) are can-
didates for future complementary MOS (CMOS) devices,
because ETSOIs with an intrinsic Si channel can suppress
both the short channel effects (SCEs) and the Coulomb
scattering of the carriers in the channel.1,2) To suppress the
SCEs of ETSOIs, the SOI thickness TSOI should continue to
decrease with scaling down of the effective channel length
LEFF of ETSOIs.

The quantum confinement effects (QCEs) in a thinner TSOI
structure cause the electron mobility modulation,3,4) which is
due to the QCEs of electrons in ETSOIs, as well as the band
gap EG expansion of ETSOIs.5,6) In addition, the quantum
phonon confinement (QPC) is enhanced in one-dimensional
(1D) silicon (Si) semiconductors, such as Si nanowires and
nanocrystals,7,8) compared with those of ETSOIs, which is
evaluated by Raman spectroscopy.9–11) Therefore, the QPC
induces the carrier mobility reduction owing to the enlarged
phonon scattering of carriers even in ETSOIs.12)

On the other hand, the QCEs is reported to modulate the
ETSOI band structures, and thus, to change the Si crystals to
a direct band gap material from an indirect band gap
semiconductor.5,13,14) In addition, even in the Si material,
photoluminescence (PL) has been observed in low-dimen-
sional porous-Si (p-Si),15) polycrystalline Si (poly-Si),16) and
even thin film Si,14,17,18) which is caused by a strong QCEs.
In particular, it is also reported that the TSOI dependence of
the peak photon energy is caused by the direct energy
transmission in the direct band gap thin-film Si material
changed from the indirect band gap bulk Si material.14)

However, no detailed study on the QCEs in a Si monolayer
structure including a discussion on the physical limitation on
TSOI has been carried out yet.

In this work, we have experimentally studied Si mono-
layers fabricated by thermal oxidation of SOI layers.19) We
have successfully formed Si monolayers with TSOI of about

0.5 nm, which is evaluated by high-resolution transmission
electron microscopy (HRTEM), scanning TEM (STEM)
with high-angle annular dark field (HAADF) and scanning
bright field (SBF), and UV/visual reflectivity spectroscopy
methods. Using UV-Raman spectroscopy, we have shown
the strain effects caused by the Si bending in the Si
monolayer and the QPC evaluated by the Raman peak
broadening and downshift in TSOI of less than 2.3 nm. In
addition, we can also observe the visible PL spectrum from
the ETSOIs at room temperature, which indicates the EG

expanding and the electron hole pair recombination at the
Si/SiO2 interface states.

2. Experimental Procedure

Figure 1 shows the TSOI design as a function of the LEFF of
ETSOIs to suppress the short channel effects, according to
the empirical design law of TSOI ¼ LEFF=3.

1) TSOI should
continue to decrease with scaling down of LEFF, and is equal
to the lattice constant of Si, aSi (0.54 nm), when LEFF �
1:6 nm. Therefore, it is very important for a future ETSOI-
CMOS to study the Si monolayer, defined as the same TSOI
as having the aSi in this study, and to clarify the physical
properties of the Si monolayer.

To construct a well-controlled fabrication process for the
ETSOIs and the Si monolayers, a (100) bonded SOI sub-
strate20) can be thinned by a high-temperature O2/N2 dry
oxidation technique at 1100 �C for various oxidation times
TO, where the initial TSOI is 55 nm and the buried oxide
(BOX) thickness TBOX is 150 nm. Under the oxidation
conditions, a small oxidation even at the Si/BOX interface
occurs, owing to internal thermal oxidation (ITOX) effects.21)

The TSOI value is mainly evaluated by HRTEM, HAADF-
STEM, and the UV/visual reflectivity spectrum. We have
analyzed the physical properties of ETSOIs at room
temperature by using UV-Raman spectroscopy and using a
visible PL spectrum, where the He–Cd laser beam excitation
wavelength is 325 nm (3.81 eV), the laser power is 1mW,
and the beam diameter is about 1 �m. In addition, since the
laser penetration length �P in the Si layer is about 5 nm, it is
possible to analyze the physical characteristics of ETSOIs.�E-mail address: mizuno@info.kanagawa-u.ac.jp
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3. Results and Discussion

3.1 Si monolayer fabrication

Figures 2(a) and 2(b) show the TEM and HRTEM images of
the [110] cross section of the (100) Si monolayer,
respectively. The TSOI value of 0.56 nm is evaluated using
the HRTEM image. Figure 2(c) also shows the UV/visual
reflectivity spectrum of the Si monolayer, and the fitting
curve indicates that the TSOI value is about 0.53 nm, the
surface thermal oxidation thickness TOX is 120 nm, and the
TBOX is 149 nm. Therefore, the TSOI value obtained by the
HRTEM observation is the same as the TSOI evaluated by the
UV/visual reflection method. The TSOI value is also
consistent with the TSOI value of 0.52 nm determined by
using the HAADF-STEM image shown in Fig. 3. However,
we have observed TSOI variations and little Si bending in
ETSOIs, as shown in Fig. 2(a).

Figure 3(a) shows clear Si atom images of the Si
monolayer evaluated by the HAADF-STEM image, and
indicates that the experimental dimensions of the Si
monolayers are almost the same as those of the simulated
image shown in Fig. 3(b) and both have a Si lattice constant
of 0.54 nm.22) Considering the above TSOI value of about
0.52 nm shown in Figs. 2 and 3, it is concluded that we have
successfully formed a Si monolayer with the TSOI of 0.52 nm
using the thermal oxidation process of thin film SOI
substrates.

The SBF-STEM image of the Si monolayer is shown in
Fig. 4(a), showing the clear lattice spots in the whole Si
regions, and thus the amorphous Si (a-Si) layer was not
observed in the Si monolayers. Moreover, Fig. 4(b) shows
the uniform HAADF-STEM image of ETSOIs, and thus
shows no SiO2 region formed by oxidizing the Si material
through the Si monolayers.

3.2 Phonon confinement effects evaluated by Raman

spectroscopy

To study the phonon properties in ETSOIs, we have carried
out UV-Raman spectroscopy for the ETSOIs with various
TSOI values. Figures 5(a)–5(c) show the experimental data
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Fig. 2. (Color online) (a) TEM and (b) HRTEM images of the [110] cross

section of the (100) Si monolayers fabricated by a thermal oxidation process

of SOI substrates. (c) UV/visual reflectivity spectrum at the beam incident

angle of 5� for 0.52-nm Si monolayers, where the solid line and the dashed

line show the experimental data and the fitting curve with TOX ¼ 120 nm,

TSOI ¼ 0:53 nm, and TBOX ¼ 149 nm, respectively. (a) shows small TSOI
variations and small Si bending.

Fig. 3. (a) HAADF-STEM image for Si atoms and (b) simulated Si atom

image of the [110] cross section of the Si monolayers. The white spots show

the Si atoms, and the experimental aSi (0.52 nm) in (a) is almost the same as

the simulated results (0.54 nm) in (b).
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Fig. 1. (Color online) Scaling of TSOI in ETSOIs to suppress the short

channel effects of ETSOIs, using TSOI ¼ LEFF=3.
1) aSi is the lattice constant

of the Si semiconductor (0.54 nm).
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(solid lines) of UV-Raman spectroscopy under various TSOI
conditions. Since �P is 5 nm, we observe the Si Raman peak
(520 cm�1), even from the Si substrate under the BOX layer,
when TSOI < �P. The dashed lines show the net Raman
peaks of the ETSOIs, for which the Si intensity ISi of the Si
substrates under the BOX is subtracted from the experi-
mental intensity. Here, ISi can be obtained by fitting the
experimental Raman data at 520 cm�1 by Lorentzians/
Gaussians and we have confirmed that the full width at
half maximum (FWHM) of ISi is almost the same as the
FWHM of bulk Si. When TSOI is thicker than 5.7 nm at least,
Fig. 5(a) shows that the symmetric Raman peak of ETSOIs
is the same peak as the normal Si (520 cm�1), which
originates from the usual threefold degenerate optical
phonon mode. However, when 0:52 � TSOI � 2:3 nm,
Figs. 5(b) and 5(c) show the asymmetric broadening in a
low frequency and the peak-downshift from 520 cm�1. The
asymmetric broadening and the downshift of the Raman
shift are enhanced with decreasing TSOI. As discussed in
Fig. 4, it is clear that the Raman intensity below 500 cm�1

does not originate from the a-Si layer. Therefore, the
asymmetric broadening of the net Raman shift of ETSOIs is
attributable to the QPCs,7–11) which relax both the momen-
tum conversion and the selection rule in the Raman
scattering, resulting in the various phonon modes of the
Raman shift in two-dimensional (2D) ETSOIs. In addition,
the Raman peak-downshift is due to both the QPC and the
strain effects caused by the Si bending discussed in the next
section.

The Raman spectrum of the Si nanowires and nanocrystals
with a high heat resistance strongly depends on the laser
power PL.

23) Here, we discuss the PL dependence of the
Raman spectrum of ETSOIs. Figures 6(a) and 6(b) show
the net Raman spectrum of the Si monolayers under various
PL conditions and the peak Raman shift from 520 cm�1,
�! vs PL, respectively. As shown in Fig. 6(b), when
PL > 1mW, �! increases slightly, which is probably due to
the self-heating of ETSOIs caused by PL. However, when
PL � 1mW, the peak-downshift value and the FWHM value
are almost independent of PL. Therefore, the influence of PL

on the Raman spectrum of ETSOIs is considered to be small
in our study, when PL � 1mW.

Moreover, Fig. 7 shows the 2D mapping data for the
Raman peak-downshift �! of the Si monolayers from the Si
peak (520 cm�1) in a 150 �m2 area. �! varies widely, and
the average and standard deviation are 8.3 and 1.2 cm�1,

respectively. The �! variation is mainly caused by the
variations of the TSOI, �TSOI, and the Si monolayer bending
mentioned in Fig. 2(a), which will be discussed in the next
section.

Fig. 4. (a) SBF-STEM image and (b) HAADF-STEM image of the [110]

cross section of the Si monolayers at the same area. (a) and (b) show clear

lattice spots and uniform Si crystal, respectively. 0
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Fig. 5. (Color online) UV Raman spectra of ETSOIs with (a) TSOI ¼ 5:7

nm, (b) TSOI ¼ 2:3 nm, and (c) TSOI ¼ 0:52 nm, where the He–Cd laser

beam excitation wavelength is 325 nm, the laser power is 1mW, the beam

diameter is about 1 �m, and the penetration length �P in the Si layer is about

5 nm. The 520 cm�1 Si peaks (arrows) in (b) and (c) originate from the Si

substrate intensity ISi under the BOX, because �P > TSOI. The solid and

dashed lines show the experimental data and the net intensity of the Si layers

on the BOX, respectively. The net Raman data in (b) and (c) show the

asymmetrical broadening and the peak-downshift.
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Figures 8(a) and 8(b) show the �! and the FWHM values
of the net Raman peaks of ETSOIs as a function of TSOI,
respectively. Both the �! and FWHM suddenly increase at
the critical TSOI value of 2.3 nm and continue increasing with
decreasing TSOI, although the �! and FWHM remain
constant when the TSOI is thicker than 5.7 nm. Therefore, the
QPC and the tensile strain value in the ETSOI layers
increase with decreasing TSOI. The larger QPC effects in the
ETSOIs are considered to enhance the phonon-scattering-
induced mobility reduction of carriers.12) The QPC effect
in the ETSOIs is the first physical limitation of the Si
monolayer. Therefore, it is necessary to consider the QPC in
designing the future ETSOI-CMOS. In addition, Fig. 8(a)
indicates that the experimental data can be fitted by
�! / ln TSOI. Thus, the standard deviation of TSOI, �TSOI,
of the Si monolayer in the 150 �m2 area is estimated to be
about 0.25 nm, according to the �! variation shown in the
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Fig. 6. (Color online) (a) Laser power dependence of the net Raman

spectra of Si monolayers and (b) �! as a function of laser power. The blue

and red lines in (a) show the data of PL of 1 and 0.2mW, respectively.

(b) indicates that the results can be fitted by an exponential function of laser

power (dashed line). Error bars of �! show the standard deviation of �!

obtained by the Raman spectroscopy measurement of 2D mapping

(150�m2) of the Si monolayer.

Fig. 7. (Color online) 2D mapping (150�m2) of Raman peak shift data

�! of Si monolayers from the Si peak of 520 cm�1, where PL is 1mW. The

average �! and the standard deviation of �! are 8.3 and 1.2 cm�1,

respectively.
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Fig. 8. (Color online) TSOI dependence of (a) �! and (b) FWHM value

of the net Raman intensity, where PL is 1mW. The dotted arrow in (a)

shows the calculated �! due to the tensile strain value caused by the

maximum Si monolayer bending shown in Fig. 9. The �! and FWHM

values rapidly increase when TSOI < 5 nm. The dashed line of �! / ln TSOI
shows the fitting curve of the data in 0:5 � TSOI � 5:7 nm. Error bars of �!

and FWHM show the standard deviation of �! and FWHM obtained by the

Raman spectroscopy measurement of 2D mapping (150-�m squares) of the

ETSOIs. In addition, the error bars of TSOI of 0.25 nm is obtained by the

standard deviation of �!, using the relationship �! / ln TSOI.
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map of the �! of Fig. 7. The �TSOI value is almost the
same as aSi=2, which suggests that TSOI variation is possibly
caused by the surface roughness due to one Si atom layer
step forming during the oxidation process of SOIs. The
relatively large �TSOI is the first technical limitation of the
Si monolayer in this study. However, the technical limitation
of the �TSOI is possible to be suppressed by improving the
fabrication process for the Si monolayers, such as the
oxidation temperature.

3.3 Strain due to Si bending

In this section, we discuss the physical model for introducing
the tensile strain into the ETSOIs.

We have already discussed the variations of the TSOI and
the Si monolayer bending in Fig. 2(a). Figure 9 shows the
HRTEM image of the maximum Si bending area in the
Si monolayer. The solid white line shows the horizontal
Si/BOX interface in the flat Si monolayer region and thus,
the maximum Si bending is 0.44 nm in this area. In addition,
the horizontal length a of the lateral 15 Si atoms is 5.70 nm
in the flat Si region. On the other hand, the slope length b of
the lateral 15 Si atoms is 5.74 nm in the Si bending area. As
a result, the Si monolayers in the bending region are
tensilely strained, because of b > a, and the maximum strain
value ðb� aÞ=a is about 0.7%. Therefore, the �! due to the
maximum strain in this area corresponds to 5.1 cm�1,
according to the relationship of �! � 725ðb� aÞ=a.24,25)
Moreover, another tensile strain, such as the thermal stress
of the SiO2 on the Si monolayer, is considered to be smaller
than that of the Si bending in this study. As a result, the
maximum tensile strain due to the maximum Si bending can
explain only 60% of the experimental �! value (8.3 cm�1)
shown in Fig. 8(a). Thus, the �! value is attributable to the
peak-downshift due to the QPC as well as the tensile strain
due to the Si bending. Moreover, the TSOI dependence of the
�!, shown in Fig. 8(a), indicates that the Si bending
increases with decreasing TSOI, which is considered to be
due to the surface thermal oxide layer stress to the Si layers
on the BOX during the thermal oxidation process for
ETSOIs. However, the influence of the local strain at the
Si/SiO2 interface26) on our Raman peak shift is not clear at
present, and thus a further evaluation technique is necessary
to measure the strain at the Si/SiO2 interface other than

the Raman shift due to both QPC and the Si-bending.
Consequently, the Si bending is the second technical
limitation of the Si monolayer formation in this study,
which is considered to be suppressed by improving the
fabrication process for the ETSOIs.

3.4 Photoluminescence of ETSOIs

In this section, we discuss the PL results of ETSOIs. We can
observe the PL intensity of a Si monolayer using the 3.81 eV
excitation laser, since the �P in the Si layer is very small
(5 nm).

As shown in Fig. 10(a), we can observe the room
temperature PL spectrum vs photon energy h� (h is Planck
constant and � is photon frequency) at the TSOI of 0.52 nm,
and the PL intensity can be fitted by the three Gaussian
curves with different energy peaks of P1 (1.843 eV), P2
(1.850 eV), and P3 (1.857 eV). The physical mechanism for
the different energy peaks is discussed later. However, in
Fig. 10(b) shown as the PL spectrum of ETSOIs at room
temperature vs photon energy under various TSOI conditions,
the PL intensities strongly depend on the TSOI and rapidly

Fig. 9. (Color online) HRTEM image of the [110] cross section of the Si

monolayer at the maximum Si bending area. The solid white line shows the

horizontal Si/BOX interface at the flat Si monolayer region. As a result, the

Si bending (arrows) was 0.44 nm. The horizontal length a of the lateral 15 Si

atoms is 5.70 nm, resulting in the 0.38 nm space between each lateral Si

atom. However, the slope length b of the lateral 15 Si atoms is 5.74 nm. As a

result, the Si monolayers are tensilely strained and the strain value is about

0.7%.
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Fig. 10. (Color online) (a) PL spectrum (solid line) at TSOI ¼ 0:52 nm

and (b) PL spectrum at room temperature vs photon energy under various

TSOI conditions. The PL intensity is not observed in the TSOI of more than

9 nm, and rapidly increases with decreasing TSOI when the TSOI is thinner

than about 5 nm. (a) shows that the PL data can be fitted by three Gaussian

curves (dashed lines) of P1 (1.843 eV at PL peak), P2 (1.850 eV at PL

peak), and P3 (1.857 eV at PL peak). The dashed lines in (b) show P1, P2,

and P3 peak energies and we cannot observe the P3 peak in the case of

TSOI ¼ 5:7 nm.
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increase with decreasing TSOI, when TSOI is less than several
nm. In addition, we cannot detect the PL intensity from the
Si layers with the TSOI of more than 9 nm. In the case of the
TSOI of 5.7 nm, we cannot observe the highest energy P3
peak, although we can detect both lower energy P1 and P2.
Furthermore, in the range of 1 < photon-energy < 3.6 eV,
we cannot detect the PL intensity from ETSOIs except
at around 1.85 eV and thus, we cannot obtain the TSOI
dependence of the PL peak energy.

Here, Fig. 11 shows the TSOI dependence of PL intensity
of P1, P2, and P3 at room temperature. The P2 intensity is
larger than the P1 and P3 intensities, but all P1, P2, and P3
intensities drastically increase with decreasing TSOI. The
laser photon flux absorption IA in the Si layer with TSOI is
given by I0 � ð1� RÞ � ½1� expð�a � TSOIÞ�,22) where I0 is
the photon flux at the Si surface, R is the reflectivity at the Si
surface, and a is the absorption coefficient of the photon
(325 nm) in the Si layer and is about 1/5 nm�1 in this study.

As a result, it is estimated that the IA rapidly decreases with
decreasing TSOI and the IA value at TSOI ¼ 0:52 nm is about
1/7 of the IA value at TSOI ¼ 5:7 nm, if a and R are
independent of TSOI. The estimation results are opposite to
the TSOI dependence of the PL intensity in Fig. 11, which
suggests that a increases with decreasing TSOI, because of
the modulated band structures of ETSOIs with TSOI of less
than several nm, as discussed later in Fig. 13.

On the other hand, Fig. 12 shows the experimental results
of the peak photon energy of P2 and the theoretical band gap
energy EG of Si (solid line)5) as a function of TSOI. P2 is
completely independent of TSOI, and is almost the same as
the theoretical values only at a TSOI of around 1 nm, while
the QCEs theory (solid line) in ETSOIs shows that the EG

drastically increases with decreasing TSOI. In addition, it is
noted that P1 and P3 are also independent of TSOI, which is
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Fig. 13. (Color online) Three-region model of schematic band diagram

for PL of ETSOIs (2D-Si) with electron/hole pair generation region in a

2D-Si layer and electron/hole pair recombination region in an EG transition

region of the Si/SiO2 interface with three different energy levels.

(a) EG > EGI at TSOI < 1 nm, and (b) EG < EGI at 1 � TSOI < 5:7 nm,

where EGI is the band gap of the Si/SiO2 interface and EGI > 1:86 eV.

�ðTSOIÞ and �ðTSOIÞ are the photon flux absorption in 2D-Si and the injection
rate of electron/hole pairs to the Si/SiO2 interface, respectively. �E shows

the energy gap between the 2D-Si and the Si/SiO2 interface. When photons

(3.81 eV) are absorbed in 2D-Si, electron/hole pairs are generated in the

2D-Si, and are injected into the Si/SiO2 interface regions. Injected electron/

hole pairs are recombined, resulting in the photon emission at the Si/SiO2

interface regions. The different peak photon energies with P1, P2, and P3 are

due to the different interface energy states of P1, P2, and P3 in the Si/SiO2

interface regions.
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Fig. 12. (Color online) Peak photon energy of P2 vs TSOI, where the solid

line shows the theoretical EG results reported by Agrawal et al.5) The circle

shows the experimental peak photon energy of the ETSOIs in Fig. 10(a) and

is completely independent of TSOI. Both the P1 and P3 peak photon energies

are also independent of TSOI.
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similar to the results reported by Takahashi et al.17) There-
fore, the PL of ETSOIs in this study is not caused by the
direct energy transmission in ETSOI layers with a direct
band gap structure.

At present, we cannot explain the above PL phenomena of
ETSOIs perfectly. Here, we introduce a possible simple
model for the PL of ETSOIs, using a three-region model in
which electron/hole pairs are generated in a 2D Si layer
excited by high-energy laser photons and the electron/hole
pair recombination occurs at the Si/SiO2 interface state
regions.17,18) Figure 13 shows a schematic band diagram of
the 2D Si layer, the surface and the buried oxide layers, and
the Si/SiO2 interface state region, assuming that the surface
interface characteristics are the same as those of the BOX
interface. Since the Si/SiO2 interface is not an entirely
abrupt interface, the band gap of the Si/SiO2 interface state
regions EGI gradually increases from the Si layer to the SiO2

layer.27) Therefore, it is possible that EGI becomes higher
than 1.86 eV (highest P3 peak energy), as shown in Fig. 12,
which indicates the EG transition region in Fig. 13. More-
over, different energy state levels with P1, P2, and P3 exist
in the Si/SiO2 interface regions, and thus, the energy state
levels are independent of TSOI. However, the physical origin
for the three energy state levels is not clear at present. It is
expected that EG of the 2D-Si layers is expanded by the
QCEs of the 2D Si layer.5,6) Figures 13(a) and 13(b) show
the case of EG > EGI at TSOI < 1 nm and the condition of
EG < EGI at 1 � TSOI < 5:7 nm, respectively, and EG

rapidly increases with decreasing TSOI, as shown by the
solid line in Fig. 12. �E in Fig. 13(b) is the energy gap
between the 2D-Si and the EG transition regions, and
�E ¼ ðEGI � EGÞ=2 and thus �E depends on TSOI. The
electron/hole pairs are generated by the high-energy Laser
photons (3.81 eV) in the 2D Si layer with the photon flux
absorption �ðTSOIÞ. It is possible that �ðTSOIÞ increases with
decreasing TSOI, because the photon absorption coefficient is
considered to increase with decreasing TSOI, as discussed in
Fig. 11. The generated electron/hole pairs are injected with
the injection efficiency �ðTSOIÞ into both Si/SiO2 interface
regions. Here, �ðTSOIÞ can be given by expð��E=EEÞ,
where EE is the generated electron energy and EE ¼ h��
EG � EPN (EPN is phonon energy). In the case of an ultra
thin Si layer, the photon direct transition in the 2D-Si can
be assumed,14) resulting in EPN ¼ 0. When TSOI increases,
EE increases with decreasing EG, and �E increases with
decreasing EG. Therefore, in the case of Fig. 13(b), since
�ðTSOIÞ weakly depends on TSOI, the �ðTSOIÞ reduction
rate is only several tens of % at a thicker TSOI, compared
with �ðTSOIÞ at �E ¼ 0. As a result, even at EG < EGI

at 1 < TSOI < 5:7 nm in Fig. 13(b), the generated electron/
hole pairs can be injected into the Si/SiO2 interface
regions. On the other hand, photon emission occurs by the
recombination of electron/hole pairs at the both the surface
and the backside Si/SiO2 interface regions. As a result, the
PL peak photon energies, P1, P2, and P3 are determined by
the energy state level in the Si/SiO2 interface regions, and
thus the PL peak photon energies are independent of TSOI, as
shown in Figs. 10 and 12. According to the weak TSOI
dependence of �ðTSOIÞ, the rapid increase in the PL intensity
in a thinner TSOI shown in Fig. 11 is probably due to a rapid
increase of �ðTSOIÞ in the thinner TSOI. The above PL data

are the indirect demonstration of the EG expansion of
ETSOIs in this study, and thus the EG expansion of ETSOIs
is the second physical limitation. On the other hand, when
TSOI > 9 nm, the indirect phonon transition in the 2D-Si
probably causes the rapid reduction of both �ðTSOIÞ22) and
�ðTSOIÞ. The rapid reduction of �ðTSOIÞ is due to the EE

decrease in �ðTSOIÞ, because EPN 6¼ 0. As a result, we cannot
observe the PL intensity of ETSOIs with a TSOI thicker than
9 nm, as shown in Figs. 10 and 11. In addition, in the case of
TSOI ¼ 5:7 nm, since the �E of the highest energy peak
P3 is higher than the �E of P1 and P2, �ðTSOIÞ decreases,
and thus the PL of P3 cannot be detected. Consequently,
a further PL experiment, such as the excited photon energy
dependence of the PL, is necessary to explain the PL results
perfectly.

The EG expansion is expected to suppress the leakage
current of the source/drain pn junction in a future ETSOI,
because the diffusion leakage current is proportional to
expð�EG=kT Þ,28) and here, k is the Boltzmann constant and
T is the lattice temperature. However, it is possible that the
short channel effects of a future ETSOI-CMOS will be
enhanced by the EG increase, since the built-in potential VBI

is proportional to EG
28) and thus the depletion layer width of

the source/drain pn junction is expanded by the EG increase.
Next, Fig. 14 shows the 2D mapping of the PL intensity of

the P2 peak (1.85 eV) shown in Fig. 10, and the PL intensity
varies in a 15 �m2 area. This is also due to the TSOI
variations, because the PL intensity strongly depends on TSOI
and the PL intensity is proportional to ln TSOI, as shown by
the dotted/dashed line in Fig. 11. As a result, the TSOI
variation due to the PL intensity variation can be estimated
to be about 0.3 nm, which is almost the same as the �TSOI
value of 0.25 nm caused by�! in Fig. 7. Therefore, the TSOI
variations, shown in Figs. 7 and 14, probably cause the
fluctuations of both the QCEs and the electron confinement
effect,3) resulting in larger mobility variation in future
ETSOI-CMOS, as well as the EG variations.

4. Conclusions

We have experimentally studied Si monolayers for future
ETSOI-CMOS fabricated by a thermal O2/N2 dry oxidation

Fig. 14. (Color online) 2D mapping of PL intensity at the EPH of 1.85 eV

(P2) in a 15-�m square area of the Si monolayer. The PL intensity fluctuates

largely in the 15�m2 area.
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process at high temperature and have shown the strong
quantum confinement effects of the two-dimensional Si
crystal. We have successfully formed the 0.52-nm Si
monolayers confirmed by HRTEM, HAADF-STEM, and a
UV/visual reflectivity spectrum method. Table I shows
summary of the experimental results of a Si monolayer in
this study. We have experimentally shown the asymmetric
broadening and the peak downshift of the Raman peak of
ETSOIs evaluated by UV-Raman spectroscopy, which is
enhanced in the TSOI of less than several nm. These results
are due to the quantum phonon confinement in ETSOIs. The
quantum phonon confinement in ETSOIs is considered to
enhance the phonon-scattering-induced mobility reduction
of carriers, which is the first physical limitation of the Si
monolayer. Using UV-Raman spectroscopy, we have also
shown the tensile strain of ETSOIs due to the Si bending and
the TSOI variations in ETSOI substrates, which are the
technical limitations of the ETSOIs in this study. In addition,
we have observed the photoluminescence (PL) from the
ETSOIs with a TSOI of less than about 5 nm and the PL
intensity strongly depends on the TSOI. However, the peak
photon energy of about 1.85 eV is independent of the ETSOI
thickness. We cannot explain the PL results perfectly at
present, but we have introduced a possible three-region
model in which an electron/hole pair is generated in a two-
dimensional (2D) Si layer by high energy laser photons and
the PL occurs at the Si/SiO2 interface state region. The PL
results suggest a modulation of band structures and the
energy gap EG expansion in the Si monolayers, which is
expected to suppress the leak currents of the source/drain pn
junctions in future ETSOIs. However, it is possible that the
EG expansion will induce the enhancement of the short
channel effects of future ETSOIs. To overcome the technical
limitations, it is necessary to improve the fabrication process
for ETSOIs. Consequently, it is very important to consider

the quantum phonon confinement effects and the band
modulation effects in 2D ETSOIs, in designing the future
ETSOI-CMOS.
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Table I. Physical/technical limitations of ETSOIs with TSOI of less than
several nm. The second column and the third column show the experimental

results in this study and the expected device performances in a future

ETSOI-CMOS, respectively. SCE and � indicate the short channel effects

and the carrier mobility, respectively.

Results Device performance

Phonon confinement Mobility reduction

Physical limitation
EG expansion

Suppressed leak current,

enhanced SCE

Technical limitation
TSOI variation �=EG variation

Si bending Strain
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