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We have experimentally studied the surface orientation/strain effects on quantum mechanical confinement (QMC) in two-dimensional (2D) Si
layers with thicknesses less than the Si lattice constant for future metal—oxide—semiconductor (MOS) devices. By UV—Raman spectroscopy, we
have demonstrated that the quantum phonon confinement effects (PCEs) rapidly increase with decreasing 2D Si thickness Tg, but is almost
independent of surface orientation and strain. Thus, electron saturation velocity of the 2D Si is degraded by the reduced phonon energy owing to
the PCEs. On the other hand, photoluminescence (PL) emitted from the only (100)-surface 2D Si layers, depends on the excitation photon energy
hv (2.33 < hv < 3.81¢V), and PL intensity increases with decreasing Ts. The PL data can be explained by simple PL models considering the
electron/hole pair recombination mechanism. Consequently, it is necessary to reconstruct the device design for future Si devices, considering the
Ts dependence of the 2D Si properties. © 2013 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," as well as Si photonic
devices.>> To improve the short-channel effects (SCEs) of
MOSFETs and photoluminescence (PL) intensity of Si
photonic devices, the 2D Si thickness Ts should continue
to be scaled down."™ However, the quantum confinement
effects (QCEs) in a thinner Tg structure cause electron
mobility modulation,*® which is due to the QCEs of 2D
electrons in ETSOIs. In addition, the QCEs induce band
structure modulation, resulting in the band gap Eg
expansion of ETSOIs.”™”

On the other hand, the first-order Raman scattering
phonon energy is the longitudinal optical phonon (LO)
energy (Epg ~ 64meV) at ¢ ~ 0 (I" point in the Brillouin
zone), where ¢ is the wave vector of the scattered
phonons.'o) However, in a low-D Si structure, the finite Si
size effects cause the quantum ¢ uncertain Ag; thus, Ag
relaxes the momentum conservation and the first-order
Raman selection rule in the phonon dispersion curve, which
is attributable to allowing the participation of phonons
away from the I" point.!'"!'” As a result, the Raman peaks
of wave number less than 520cm™! become active in the
low-D Si; thus, the phonon confinement effects (PCEs) cause
a downshift and an asymmetric broadening of the Raman
peak.!""'*1) The PCEs are reported to be enhanced in 1D
and 0D Si semiconductors, such as Si nanowires (1D)'%!”
and nanocrystals (0D),'>!® compared with those in ETSOISs,
because Agq increases with decreasing Si dimension from 2D
to OD. In the case of 2D Si, the finite Si thickness causes the
phonon wave vector uncertainty, resulting in the PCEs in 2D
Si. Therefore, the PCEs induce carrier mobility reduction
owing to the enlarged phonon scattering of carriers even in
ETSOIs.'® Moreover, the drain current drivability of the 2D
Si devices is also degraded by the self-heating effects in the
ETSOI structures.” Therefore, it is very important to study
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the 2D phonon properties as well as modulated band
structures in the 2D Si layer, to clarify both the phonon
induced carrier velocity reduction and thermal property
(such as thermal conductivity) of the 2D Si structures.

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.371819 1n addition, even in the Si material, PL has been
observed in low-dimensional porous-Si (p-Si),”” polycrys-
talline Si,>" and even thin-film Si,>'*?>?® which is caused
by strong QCEs. In particular, it is also reported that the Tg
dependence of peak photon energy is caused by the direct
optical transmission in the direct band-gap thin-film Si
material that is changed from the indirect band-gap bulk Si
material.'”

Recently, we have experimentally demonstrated the PCEs
even in a (100) 2D Si unit cell layer with Ts ~ a (Si
monolayer), where a is a Si lattice constant of 0.543 nm.2
The surface orientation engineering and strain technique
have been the major technologies for realizing high-
performance complementary MOS (CMOS) devices,” but
their influence on the QMCs in 2D Si structures has not been
studied in detail, yet.

In this work, for the first time, we have experimentally
studied the surface orientation and tensile strain effects on
both the PCEs and the PL results of the 2D Si unit cell layer
with the minimum Tg of a/2. We have also analyzed the 2D
phonon properties.”> We have shown the enhancement of
both the PCEs evaluated by UV-Raman spectroscopy and
PL intensity of 75 < 1 nm, and also discussed the physical
properties of 2D Si structures, such as the carrier saturation
velocity vsat, and the band structure modulation.

2. Experimental Procedure for Various 2D Si Layers

2D Si structures were fabricated by a usual thermal dry
oxidation of bonded (100)-SOI, (110)-SOI, and (100)-
strained SOI (SSOI) substrates®® at a high temperature T
(1000°C). The initial Ts in all substrate structures is 16—
80 nm, and the initial biaxial strain value of SSOIs is 0.7%.

© 2013 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic Si unit cell with lattice constant of a
(= 0.543 nm) projected onto the (100) plane. The solid and the dashed lines
also show the (100) and the (110) Si layers projecting on the (100) plane,
respectively. The minimum distance between Si atom layers at the (100)
(solid lines) and the (110) (dashed lines) surfaces are dygo = a/4
(=0.136nm) and dy;g = ﬁa/4 (= 0.192nm), respectively.
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Therefore, the three substrates have SiO,/Si/buried-oxide
quantum well structures, and the thickness of the surface
Si0, Tpx in the 2D Si is larger than several ten nm, and the
buried oxide (BOX) Tgox is about 150 nm.

High-resolution  transmission electron  microscopy
(HRTEM) observations show that high crystal quality can
be achieved even in 2D Si layers at Ts of less than 0.6 nm,
and no amorphous Si (a-Si) region was observed in the
whole 2D Si layer.?® The Ts of 2D Si layers is mainly
evaluated from UV /visual reflection spectra, which is also
verified by HRTEM.>"

We evaluated the PCEs of the 2D Si layers by UV
(325nm He-Cd laser) Raman spectroscopy and the PL
spectra as a function of an excitation laser photon energies
hv of 2.33eV (wavelength A4 =532nm), 2.81eV (1 =
441 nm), and 3.81eV (4 = 325nm) at room temperature,
where £ is Planck constant and v is the photon frequency.
In this work, the laser diameter is 1um, and the laser
penetration lengths Ap of 532, 441, and 325 nm in the 3D Si
layer are about 1000, 500, and 5 nm, respectively. The laser
power is 1 mW, to compress the Raman peak downshift due
to the laser power heating effects!” on the 2D Si layer, as
discussed in Sect. 3.1.

3. Results and Discussion

3.1 Phonon confinement effects in 2D Si

Figure 1 shows a schematic of Si unit cell projected onto
the (100) plane. The minimum distance d between Si atom
layers at the (100) (solid lines) and (110) (dashed lines)
surfaces are dygo =a/4 (=0.136nm) and djjp = ﬁa/4
(= 0.192nm), respectively. In this work, the d of (100)-
SSOI is also equal to djgp. As a result, it is expected that the
physical properties of the 2D Si structures strongly depend
on the surface orientation, because digy # di1o.

Figure 2(a) shows the Raman peak intensity Ip as a
function of Ty of the (100)-SOI, (110)-SOI, and (100)-SSOI
substrates. It is clear that /p in all substrates rapidly increases
with decreasing Ts, which is probably due to the resonant
Raman scattering in 2D Si structures.’” In addition, only
(110)-SOI shows the Ts dependence of Ip shifting toward the
thicker 7§ region, whereas the (100)-SOI and the (100)-SSOI
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Fig. 2. (Color online) Resonant UV—Raman scattering effects on Raman
peak intensity as a function of (a) Ts and (b) N, of (100) Si (= Ts/di0),
(110) Si (= Ts/d10) and (100) s-Si layers (= Ts/dyo0), where He—Cd laser
wavelength is 325 nm. The circles, triangles, and squares show the
experimental data of the (100)-SOI, (110)-SOI, and (100)-SSOI,
respectively. (a) shows that /p in the 2D Si layer increases with decreasing
Ts and Ny, which is caused by the band gap modulation of the 2D Si layer.
However, Ip rapidly decreases at 7s < 0.5 nm, which is attributed to the
rapid decrease in Ts. On the other hand, (b) shows that all substrate
structures have the universal N;, dependence of Ip at Ni, > 10.

show the same Ts dependence of Ip. Here, the number of Si
atom layers N, is defined by Np, = Ts/d + 1, where d is the
minimum distance between Si atom layers, as shown in
Fig. 1. Figure 2(b) also shows the Np dependence of Ip,
where the N of the (100)-SOI, (110)-SOI, and (100)-SSOI
are TS/leO + 1, Ts/d110 + 1, and TS/dIOO +1, respectively.
When Np > 10, the Np dependence of Ip is independent
of surface orientation; thus, all the 2D Si structures show the
universal Ny dependence of Ip. Therefore, the Np de-
pendence instead of the Ts dependence is the better indicator
for evaluation of the Raman characteristics of 2D Si. Thus,
in this section, we discuss the Ny dependence of Raman
characteristics. The enhanced resonant Raman scattering
effects suggest that the band-gap modulation at the I" point is
enhanced with decreasing 7s and Ny in the 2D Si structures.
On the other hand, Ip rapidly decreases at 75 < 0.5nm and
Ny < 5, which is attributed to the rapid decreases of Ts and
Ny values. Consequently, since the Raman Si intensity under
the BOX layer is very low, compared with Ip of 2D Si
layers, it is possible to evaluate the Raman spectroscopy of
2D Si layers precisely even at Ts < 1 nm and Ny < 10.

© 2013 The Japan Society of Applied Physics
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Fig. 3. (Color online) UV-Raman spectra of (a) (100)-SOI, (b) (110)-SOI, and (c) (100)-SSOI substrates at various 2D Si thicknesses 7s. The upper and

lower axes show the optical phonon energy Ep (= hcw) and wave number w of Raman shift, respectively, where c is the speed of light. Asymmetrical
broadening and downshift of Raman peaks increases with decreasing Ts in all substrate structures.

Next, Fig. 3 show the UV-Raman spectra Ix of (100)-
SOI, (110)-SOI, and (100)-SSOI, respectively. The upper
axis shows the optical phonon energy Ep (= hcw), where ¢
is the speed of light in vacuum and w is wave number of
Raman shift. When 75 < 5nm, we observed the asymmetric
broadening of Raman line shapes and the peak downshift
Aw from the usual 3D Si Raman peak (520cm™!) in all Si
substrates, which are attributable to the PCEs in the 2D Si
layers.”¥ These Raman data of the 2D Si are similar to those
of 1D and 0D Si structures.'”'*!” A is attributable to the
decrease in the Ep values in 2D Si layers and most Ep values
of 2D Si layers are lower than 3D Si Ep of 64 meV.'” The
PCEs of both the asymmetric broadening and the Aw are
enhanced with decreasing Ts, and becomes very large
especially in 0.25nm (100)-SOI, 0.5nm (110)-SOI, and
0.5nm (100)-SSOI. Thus, for the first time, we have
experimentally demonstrated the PCEs even in (110)-SOI
and (100)-SSOI structures. Moreover, the second peaks of
0.25nm (100)-SOI and 0.5nm (110)-SOI at 520cm™"' are
attributable to the Si intensity under the BOX layer Igg, but
are only 2% of the integrating Raman intensity distribution
f Ir(w) dw, where Ir(w) is the Raman intensity distribution.
Therefore, we confirmed that the influence of Ixg on Fig. 3
data is very small, because of the resonant Raman scattering
effects, as shown in Fig. 2. This is also verified by the (100)-
SSOI spectra data that the clear Raman peak of the 3D Si
layer under the BOX does not exist even in 7g < 3nm, as
shown in Fig. 3(c).

The Raman spectra of the Si nanowires and nanocrystals
with a high heat resistance strongly depend on the Raman
laser power Pp.'” Here, we discuss the P dependence of the
Raman spectrum of 2D Si layers. Figure 4 shows the Raman
peak downshift Aw of the (100) 2D Si from 520cm™!,
where Ts = 0.5nm. As shown in Fig. 4, when P > 1 mW,
Aw increases slightly, which is probably due to the self-
heating of the 2D Si layer caused by laser power. However,
when Pp <1mW, Aw is almost independent of Pp.
Therefore, the influence of P on the Raman spectrum of
2D Si layers is considered to be small in our study, when
P < 1mW.
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Fig. 4. (Color online) Laser power P; dependence of Raman peak
downshift Aw of (100) 2D Si, where 75 ~ 0.5 nm. Aw remains constant,
when P < I mW.

The Raman line shapes of the 2D Si layers are irregular,
as shown in Fig. 3; thus, the asymmetric broadening cannot
be evaluated from the usual full width at half maximum
(FWHM) of the Raman peaks. Therefore, to analyze the
asymmetric broadening, we introduce two parameters'? of
wave number width of the asymmetrical Raman peaks,
shown as Wi, and Wy in Fig. 5(a). Figure 5(a) shows the
asymmetrical broadening of Raman spectrum of (110) 2D
Si, where Ts ~ 0.5nm (N ~ 3). Wi, and Wy are defined by
width at the tenth maximum of the Raman peak intensity in
the lower and higher wave number regions from 520 cm~' of
the I' point Ep, respectively. In the case of a thicker Si layer
without the PCEs, it is expected that W, = Wy, and thus Wi,
or Wy is also an indicator for the Si crystal quality, because
the Raman line shapes of the thicker Si layer can be
expressed by the symmetrical Lorentzians. Figures 5(b) and
5(c) show the Np dependence of Wi and Wy of the Raman
peaks, respectively, where circles show (100)-SOI, triangles
(110)-SOI, and squares (100)-SSOI. When Np < 20 (Ts <
3nm), Wi rapidly increases with decreasing Ny, resulting in
WL > Wy. Wi at N = 3 in the (100)-SOI amounts to about

© 2013 The Japan Society of Applied Physics
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Fig. 5. (Color online) (a) Asymmetrical broadening of Raman spectrum of (110) 2D Si, where 75 ~ 0.5 nm (N, & 3). Wi, and Wy are defined by the width
at the tenth maximum of the Raman peak value in the low and high wave number regions from 520 cm™", respectively. Ni dependence of (b) Wy and (c) Wy
of the Raman peaks of (100)-SOI (circles), (110)-SOI (triangles), and (100)-SSOI (squares). When Np < 20, W, rapidly increases with decreasing Np.
However, when Ni. > 20, Wy is almost the same as the Wy, because of the PCEs reduction in thick Si structures. The (100) and (110) 2D Si structures have
the almost universal Ny, dependence of Wi, and Wy.
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Fig. 6. (Color online) (a) Ni, dependence of Raman peak downshift Aw of (100)-SOI (circles), (110)-SOI (triangles), and (100)-SSOI (squares) from 3D Si
peak (520cm™'). When N < 10, Aw rapidly increase with decreasing Ni in all substrates. Moreover, the (100) and (110) 2D Si structures have the

universal Ni, dependence of Aw. (b) Ts dependence of Raman peak downshift Aw of (100)-SOI (circles) and (110)-SOI (triangles), where N;, < 8. Aw in
both (100) and (110) 2D Si can be well fitted by the power law of Ty with the correlation coefficient of about 0.998. (c) Ny, dependence of the strain ¢ of
SSOIs estimated by subtracting the Aw values of (100)-SOI obtained by Eq. (1) from the experimental Aw values of (100)-SSOI. At Ny, & 4, the T variation
8Ts (0.2nm in this study) leads to € variation; thus, the ¢ behavior at N = 4 is not clear at present. However, the strain value is independent of Ny, when

N, > 10.

15 times as large as that of thicker Si layers. However, when
Ny > 30, Wy is almost independent of N and is almost the
same as Wy, because the PCEs are very small in the thicker
Si structures. Therefore, the lower Wy values of at least
Ny > 30 indicate good Si crystal quality. These results are
consistent with the ETSOI data with 7s > 5 nm reported by
Uchida et al.> However, Wy at N < 20 is also modulated
by PCEs; thus, it is difficult to analyze the Si crystal quality,
using Wy. In addition, the (100) and (110) 2D Si structures
show almost the universal Np dependence of Wi and Wy.
Thus, the asymmetrical broadening is almost independent
of the surface orientation and strain in this study. Conse-
quently, the asymmetrical broadening in this study is mainly
attributable to the PCEs in 2D Si, because of the high crystal
quality of the 2D Si without forming an a-Si, which is
evaluated by HRTEM.? As a result, the larger Wy, values
due to PCEs in 2D Si are considered to enhance the phonon-
scattering-induced mobility reduction of carriers.'®

04CC13-4

On the other hand, it is reported that the Raman properties
of the 2D Si layer are also affected by the tensile strain of the
Si/Si0, interface, which is caused by the thermal stress of
SiO, on the 2D Si layer.zg) Therefore, the experimental Aw
is mainly attributable to both the PCEs and tensile strain of
the Si/SiO, interface. However, it is difficult to analyze
the influence of the tensile strain of the Si/SiO, interface
without the PCEs on the Aw data at present. In order to
evaluate this influence, it is necessary to change the tensile
strain value of the Si/SiO, interface, by changing the
thermal oxidation temperature for forming ETSOIs. The
experimental Aw is shown in Fig. 6(a). When Np > 10
(Ts > 2nm), the Aw values in all substrates are almost the
same as those of the thicker SOI; thus, the Raman peak is
independent of Np, which is also consistent with the ETSOI
data with Ts > 5nm reported by Uchida et al.> However,
when N < 6, the Aw values in all substrate structures
suddenly increases with decreasing Np, and are about

© 2013 The Japan Society of Applied Physics
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20cm~! at N &~ 3, which is almost the same as that of
Si-nanocrystal with a diameter of 2.5 nm.'® In addition,
Fig. 6(b) shows the Ts dependence of the Raman peak
downshift Aw of (100)-SOI and (110)-SOI, where N < 8.
Aw can be well fitted by the power law of Tg with the
correlation coefficient of about 0.998, similar to the 0D Si.'®

As a result,
%
a
Aw=p8l—]|, 1
oms(2) 0

where g = 22.1 cm™!, y = 2.75 in the (100) 2D Si, and a is
the Si lattice constant.

The Ep values under the Raman peak conditions in the 2D
Si are reduced by the Ep reduction rate of AFEp/Ep =
Aw/520, resulting in AEp/Ep =~ 4% at N, of about 3 (Ts =
0.25nm) in the (100) 2D Si. In addition, in the case of the
Ny dependence of Aw, the (100) and the (110) data show the
universal relationship between Aw and Np; thus, the N
dependence of Aw is independent of the surface orientation.

On the other hand, subtracting Aw obtained using Eq. (1)
from experimental SSOI Aw data, the strain ¢ of (100)-SSOI
can be obtained. However, it is necessary to consider the Tg
variation §7s in the 2D Si to evaluate ¢, because Aw strongly
depends on Ts. Here, the Aw variation §(Aw) is considered
to be due to §Ts, and thus can be given by §(Aw)/Aw =
y8Ts/Ts, using Eq. (1). According to the Aw mapping
data in a 10* um? area of (100) 2D Si at Ts ~ 0.25 nm, 87
is estimated to be about 0.2nm in this study. Figure 6(c)
shows the N dependence of strain of SSOIs estimated by
considering 67s. At N, = 4, §Ts leads to ¢ variation; thus, &
varies from 0.6 to 1.2%. Therefore, £ behavior at N, < 10 is
not clear at present. However, strain is independent of Np,
when Np, > 10. Therefore, strain can be maintained to be
almost the same as the initial value of 0.7%, when Ni, > 16
(Ts > 2nm).

Assuming that the Ep of the 2D Si layer has almost the
same Raman intensity distribution function of Ix(Ep) shown
in Fig. 3, the average vsar of the 2D Si layer with Ny, (Ts)
can be estimated as a function of the optical phonon energy
Ep. That is,'?

3 /\/—E—I;IR(EP) dEp
vsat(Ep) =,/ 3 ) ()

fIR(EP) dEp

where my is the free-electron mass.

Figure 7 shows the vsar of the 2D Si layer as a function
of Np estimated using Eq. (2). The vsat in all substrates
gradually decreases with decreasing N at Np > 9 (Ts >
1 nm), and are rapidly reduced at a rate of 5% at N =~ 3
(Ts = 0.25nm), because of the rapidly reduced Ep in the
2D Si, as shown in Fig. 6(a). Moreover, the relationship
between vsar and Np is independent of the surface
orientation. On the other hand, the lower vsat values of
SSOI are attributable to the lower Ep, which is due to the
tensile strain in strained Si. In addition, the low Ep is
considered to induce the thermal conductivity reduction in
2D Si, which is similar to the 1D Si.'” Therefore, self-
heating effects’ due to the low thermal conductivity
probably cause the current drivability reduction in future
devices composed of 2D Si.
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Fig. 7. (Color online) Ni, dependence of the average vsar values of
(100)-SOI (circles), (110)-SOI (triangles), and (100)-SSOI (squares)
obtained using vsaT X E}l,/ 2 of Eq. (2). vsat rapidly decreases when

Np < 8. Moreover, the (100) and (110) 2D Si structures have the almost
universal N, dependence of vgar.

Consequently, the PCEs in 2D Si have the universal
dependence of the number of Si atom layers, that is, they
are independent of the Si surface orientation and strain.
Therefore, these results indicate that, the PCEs of (110) 2D
Si are larger than those of (100) 2D Si at the same Tg
conditions, because dii9 > digp. The PCE-induced vsar
reduction is one of the physical limitations of the 2D Si
structures for realizing high-performance CMOS devices
composed of the 2D Si structures.

3.2 PL characteristics of 2D Si structures

It is expected that PL characteristics strongly depend on the
Si surface orientation, because only the (100) 2D Si layer is
considered to be a direct band-gap structure.>>” In this
subsection, we discuss the experimental PL results of the 2D
Si structures.

Figure 8(a) shows the emitted photon energy dependence
of the PL spectra in the (100) and (110) 2D Si structures at
various hv values, where Ts ~ 0.5 nm, that is, the N, of the
(100) and (110) 2D Si structures are about 5 and 4,
respectively. When hv < 2.81eV, the PL spectra of the
(100)-SOI and (100)-SSOI show very broad peaks
(FWHM =~ 0.3eV) and are independent of hv, which are
similarly found in Si photonic devices® and p-Si.?>**’ The
peak photon energy Epy under both hv conditions is about
1.72eV. On the other hand, the PL intensity Ipp of the (100)-
SSOI is lower than that of the (100)-SOI, which suggests
that PL intensity depends on the strain-induced band
modulation in 2D Si. However, the PL spectrum at
hv = 3.81eV shows very sharp peak (FWHM =~ 0.013eV)
and can be fitted by the three peak energies of P1 to P3.>* In
addition, the Epy value of 1.85eV at hv = 3.81¢eV is higher
than that at hv < 2.81eV. Therefore, these PL data suggest
that the PL mechanism strongly depends on the excitation
photon energy Av. On the other hand, we cannot detect the
clear PL peak from the (110) 2D Si, which is probably due to
the fact that optical transition in (110)-SOI with Ts & 0.5 nm
is still indirect.>” Moreover, even in the (100) 2D Si
structures, we cannot observe the PL spectra when Tg is
larger than the critical value of Ts (Tsc). Tsc strongly

© 2013 The Japan Society of Applied Physics
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Fig. 8. (Color online) (a) PL photon energy dependence of PL spectra of
(100)-SOI, (110)-SOI, and (100)-SSOI at Ts ~ 0.5 nm, where the lattice
temperature 7' is 300K, and 2.33 < hv < 3.81eV. We cannot detect the PL
intensity of (110)-SOIs. The PL peak is very sharp only at ~7v = 3.81eV; in
the contrast the PL spectra at other hv values are very broad. However, the
PL spectrum at hv = 2.81 eV is almost the same as that at hv = 2.33eV.
(b) Ts dependence of PL spectra at hv = 2.33eV vs PL photon energy of
(100)-SOI; the arrows show the peak PL energy Epy at various Ts values,
where 0.25 < Ts < 1.0nm. Ip, and Epy depend on Ts.

depends on hv, and the Tgc values at hv < 2.81eV and hv =
3.81eV are about 1nm (N. ~9) and 6nm>? (N =~ 45),
respectively. Consequently, in this work, we can observe
the PL spectra of only the (100)-surface 2D Si with the
direct band-gap structures including the SOI and SSOI
substrates.

Moreover, Fig. 8(b) shows the Ts dependence of the PL
spectra of the (100)-SOI, where hv = 2.33eV. Epy and Ipg,
strongly depend on Ts. Namely, Ip, rapidly increases with
decreasing Ts, but Ip; also decreases at Ts =~ 0.25nm. On
the other hand, Epy continues to increase with decreasing
Ts.

Here, Fig. 9 shows a summary of the 75 dependence of
the peak Ipy of the (100)-SOI, (110)-SOI, and (100)-SSOI
at hv = 2.33eV. In the case of the (110)-SOI, we cannot
observe PL at Tg > 0.5nm. The Ip. at hv =2.33eV of
(100)-SOI rapidly increases with decreasing T in the case of
Ts < 1.0nm (N < 10), but Ip;, also decreases at Ts ~
0.25nm (Np ~ 3). When Ts > 0.5 nm in the (100)-SOI, Ip;
is considered to be proportional to the excitation laser
photon flux Iz4 absorbed in the 2D Si layer with T; thus, the
Ira can be expressed as follows'”

Ts
IPL X IFA = 10(1 — R){l - exp[_ /lP(TS)]}

= Io(1 = R){1 — exp[—a(T5)Ts]}, 3)
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Fig. 9. (Color online) PL peak intensity Zp;. of (100)-SOI (circles), (110)-
SOI (triangles), and (100)-SSOI (squares) as a function of Ts, where T is
300K and hv = 2.33eV. Ip., of (100)-SOI rapidly increases at 7s < 1 nm,
but decreases at Ts = 0.25 nm again. Moreover, Ip, of (100)-SSOI is very
low. The right vertical axis shows the estimated Ap [= 1/« (« is the
absorption coefficient)] of (100)-SOI (open circles) at hv = 2.33 eV, and the
dashed line indicates that Ap o TS3‘2.

where Iy is the photon flux at the Si surface, R is the
reflectivity at the Si surface, Ap is the penetration length in
Si, and « is the absorption coefficient of the 532 nm photon
in the Si layer. In order to explain the rapid increase in the
Ip, of the (100) 2D Si shown as closed circles in Fig. 9, it
is expected that the Ap of (100) 2D Si at 532nm laser
wavelength strongly depends on Tg, and rapidly decreases
with decreasing Ts. Using Eq. (3) and assuming that the R
in Eq. (3) is independent of 75, Ap can be obtained as a
function of Ts, shown as open circles in Fig. 9, and the Ap at
Ts of 0.5 nm is about one order of magnitude lower than that
at Ts of 1.0 nm, resulting in Ap o T3-%. Very short Ap, that is,
very large « in the 2D Si is very suitable for a Si photonic
device. These data strongly indicate the optical direct-
transitions in the (100) 2D Si, because Ap is reduced in the
case of direct optical transitions.'”? However, in order to
confirm the above-mentioned short Ap in 2D Si, it is
necessary to evaluate the o spectrum of 2D Si directly, using
a Si-on-quartz (SOQ) substrate.

Next, Fig. 10 shows the Tg dependence of the PL peak
photon energy Epy of (100) 2D Si at T = 300 K. The Epy at
hv = 2.33 eV increases with decreasing 75 and is indepen-
dent of the strain, which suggests that the Eg of 2D Si layer
expands with decreasing Ts. Assuming the infinite confining
SiO, potential, the analytical model of Eg as a function of
Ts (dotted line in Fig. 10) is given as Eg(Ts) = Ego +
212 /T3 (mi =" + miy "), * where Eco is the band-gap of 3D
Si, and mj (= 0.98myg) and myyy (= 0.49my) are the elective
masses of electrons and heavy holes, respectively.'?
However, Fig. 10 shows that the experimental Epy values
in this work are smaller than the theoretical results (dotted
and dashed line),7> the analytical model, and reported data®?
on Eg, whereas the experimental Epy value at 7g of 1 nm
is almost the same as the theoretical one.” In addition, the
Eg deviation between our results and these reference
data increases with decreasing Ts, and especially the Eg
deviation becomes larger in the case of the analytical
model. The physical mechanism for the Eg deviation is not

© 2013 The Japan Society of Applied Physics
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Fig. 10. (Color online) 75 dependence of PL peak photon energy of (100)
2D Si at T = 300 K. Circles and triangles show the results of (100)-SOI at
hv = 2.33 and 3.81 eV, respectively. Square shows the result of (100)-SSOI
at hv = 2.33 eV. Error bars indicate the Epy (0.15eV) values estimated
from the FWHM values of the PL spectra shown in Fig. 8. The dotted/
dashed and the dotted lines show the theoretical” and the analytical®?
results on Ts dependence of Eg of (100) 2D Si, respectively. The Epy at
hv = 2.33eV increases with decreasing Ts, and the deviation between the
experimental and the reference data also increases with decreasing Ts. In the
contrast, the Epy at hv = 3.81 eV remains constant at 1.85eV.

understood at present, but the Eg graded region (about
0.2nm in length) at the SiO,/Si interface, that is, from a
small Eg of the 2D Si layer to large Eg of the SiO; layers,*"
possibly causes the reduction of the quantum confinement
effects in the 2D Si layer, resulting in our smaller Eg values.
Consequently, the PL mechanism at hv=2.33eV is
considered to be due to the direct optical transition of
electron/hole pairs generated in 2D Si, as similarly found in
the p-Si'® and Si photonic devices.” On the other hand, the
Epy at hv =3.81eV is independent of Ts, and remains
constant at 1.85eV.?* Thus, the physical mechanism for the
PL at hv < 2.81 eV is much different from that for the PL at
hv=3.81eV. In our previous paper,”” we introduced a
possible three-region model?!*? for the PL mechanism at
hv =3.81eV.

Here, we have introduced a simple model for the PL
mechanism as function of high and low excitation photon
energies. The above PL results are attributable to both the
excess energy Egx of the electrons generated at the I' point
of the 2D Si layers and the position difference of the
emitted photons due to the recombination of electron/hole
pairs. Namely, PL intensity strongly depends on Egx =
hv — Er, where Er is the energy level at the I point of
(100) 2D Si and is equal to about 2eV.Y Figures 11(a)
and 11(b) show the schematic band diagrams from the
surface oxide to BOX layers for hv > Er and hv = Er
cases, respectively. The surface and the back side interfaces
between SiO, and Si show the Eg transition region.’"
In both hv cases, the «(7s) of the excitation photon in 2D Si
rapidly increases with decreasing Ts, as shown in Fig. 8.
In the interface regions, at least three energy levels from P1
to P3 exist, and the P1 level is the minimum value and the
P3 level is the maximum value, according to our previous
PL results.’® When hv>> Er (Epx > 0), as shown in
Fig. 11(a), electrons generated by photons with a high
energy of 3.81eV become hot and can be injected into the
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Fig. 11. (Color online) Schematic PL models for 2D Si layers in the

case of excitation laser energies of (a) hv = 3.81 and (b) hv < 3.81eV,
using a three-region model.? (a) When hv = 3.81¢eV > Er [Er (~2eV) is
the direct bandgap energy at I" point of (100) 2D Si],” hot electron/hole
pairs are generated in 2D Si layer, which are injected into the Si/SiO,
interface Eg transition region.’® Hot carriers recombine at the Si/SiO,
interface, where «(7s) and B(Ts) are the absorption coefficient of the
excitation photons in 2D Si and the injection coefficient of hot electrons
into the interfaces, respectively. (b) When hv = 2.33/2.81eV = Er, the
generated electron/hole pairs directly recombine in a 2D Si layer with a
direct band-gap.

Eg transition region at the SiO,/Si interface, where the
injection coefficient B(7s) depends on Egx. At the Eg
transition interface regions, the photons are emitted by the
recombination of generated electron/hole pairs.”? As a
result, the Epy at hv = 3.81 eV is proportional to (Ey — Ev)
and is thus independent of the Eg of 2D Si, where Ej
and Evy are interface state energy levels with the three
different values (P1 to P3) and the valence band levels,
respectively. On the other hand, when hv &~ Ey (Egx ~ 0),
as shown in Fig. 11(b), electron/hole pairs are generated
by excitation photons with a relatively low energy, and
thus do not become hot. Therefore, since generated
electron/hole pairs are directly recombined in the 2D Si
region with the direct band-gap structures, the photons are
emitted directly in the 2D Si layers, resulting in Epy &~ Er.
As a result, Epy strongly depends on the 7g of 2D Si,
because Er and the band structures of 2D Si strongly
depend on Ts.

Consequently, we have demonstrated the excitation
photon energy dependence of the PL phenomena in the 2D
Si layers, which can be qualitatively explained by the simple
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PL model. In addition, the PL results strongly depend on the
surface orientation of the 2D Si layers, whereas the phonon
confinement effects are independent of the surface orienta-
tion, as discussed in the previous section. This is because the
band structures of 2D Si strongly depend on the surface
orientation.

4. Conclusions

We have experimentally studied the surface orientation/
tensile-strain effects on quantum mechanical confinements
(QMCs) in 2D Si layers for future CMOS devices, using
(100)-SOI, (110)-SOI, and (100)-SSOI substrates. Because
of the rapid increase of the UV-Raman intensity with
decreasing 2D Si thickness 75 and number of Si atom layer
Ny, which is attributable to the resonant Raman scattering,
we can evaluate in detail the phonon properties of the 2D Si
by UV-Raman spectroscopy, even at Ts < 0.5nm (N < 5).
We have demonstrated that the quantum phonon confine-
ment effects (PCEs), including the asymmetric broadening
of the Raman line shapes and the Raman peak downshift,
enhance with decreasing Ts and Ny, but the Ni, dependence
of the PCE:s is almost independent of the surface orientation
and tensile strain. Therefore, the Ni dependence instead of
the 75 dependence is the better indicator for evaluating the
Raman characteristics of 2D Si phonons. As a result, we
found that the phonon energy of 2D Si decreases with
decreasing Ts, that is, N, which is mainly caused by the
PCEs of the 2D Si structures. Thus, the carrier saturation
velocity in the 2D Si structures is estimated to be reduced by
a low phonon energy.

On the other hand, we can observe photoluminescence
(PL) characteristics of the (100) 2D Si layers, but we cannot
detect the PL of the (110) 2D Si. This is because the band
structures strongly depend on the surface orientation.
Namely, (100) 2D Si has direct band-gap structure, but in
the contrast (110) 2D Si has the usual indirect band-gap
structure. In addition, the PL spectra of (100) 2D Si strongly
depends on the excitation photon energy hv in the range of
2.33 < hv < 3.81 eV, which can be qualitatively explained
by the simple PL models considering the excess energy of
generated electrons in the 2D Si layers. Namely, when the Av
is high (hv = 3.81¢V), the PL peak photon energy Epy of
1.85eV is independent of Tg, which is attributable to the
recombination of the generated hot electron/hole pairs in
the graded band-gap regions at the SiO,/Si interface region.
On the other hand, in the case of a lower hv (hv < 2.81¢V),
Epy increases with decreasing Ts, because the generated
electron/hole pairs directly recombine in the 2D Si layers.
PL intensity increases with decreasing 7Ts, which suggests
the rapid reduction in the absorption coefficient of photons in
the 2D Si. Consequently, it is necessary to reconstruct the
device design for future planar and 3D CMOS devices,
such as ETSOI-CMOS and FinFETs composed of 2D Si
structures, considering the above PCEs and the band
structure modulation.
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