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Utilizing low-temper ature epitaxial technology, we have developed a novel MOSFET structure consisting of a nano-scale (< 15
nm) strained Silicon (S)) layer grown on a nano-scale S Ge-on-insulator (SiGe-Ol) structure. By fabricating n-M OSFET s based
on thisstrained S/SIGe/SO,/S structure, we experimentally studied two effects on the electron mobility in the inversion layer,
as compared to MOSFETSs based on the conventional silicon on insulator (SOI) structure: the effect of the Ge mole fraction
in the SGe layer, and the effect of the strained Si layer thickness. We observed that the current transport in the strained S
layer was enhanced by a factor of about 1.6 as compared to the unstrained S in the conventional case. In addition, we found
that in the case of a strained S layer with athickness of lessthan 15 nm, astheits thickness was reduced, the electron maobility
in the inverson layer decreased.

Key words. nano-thickness drained- S, SGe, mole fraction, phonon scattering rate, mobility.

Introduction inversion layer. The electron mobility is thus determin-
ed by the thickness of the nano-scale strained S
It has been reported that inserting a SiGe layer inversion layer, since the total thickness, including both

producing a biaxial tensile gtrain in the Si inversion the strained Si layer and the relaxed SiGe layer, is
layer of an silicon on insulator (SOI) n-Metal Oxide fixed. That is, the electron mobility decreases with an
Silicon Field Effect Transistor MOSFET (n-MOSFET) increasing thickness of a strained S inversion layer
increases the eectron mobility [1]. The biaxia tensile grown on a SiGe-on-insulator substrate [4].

strain increases the difference in the sub-energy band Since this electron mobility improvement has not yet
between the 2-fold valeys and 4-fold valleys in the been demonstrated experimentally, in this work, we
conduction band, thus enhancing the occupancy of the fabricated -MOSFETs with a nano-scale strained Si

2-fold valleys. As a result, since the effective conduc- layer grown on a SIGe/SIO,/S structure. We then
tion mass of electrons is smaller in the 2-fold valleys measured the electrical characteristics of the fabricated
than in the 4-fold valleys, the electron mobility is devices in order to investigate the simultaneous effect

increased. The effect strongly depends on the Ge mole of the thickness of the strained Si layer and the Ge
fraction (x) in the SiGe layer (i.e.,, a higher Ge mole mole fraction in the SiGe layer on the electron mohility

fraction leads to a higher electron mobility). In addi- in the inversion layer.

tion, as the design rule for SOl MOSFETs drops below

90 nm, the top Si thickness in the SOI is now of the Device Fabrication and Measurement
order of tends of nanometers [2]. There have been

severa theoretical calculations on the dependence of Nano-scale Ge epitaxial layers were grown on p-type
the electron mobility on the nano-scale SOI S thick- 200 mm Si wafers with (100) orientation and 10 Q-cm
ness [3]. The electron mohility in the inversion layer of resistivity by ultra-high-vacuum chemical vapor deposi-
an SOl MOSFET decreases as the Si thickness is tion at 750 °C. The thicknesses of the SiGe layers in
reduced in the range of from 20 nm down to 5 nm, yet our experiment were 3, 5, 8 and 10 nm. A structure
it increases with reduction in the thickness range from consisting of a strained S layer on a SiGe-Ol substrate
5to 3 nm. Gamiz et al. [3] showed through simulation was fabricated on each wafer by the following process
that a strained Si inversion layer grown on a SiGe-on- sequence: low-energy hydrogen implantation, room-
insulator structure would enhance the electron mohility temperature vertical bonding, low-temperature cleavage

of an SOl MOS-FET as compared to an unstrained S (<400°C), and high-temperature (> 1125 °C) anned-
ing, followed by chemical etching. The thickness of
strained Si was controlled to 5, 7, 10, and 12 nm by

*%r_rfgg_r‘gizngggﬁ)hzosz varying the chemical etching time. The strained S
Fax: +82-2-2296-1179 layer thickngsses of the experimentd samples are
E-mail: gslee@hanyang.ackr, parkjgL @hanyang.ac.kr summarized in Table 1.
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Table 1. Nano-thickness and Ge mole fraction in the SiGe layer

Sample Ts (nm) Tscee (M)  Ge Content (%)
No. 1 28 10 19
No. 2 58 8 14
No. 3 7.8 5 15
No. 4 9.8 3 10
No. 5 12.8 None 0
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Fig. 1. (8) Cross-sectiond TEM image of a strained Si/SIGE/OI
gructure. (b) AFM image of the rms surface roughness of this
structure near the center of awafer.

A key factor in forming this kind of nano-scale
strained Si layer on SiGe-Ol is the fabrication of the
SiGe-on-insulator (Si/SiGe-Ol) substrate layer. Figure
1(a) shows a cross-sectional TEM (transmission electron
microscope) image of a nano-scae strained Si layer
grown on a SiGe/SIO,/S structure. The SiGe layer in
Fig. 1(a) appears dark black, in contrast to the silicon
layer above. Figure 1(b) shows an AFM (atomic force
microscope) image of the surface roughness near the
center of the wafer. The rms roughness value is 0.273
nm, indicating almost the same level of surface quality
as the bulk silicon.

Figure 2 shows SIMS (secondary ion mass spectro-
scopy) profiles for al samples as a function of depth.
Although the epitaxia process target for the Ge mole
fraction in the SiGe layer was 20% for al samples, the
fina Ge mole fraction in the relaxed- Si;Ge, layer
varied from 10% to 20% with the thickness of the
layer. This was probably caused by out-diffusion of Ge
in the exceedingly thin SiGe layer. The occurrence of a
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Fig. 2. SIMS profiles of the Ge molefraction in the SiGe layer for
dl samples.

second peak of the Ge mole fraction for al samplesis
attributed to the matrix effect, i.e., when the sputtering
O" ions used in SIMS contact the buried oxide layer
below the SiGe layer, the intensity of secondary eectrons
is increased.

Since we should exclude the short-channd effect
from the current transport characteristics in order to
characterize their dependence on both the thickness of
the strained Si layer and the Ge mole fraction in the
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Fig. 3. (8 n-MOSFET device fabrication steps. (b) Schematic
structure of the n-MOSFETS.
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Fig. 4. SIMS profiles of the surface doping concentrations in the
source/drain area of an nN-MOSFET fabricated by plasma
immersion doping implantation followed by RTA annegling for 10

seconds at 850°C, The black squares correspond to phosphorous
ions, and the open circles correspond to oxygen ions.

SiGe layer at the same time, we fabricated self-aligned,
long-channel n-MOSFETs with a form factor (W x L =
5x5 um). The process sequence used for fabricating
these n-MOSFETSs is illustrated in Figure 3(a). The
mesa process was Utilized to isolate the transistors, and
thermal oxidation in a dry O, ambient was used to
grow a5 nm thin gate oxide. We confirmed from a C-V
plot that the actual gate oxide thickness was 4.88 nm.
We then fabricated n"-doped poly-Si gates, and applied
plasmarimmersion doping with phosphorous to form
the source/drain region, followed by an RTA (rapid
thermal annealing) process for 10 seconds at 850 °C to
provide activation annealing. Figure 3(b) shows the
schematic structure of the long channel N-MOSFETS.
Since no channel doping was done, the surface doping
concentrations on the source and drain areas were
about 2 x 10t cm™ for all samples, as seen from the
SIMS profile shown in Figure 4. For comparison, a
conventional SOl wafer without a SiGe layer was
processed aong with the strained S samples.

Results and Discussion

Figure 5(a) shows the n-channel drain current vs.
drain voltage characteristics of n-MOSFETs fabricated
with a strained Si/SIGe/OIl structure (solid circles) and
a conventional unstrained SOI structure (open circles).
The results show that the drain current was enhanced
by about 160% in the strained S/SIGe/Ol case as
compared to the unstrained SOl n-MOSFET. This
enhancement of the current drivability must be attribut-
ed to the strain effect. This refers to the well-known
fact that a biaxia strain splits a 6-degenerate band into
2- and 4-degenerate bands, resulting in a lowered
conduction effective mass and a reduced inter-valley
scattering rate [5, 6].

Figure 5(b) show the current characteristics as a
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Fig. 5. (8 Experimenta drain current characterigtics of an n-
MOSFET with agrained S/SiGe-Ol structure (Tw =12.8 nm, Tg
=9.8nm, Tge= 3 nm) compared with those of aconventiona SOI
n-MOSFET (Tw = 12.8 nm). (b) Drain current characteristics for
n-MOSFET s with various thicknesses of strained Si.

function of the strained top silicon thickness. The drain
current was measured with a gate voltage of 2.5V and
a drain-to-source voltage of 2.5 V. Except for the device
with a 2.8 nm strained Si layer, all the strained SOI n-
MOSFETSs exhibited a drain current higher than that of
a conventional SOl device. The 2.8 nm n-MOSFET
likely showed a lower drain current due to a process
effect. These results experimentally confirmed, for the
first time, that a MOSFET fabricated with a nano-scale
(Ts <15 nm) strained Si layer grown on a SiGe/Ol
substrate can provide a higher current than a conven-
tional SOl MOSFET.

Figure 6(a) shows the conduction effective mass for
various values of strained S thickness and Ge mole
fraction. The conduction effective mass was lower for
the strained SOI samples than for the unstrained samples.
This strongly depends on band splitting, which is a
function of the Ge mole fraction. Higher band splitting,
due to a higher mole fraction, leads to a higher electron
population in the lower band, resulting in a lower
conduction effective mass. To distinguish the effect of
the thickness from that of the mole fraction, we
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Fig. 6. Conduction effective mass of electronsin strained Si/SiGe-
Ol inverson layersfor various thicknesses of strained Si, with the
Ge mole fraction (8) ranging from 0.095 to 0.19 and (b) fixed at
0.2.

calculated the electron mass under the condition of a
congtant mole fraction. Based on this caculation, Fig.
6(b) illustrates that the effect of the dtrained S
thickness on the conduction mass is ailmost negligible.
Thus, we have observed that, when the thickness of the
strained Si layer is decreased to less than 10 nm and
the Ge mole fraction in the SiGe layer is decreased
simultaneoudy, the enhancement of the drain current in
a nano-scale strained Si/SiGe-Ol MOSFET is subject
to two different effects (i.e., the effect of the Ge mole
fraction, and the effect of strained S thickness). In
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other words, the biaxia tensile strain generated by the
Ge mole fraction enhances the drain current, while the
decrease in the strained top Si thickness brings about a
decrease in the drain currents, as observed in Fig. 5(b).

Conclusion

For CMOSFETs with a 50 hm design rule, we have
developed a novel MOSFET structure consisting of a
nano-scale of strained S layer grown on a nano-scale
of relaxed SiGe-Ol substrate. These novel MOSFETSs
were fabricated by ultra-high-vacuum chemical vapor
deposition a a low temperature. The strained Si layer
was found to have not only good crystal quality,
without misfit dislocations, but also excellent surface
quality, with surface roughness applicable to the sub-
50-nm device generation. We observed that the strained
Si/SiGe-Ol MOSFETs exhibited higher drain current
transport than did conventional SOI MOSFETSs. In
addition, we observed that two effects simultaneously
influenced the device performance in terms of the drain
current, in that the electron mobility was governed by
both the strain effect of the Ge mole fraction in the
SiGe layer and the thickness effect of the strained S
layer at the same time. From our experimental results
on the strained S thickness dependency, we found that
the drain current was reduced as the strained S
thickness was decreased.
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