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PAPER

Characteristics of Nano-Grating N-Channel MOSFETs for
Improved Current Drivability

Xiaoli ZHU†a), Shin-Ichiro KUROKI†, Nonmembers, Koji KOTANI†, Member, Hideharu SHIDO††,
Masatoshi FUKUDA††, Yasuyoshi MISHIMA††, Nonmembers, and Takashi ITO†, Member

SUMMARY Drivability-improved MOSFETs were successfully fabri-
cated by using nano-grating silicon wafers. There was almost no addi-
tional process change in device fabrication when the height of the grat-
ings was less than the conventional macroscopic wafer surface roughness.
The MOSFETs with the grating height of 35 nm showed 21% improvement
in current drivability compared to the conventional one with the same de-
vice occupancy area. And the roll-off characteristic of threshold voltage of
nano-grating device held the line of conventional one in despite of the 3-D
channel structure. The technology provides great advantages for drivability
improvement without paying much tradeoff of process cost. This proposal
will be useful to CMOS-LSIs with high performance in general.
key words: nano-grating, transconductance, effective mobility, current-
drivability

1. Introduction

Higher drivability of transistors is necessary to meet the
requirements of electronic systems. Up to now, the im-
provements in the performance of MOSFETs were mostly
achieved by scaling of gate length (L) and the gate dielec-
tric thickness. However when scaling the device size into
deep submicron regions, there are some problems caused by
the short channel effects as well as increased process cost.
So the non-scaled approaches such as fin-channel-structures
[1]–[6] and strained-channel transistors [7], [8] are widely
studied to sustain Moore’s law. But these methods are so
complicated that it is too costly. Multi-wall p-channel MOS-
FETs were reported to have 45% increase in hole mobil-
ity [9]. The improvement was mainly caused by p-channel
strains. In this paper nano-grating n-channel MOSFETs are
reported. The gratings, or nanometer level trenches, were
periodically formed on bare silicon wafers, and then MOS-
FETs were fabricated on the nano-grating wafers with con-
ventional process. The special feature is that no complicated
process is needed and the process is almost compatible with
the conventional one.

2. Feature of Nano-Grating Channel MOSFETs

The multi-channels consist of nano-gratings formed with
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Fig. 1 Structure of a nano-grating MOSFET. The current flows along
three kinds of surface of the wafer: the top, sidewalls and bottom with a
larger total effective channel width.

nanometer level line and space trenches. The trenches are
periodically formed over an original wafer and are shallow
enough compared to the site flatness of a wafer. The uni-
versal nano-grating wafers are applicable to various kinds
of LSI production if transistor channels are aligned to the
directions of gratings.

The drivability of a MOSFET is shown as α·gm

α·Cg+Cl
,

where gm and Cg are transconductance and gate capacitance,
respectively. Cl is the load capacitance. Generally, α = 1,
α · Cg � Cl. The purpose of this proposal is to increase α
and then to increase the drivability.

As shown in Fig. 1, in a multi-channel MOSFET by
nano-gratings, current flows along three kinds of surfaces
of silicon on the top, bottom and sidewall of each grating,
different from the conventional multi-fin type structure in
which current flows only on vertical sidewalls of the multi-
fins, is 3-dimensional and requires complicated processes
for fabrication such as patterning, etching, channel ion im-
plantation and so on. By nano-grating channel, the greater
area-advantage on silicon wafer can be obtained. Any ad-
ditional transistor process is unnecessary except the grating
formation for the first stage. Universal wafers with nano-
gratings in triangular, square, or trapezoidal can be prepared
for many kinds of LSI applications.

Table 1 shows the requirements for wafer flatness
and doping cited from the 2005 International Technology
Roadmap for Semiconductors (2005 ITRS) [10]. The nan-
otopography was already less than 18 nm in 2006. However,
the site flatness was close to 70 nm and is expected to be
less than 35 nm in 2012. The junction depth is now about
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Table 1 ITRS requirements [10] for wafer flatness and source-drain
doping depths of MOSFETs in each technology node.

30 nm and to be 15 nm in 2012 for high performance LSIs.
If the step height of nano-gratings is much smaller than these
values, we need not to care about surface roughness or de-
viation caused by the nano-gratings during the fabrication
process. On the contrary, if the height of nano-gratings is
higher than those values, the design of nano-grating chan-
nel MOSFETs must be modified to suppress short-channel
effect and so on.

3. Experiments

Both the nano-grating channel MOSFET and the conven-
tional one are employed for this experiment, and the struc-
ture of a nano-grating channel MOSFET is shown in Fig. 1.
The device has conducting channels on three kinds of sur-
face: the top, bottom and sidewalls of silicon wafer with
a total effective channel width larger than the conventional
ones.

Key fabrication processes of nano-grating device are
listed in Fig. 2. The process started with a conventional p-
type (100) Si wafer. The lines and spaces were patterned
using EB direct lithography technology. Dry etching was
used to etch the surface of the wafer to form nano-grating
steps. The pitch of lines and the step height was 140 nm
and 35 nm, respectively, which is much smaller than the val-
ues required in site-flatness in ITRS [10], so it is unneces-
sary to care about surface roughness or deviation caused by
nano-gratings. The wafer with nano-gratings was chemi-
cally cleaned and was followed by the conventional MOS-
FET fabrication process, the isolation is formed by shallow
trenches followed with p-well ion implantation at a dose of
2 × 1013 cm−2 with an energy of 180 keV. The channel ion
implantation was carried out at a dose of 2× 1012 cm−2 with
an energy of 10 keV. The gate insulator of SiON film with
thickness of 2 nm was grown by thermal oxidation and ni-
tridation. The poly Si gate electrode was deposited and fol-
lowed by patterning, ion implantation and annealing. The
standard contact metallization steps completed the device
fabrication. Figure 3 shows the cross-section SEM image
of nano-grating and the plain-view SEM image of a nano-
grating MOSFET. By measuring the effective width shown
in Fig. 3(a), in ideal situation, the drain current of nano-
grating device is expected to be 1.5 times to that of the con-
ventional one under the same bias conditions.

Fig. 2 The process flow of a nano-grating n-channel MOSFET on P(100)
silicon surface.

(a) (b)

Fig. 3 The SEM pictures of nano-grating (a) and nano-grating MOSFET
(b).

4. Results

4.1 Drain Current-Voltage Characteristics

Figures 4(a) and (b) shows the drain current-voltage char-
acteristics (Id-Vd) for nano-grating and conventional n-
MOSFETs with the same occupancy channel width of 5 µm
and length of 0.25 µm, respectively. The drain bias is from
0 to 2 V with one step of 10 mV and the gate bias is from 0
to 1 V with a step of 0.2 V. According to the drain saturation
current equation

Id =
1
2

W
L
µeff
εrεox

tox
(Vg − Vth)2,

the enhancement of drain current may result from the
change of W, Vth and (or) µeff . To make sure how the chan-
nel width W has changed, the gate capacitances of both the
nano-grating device and the conventional one with the same
gate area are measured.

Figure 5 shows the relation between the gate-channel
capacitance and the gate area of both the nano-grating de-
vice and the conventional one. As a result, the former is
1.35 times of that of the latter. The improvement percentage
is smaller than the expected value of 50%, and the reason
will be discussed in Sect. 5.

4.2 Drain Current-Gate Voltage Characteristics

Figure 6 shows the drain current-gate voltage (Id-Vg) char-
acteristics of both the nano-grating device and conventional
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(a)

(b)

Fig. 4 Drain current-voltage characteristics of the nano-grating device
(a) and the conventional one (b). The channel length L and width W in
plane are 0.25 µm and 5 µm, respectively.

Fig. 5 Gate area dependence of gate-channel capacitance of the nano-
grating device and the conventional one.

Fig. 6 The Id-Vg characteristics of the nano-grating device and the con-
ventional one with the same plane channel width and length of 5 µm and
0.25 µm, respectively.

Fig. 7 The channel length L dependence of threshold voltage of the
nano-grating device and the conventional one.

Fig. 8 The channel length L dependence of sub-threshold slope S of the
nano-grating device and the conventional one.

one with the same plane channel width and length of 5 µm
and 0.25 µm, respectively. The threshold voltage is extracted
from the linear region Id-Vg characteristics with small Vd.
Figure 7 shows the threshold voltages of the devices. Com-
pared to the conventional plane device with the same plane
device size, the threshold voltages of nano-grating device
is smaller. The reason will be discussed later in Sect. 5 in
detail. In Fig. 7, the threshold voltage curve of the nano-
grating devices with different channel length was shifted to
compare the short channel effect between the two kinds of
devices. The shifted curve almost matched to the curve of
the conventional device. It can be concluded that the nano-
grating device has almost the same short channel effect. So
it is possible to scale the nano-grating devices down in spite
of the 3-D structure of the channel. Figure 8 shows the de-
pendence of sub-threshold slope S on the channel length.
The S values of nano-grating devices were almost as small
as those of conventional ones until the channel length be-
comes smaller than 0.25 µm.

4.3 Transconductance Characteristics

Figure 9 shows the transconductance Gm as the function of
the plane channel width and length. The values of Gm of
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(a)

(b)

Fig. 9 The channel width and length dependence of the transconduc-
tance in the nano-grating device and the conventional one.

both the nano-grating device and the conventional one with
several kinds of occupied area, measured with the same con-
dition, were compared. And it is obvious that with the same
plane area, the current drivability of nano-grating device is
about 21% larger than that of the conventional one, indepen-
dent of the plane channel width or the plane channel length.

4.4 Effective Channel Mobilities

The effective channel mobility in the inversion layer, µeff

was determined from the drain conductance gd in the linear
region.

µeff =
L
W

gd(Vg)

qNS (Vg)

The nano-grating device and the conventional one with the
same plane size was studied. gd was measured at the drain
voltage Vd of 10 mV. The channel width W of the nano-
grating device was considered as 1.35 times of that of the
conventional one from the measurement of Cgc(Vg). The
surface carrier concentration NS (Vg) was determined di-
rectly through gate-channel capacitance Cgc(Vg) measure-
ment [11]–[13],

qNS (Vg) =
∫ Vg

−∞
Cgc(Vg)dVg.

Figure 10 shows the effective mobility in both kinds

Fig. 10 Gate voltage dependence of effective mobility of the nano-
grating device and the conventional one.

of devices. It can be seen clearly that in lower voltage re-
gion, the mobility in nano-grating device is larger than that
in conventional one, which is considered to be induced by
the lower impurity concentration in nano-grating device. In
higher voltage region, mobility is smaller than that in con-
ventional one due to the roughness surface in nano-grating
device.

5. Discussion

5.1 Decrease of Nano-Grating Devices’ Threshold Volt-
age

To make the reason why nano-grating device’ threshold
voltage is smaller than that of conventional one clear, the
body effect of the two kinds of device with planar chan-
nel width of 10 µm and length of 10 µm was studied. The
dependence of threshold voltage on back bias voltage was
shown in Fig. 11. It can be obviously seen that nano-grating
channel device has a smaller back-gate effect parameter γ
[14] than the conventional one. From the function about

γ

(
γ =

√
2εS qNA

Cox

)
, the average doping concentrations of the

substrate were calculated. As a result, the doping con-
centration of nano-grating wafer and conventional wafer is
4.24 × 1016 cm−3, 1.57 × 1017 cm−3 respectively. From the
function about threshold voltage

Vth = VFB + 2ϕB +

√
2εS qNA(2ϕB)

Cox

with the same condition, the lower the substrate doping con-
centration is, the lower the threshold voltage will be, which
is consistent with the result.

The process simulation was also carried out about the
impurity profiles after well and channel ion implantation.
Redistribution of those impurities after the activation an-
nealing were ignored because of its short time (1000◦C, 3 s).
The result is shown in Fig. 12 and it proved the supposition
of less concentration of the impurities in the nano-grating
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Fig. 11 The dependence on back bias voltage of the nano-grating device
and the conventional one both with the planar width and length of 10 µm.

(a) Nano-grating device

(b) Conventional device

Fig. 12 The simulation result of impurity profiles. The p-well implanta-
tion was done with boron ions of 2× 1013 cm−2 and energy of 180 keV and
the channel ion implantation with boron ions of 2 × 1012 cm−2 and energy
of 10 keV.

channel region.
The effective channel mobility was also influenced by

the channel impurity profile as can be seen in Fig. 10. It is
also the evidence that the channel doping concentration of
nano-grating device is lower than the conventional one. In
lower voltage region where it is limited by Coulomb scat-

tering, the effective mobility in nano-grating device is larger
than that in the conventional one although it is smaller than
that in the conventional one due to roughness scattering at
the nano-grating surface. The strain effect for the n-channel
MOSFET may remain as the other reason to decrease the
effective mobility [15].

5.2 Improvement of Transconductance

With the formation of nano-grating shown in Fig. 3(a), it is
expected the improvement of the gate-channel capacitance
and the current drivability to be 50%. But the roughness
of the etched sides in Fig. 3(a) may cause the nonuniform
thickness of the gate dielectric which will result in the de-
crease of the improvement. So the improvement rate of the
capacitance was 35%. Due to the deterioration of effec-
tive mobility in nano-grating device shown in Fig. 10 which
may be induced by the roughness of etched silicon surface
of nano-gratings, the improvement of transconductance be-
came 21%, smaller than the improvement of gate-channel
capacitance of 35%. But with the optimization of the etch-
ing process, larger improvement can be achieved in future.

6. Conclusion

A drivability enhanced n-channel MOSFET with nano-
grating channel is reported. By using nano-grating wafer,
the effective channel width can be increased universally
without any additional process change. The nano-grating
device showed about 21% improvement in drain current
compared to the conventional one with the same occupied
area. With the optimization of fabrication process in the fu-
ture, more improvement can be enhanced. The roll-off char-
acteristics of threshold voltage of nano-grating device held
the level of the conventional one in spite of the 3-D chan-
nel structure. The technology provides great advantages for
drivability improvement without paying much tradeoff in
process cost. This proposal will be useful to CMOS-LSIs
with high performance in general.
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