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Abstract-A fully depleted lean channel transistor (DELTA) 
with its gate incorporated into a new vertical ultra-thin SO1 
structure is presented. In the deep-submicrometer region, se- 
lective oxidation produces and isolates an ultra-thin SO1 MOS- 
FET that has high crystalline quality, as good as that of con- 
ventional bulk single-crystal devices. Experiments and three- 
dimensional simulations have shown that this new gate struc- 
ture has effective channel control, and that the vertical ultra- 
thin SO1 structure provides superior device characteristics: re- 
duction in short-channel effects, minimized subthreshold swing, 
and high transconductance. 

I. INTRODUCTION 
ONVENTIONAL planar MOSFET’s with LOCOS C isolation have certain merits: simple self-aligned fab- 

rication process, as well as the performance improvement 
that comes with scaling down the device feature size. 
Therefore, up to the present generation of devices, other 
structures were never considered to be of practical use. 

However, as MOSFET’s are scaled down to the deep- 
submicrometer region (0.3-0.1 pm), device sizes and iso- 
lation lengths become approximately equal to the deple- 
tion layer widths. Since the depletion layers merge, short- 
channel effects, parasitic MOS effects, and device inter- 
actions become serious problems. Moreover, to reduce 
power consumption and to solve device reliability prob- 
lems, a low supply voltage is essential [ l ] ,  [2]. A low 
supply voltage requires special device characteristics in- 
cluding a low subthreshold voltage and a minimum 
subthreshold swing to maintain the ratio of on/off channel 
current. 

To eliminate these problems and provide superior per- 
formance, we believe a three-dimensional device struc- 
ture is attractive. Two different three-dimensional device 
structure concepts have been proposed as alternatives to 
scaling [3]. 

The first concept makes the effective device length 
longer than the depletion layer width by using a vertical 
structure, such as vertical MOSFET’s and trench isolation 
[4]-[6]. However, it is clear that these vertical structures 
require a complex fabrication process and that device per- 
formance is reduced because of the long gate length that 
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is required. Moreover, it is evident that these structures 
are difficult to contact to the substrate, and thus suffer from 
a substrate floating effect. 

The second concept makes the device thickness smaller 
than the depletion-layer width to intentionally deplete the 
channel. This can be done with thin-film SO1 technology, 
such as SIMOX and recrystallization [7], [8]. This con- 
cept is ideal because the structure has the same merits as 
conventional MOSFET’s, however, it requires making 
ultra-thin SO1 substrates, a difficult task. Still, an inter- 
esting feature of ultra-thin-film SO1 devices is that the in- 
teraction between the front and back channel results in 
device characteristics different from those of conventional 
MOS devices. By controlling the back-channel condi- 
tions, high immunity to short-channel effects, high trans- 
conductance, and a reduction in the kink caused by sub- 
strate floating effects were found [7]-[9]. 

This paper proposes a new device structure that offers 
a simple process, meaning that no new processes for mak- 
ing ultra-thin-SO1 structures are required, enabling proper 
control of the back gate [ 101. The special features of this 
fully depleted lean-channel transistor (DELTA) are as fol- 
lows. 

1) Bulk single-crystal SO1 is formed by selective oxi- 
dation using the same process as for LOCOS. 2) The en- 
tire channel potential is determined by the gate, which 
produces SO1 device characteristics in a vertical ultra-thin 
substrate. 3) The channel current flows along the vertical 
surface as well as the horizontal surface. Therefore, the 
effective channel width becomes larger than that of con- 
ventional devices, and this offers superior drivability . 

The relationship between the subthreshold swing and 
channel length as a function of SOI-channel thickness has 
been studied in detail, because this characteristic deter- 
mines the device structure for low supply voltages. The 
authors also present a simple model for DELTA based on 
charge sharing and clarify the subthreshold-swing sup- 
pression mechanism by using three-dimensional field ef- 
fects when the gate length is short. 

11. DEVICE DESIGN AND FABRICATION PROCESS 
The unique feature of the DELTA process is selective- 

oxidation-formed bulk single-crystal SO1 [ 1 I] ,  [ 121. The 
DELTA process flow is schematically shown in Fig. l(a)- 
(c). Boron-doped lo-Q * cm (100) wafers are used. On a 
25-nm thermal oxide pad, 200 nm of CVD nitride is de- 
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Fig. 1 .  (a)-(c) Process flow of selective oxidation. (d) Schematic cross 

section of DELTA. 

posited. The nitride, thermal oxide pad, and silicon sub- 
strate are then etched using anisotropic reactive ion etch- 
ing (RIE), forming a Si island (Fig. l(a)). The height of 
the Si island (W,) is determined by the etching selectivity 
in the polysilicon gate fabrication process and is 0.4 pm. 
Next, 10 nm of thermal oxide is grown, and a 100-nm 
CVD nitride layer is deposited. Then, using RIE, nitride 
spacers are formed on the sides of the Si island. The un- 
derside of the Si island is then etched by HF/HN03 (Fig. 
l(b)). Oxidizing the substrate at 11OO"C, a SO1 structure 
is formed, as shown in Fig. l(c). 

After removing the nitride-selective oxidation mask, 10 
nm of thermal oxide is grown to remove the dry-etching- 
damaged layer from the Si'island surface. Then the sac- 
rifice oxide layer is etched by HF, and 8.5 nm of gate 
oxide is grown. Phosphorus-doped 100-nm polysilicon 
and 100-nm CVD silicon dioxide are deposited. Using an- 
isotropic RIE, the gate structure, which steps over the Si 
island, is formed and source-drain regions are exposed. 
Using the gate as an arsenic ion mask, the source and 
drain are implanted. The schematical DELTA device 
structure is shown in Fig. l(d). 

0.5pm 
(b) 

Fig. 2.  Cross-sectional TEM pictures of both (a) non-SO1 and (b) SO1 
structures using selective oxidation. 

Depositing 500-nm dielectric interlayer, contact win- 
dows to the top and side surfaces of the Si island are 
opened, taking advantage of the Si-island height. 900 nm 
of AI/Si is used for the metallization. During post-SO1 
processes, there was no problem relating to Si-island 
strength. Thus except for the hitide-selective oxidation 
mask fabrication step, the DELTA process is the same as 
that of conventional self-aligned-gate NMOSFET pro- 
cesses. Therefore, this process is highly compatible with 
conventional LOCOS processes. 

Cross-sectional TEM pictures of both a non-SO1 and 
SO1 structures are presented in Fig. 2(a) and (b), respec- 
tively. Both pictures show that the gate oxides, which 
show no electrical breakdown problems for gate voltages 
of up to 5 V, are as smooth as with conventional MOS- 
FET's. 

Fig. 2(a) shows that selective oxidation creates defects 
at the field oxide edge along the slipping surface (1 11). 
However, Fig. 2(b) shows that once the SO1 structure is 
formed, no defects appear. This can be understood as fol- 
lows: 

The nearly identical bird's beak shapes in Fig. 2(a) and 
(b) imply that there is no difference in stress between (a) 
and (b). As a result, one would expect the same defects 
to be formed during the selective oxidation process. How- 
ever, this is not the case, as the photographs clearly show. 
In addition, the selective oxidation temperature is not high 
enough to eliminate the defects. Therefore, it seems that 
no defects are created during oxidation and the excess de- 
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fects in Fig. 2(a) are formed during the post-cooling pe- 
riod after oxidation. During this cooling time, the SiOz 
layer under the Si relieves the stress from the SOI, instead 
of producing defects. 

111. DEVICE CHARACTERISTICS 

The DELTA gate effectively controls the channel po- 
tential from three sides and induces ultra-thin-SO1 effects 
vertically. A three-dimensional simulation of the poten- 
tial distribution is shown in Fig. 3.  Compared with con- 
ventional devices, the potential bend is small and the po- 
tential distribution is rather flat. This means there is a low 
surface electric field and a flat inversion charge distribu- 
tion. This results in the following measured superior de- 
vice characteristics, even if the substrate is thicker than 
that of conventional ultra-thin-SO1 devices [7]-[9]. 

A .  Short-Channel Effect 

Subthreshold characteristics for Wg = 0.2 pm (DELTA) 
and 10 pm (conventional), both the Leff = 0.15 pm, To, 
= 8.5 nm, and identical impurity profiles, are shown in 
Fig. 4(a) and (b), respectively. For Wg = 10 pm, 
punchthrough leakage occurs for all values of Vds, but for 
Wg = 0.2 pm it does not occur for Vds less than 2 V.  

The short-channel effect immunity of DELTA seems to 
result from its novel substrate and gate structure. That is, 
the substrate punchthrough path is replaced by the buried 
SiOz layer and the electric field effect of the DELTA gate 
structure suppresses the penetration of the drain potential 
into the channel. 

B. Current Drivability 

The channel width of DELTA consists of the top sur- 
face (W,) and both side surfaces (W,), so the effective 
channel width is W = Wg + 2W,. This means that for the 
same layout width (W,) the height of the Si island deter- 
mines the channel width and its current drivability . 

The dependence of the transconductance on W is shown 
in Fig. 5 .  Since the ultra-thin structure reduces the surface 
electric field and induces high carrier mobility, DELTA 
has a high transconductance. G,,, is 1.5 times higher than 
G: 0: W, + 2W, for Wg = 0.15 pm. 

The Z-V characteristics for Leff = 0.57 pm and Wg = 
0.15 pm are shown in Fig. 6. Because of a high transcon- 
ductance and large W compared with standard MOS- 
FET's, DELTA'S drain current is much larger. 

In addition, Fig. 6 shows that the effects of the electric 
field concentration at the top corners and the pointed bot- 
tom edge (see Fig. l(d)) are negligible as no humps ap- 
pear in the curves in Fig. 6.  

C. Subthreshold Swing 

U 
0.15pm 

Fig. 3 .  Simulated potential distribution across channel region in middle of 
source-drain nodes (Vds = 3 V,  V, = 3 V). 
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Fig. 4. Subthreshold characteristics for various Vds. (a) W, = 0.2 pm, Le, 
= 0.15 pm. (b) W, = 10 pm, Le, = 0.15 pm. 
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Fig. 5 .  Relationship between transconductance and W, (Le, = 1 .O pm, V,, 
= 3 V). 

" 
pends strongly on the substrate thickness. The subthresh- 
old swing S is generally written as [I41 An important characteristic of ultra-thin-SO1 devices is 

their small subthreshold swing [13]. This is because the 
depletion layer capacitance that determines the swing de- S = In 10 X k T / q  X (1 + C,/C,) (1) 
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Fig. 7.  Subthreshold characteristics as a function of W,. 

where k T / q  is the thermal voltage, c d  is the channel de- 
pletion layer capacitance and C, is the gate capacitance. 
When the channel thickness is less than the depletion layer 
width, the whole channel is depleted and c d  becomes 
small. Therefore, cd/c, can be neglected and S ap- 
proaches In 10 x k T / q .  

The dependence of subthreshold swing on channel 
width is shown in Fig. 7. A decrease in substrate thick- 
ness to less than 0.3 pm results in a smaller swing. Con- 
sequently, with this new gate structure, ultra-thin effects 
are expected for a device thinner than 0.3 pm. For W, = 
0.15 pm, the swing decreases to 62 mV/decade. Fur- 
thermore, the curves in Fig. 7 show that the top comers 
and the pointed bottom edge do not affect the off-state 
leakage current. 

Fig. 8 shows the dependence of S on Wg at room tem- 
perature, with gate length as a parameter. Note that W, 
represents the SO1 channel thickness. The width at which 
the slopes of the curves in Fig. 8 reach unity (W,,,) is 
presented in relation to effective channel length in Fig. 9. 
A decrease in gate length results in an increase in WgCr. 
When the gate length is more than 0.8 pm, however, W,,, 
is constant. 

The S value corresponds to the channel depletion ratio. 
Therefore, the small subthreshold swing value of the short 
gate-length device shows that the channel is depleted. 
With regard to the W,,, dependence on gate length, this 
depleting is caused by source and drain charge as well as 
by gate charge. Thus in the short gate-length ultra-thin 
SO1 device, the channel is depleted three-dimensionally 
by the source, drain, and gate charges. 

Y 
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Fig. 10. Cross-sectional potential distribution model in the subthreshold 
region. (a) Conventional ultra-thin-SO1 structure. (b) DELTA structure. 

face-trap charge density and gate work function are elim- 
inated. 

To control the channel potential of ultra-thin-SO1 
MOSFET’s, it is important to set adequate back-channel 
conditions [15]. However, due to a large T,,,,,, the sub- 
strate field effect can affect the channel only slightly. 
Moreover, it is difficult to change the Vgh in practical de- 
vice operation. This is because the substrate has a large 
parasitic capacitance. 

For the DELTA device, however, instead of the back- 
gate conditions, we can apply symmetrical boundary con- 
ditions at the center of the channel (see Figure 10(b)). 
That is, replace tsor with Wg,  and the back side boundary 
condition becomes 

From (2)-(4), the channel potential 9 is given by 

9(x) = - * Na (2 - wg x) + 9,. 
2% 

(4) 

When W, is small compared with the depletion-layer 
width, the channel surface potential 9, is 

Equation (6) shows that, when W, is small, the surface 
potential is equal to Vg. 

For short-channel DELTA devices, it is necessary to 
make an approximation with a parameter 6 based on the 
charge-sharing model. 6 is the charge-sharing component 
of the source and drain. The effective channel charge 
Naeff, can be given by 

Niff = (1 - 6 )  Nu. (7) 

With (6), the short-channel device subthreshold current Id 
is, therefore, expressed as a function of gate bias VPs and 

drain bias Vd., by 

* [1 - exp (-q/mVd.,)I (8) 

where Cj is a device-dependent parameter [ 141. When the 
channel length is short and 6 is unity, (8) is reduced to 

1, exp [9/k7Vg,)1. (9) 

This shows that scaling down the channel length of 
DELTA results in a three-dimensional depletion of the 
channel and a small subthreshold swing. 

For conventional MOSFET’s, the channel depletion 
layer penetrates deeply into the substrate when 6 becomes 
large. Increasing the layer’s distance from the gate re- 
duces controllability, thus causing punchthrough current. 
This results in a large subthreshold swing. 

For DELTA, however, the distance is determined by 
the SO1 film thickness, and does not depend on Nu. There- 
fore, gate controllability is not reduced and the gate field 
affects the channel carriers directly, even in the short- 
channel devices. In the subthreshold region, holes must 
accumulate in the channel. Thus if SO1 film thickness is 
reduced with device size, punchthrough leakage can be 
suppressed. 

V. CONCLUSION 

A new vertical ultra-thin-SO1 device structure 
(DELTA) has been presented and its superior device per- 
formance has been examined. DELTA performs as good 
as, if not better than previously reported planar ultra-thin- 
SO1 devices [7], [8], [13]. 

Both experiment and simulation have shown that DEL- 
TA’s vertical ultra-thin-gate structure is effective in pro- 
ducing superior device characteristics. Furthermore, 
DELTA has strong immunity to short-channel effects and 
has superior subthreshold characteristics, even if the sub- 
strate is thicker than that of a conventional ultra-thin-SO1 
devices. Therefore, DELTA is suitable as a deep-submi- 
crometer device with low supply voltages. 

In the fabrication process, it was shown that selective 
oxidation can be used to make a high-quality single-crys- 
tal SO1 device. So, in spite of its vertical structure, 
DELTA has high compatibility with a conventional MOS- 
FET process flow, in terms of layout and fabrication. Thus 
DELTA will benefit the planar device technology for 
three-dimensional device structure fabrication and rival 
conventional MOSFET structures in the deep-submicro- 
meter region. 
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