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Drive current of accumulation-mode p-channel SOI-based wrap-gated Fin-FETs*
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Abstract: Comparisons are performed to study the drive current of accumulation-mode (AM) p-channel wrap-
gated Fin-FETs. The drive current of the AM p-channel FET is 15%26% larger than that of the inversion-mode
(IM) p-channel FET with the same wrap-gated fin channel, because of the body current component in the AM FET,
which becomes less dominative as the gate overdrive becomes larger. The drive currents of the AM p-channel wrap-
gated Fin-FETs are 50% larger than those of the AM p-channel planar FETs, which arises from effective conducting
surface broadening and volume accumulation in the AM wrap-gated Fin-FETs. The effective conducting surface
broadening is due to wrap-gate-induced multi-surface conduction, while the volume accumulation, namely the
majority carrier concentration anywhere in the fin cross section exceeding the fin doping density, is due to the
coupling of electric fields from different parts of the wrap gate. Moreover, for AM p-channel wrap-gated Fin-FETs,
the current in channel along (110) is larger than that in channel along (100), which arises from the surface mobility
difference due to different transport directions and surface orientations. That is more obvious as the gate overdrive
becomes larger, when the surface current component plays a more dominative role in the total current.
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1. Introduction

Nowadays, the gate lengths of field effect transistors
(FETs) have scaled down to tens of nanometers and are pre-
dicted to scale further in the future. One important issue of fur-
ther scaling is the short channel effect (SCE), where the gate
encounters competition with the drain in controlling the chan-
nel. Therefore, structural improvements are essential for the
enhancement of FET performance. The wrap-gated Fin-FET
has proven to be a promising candidate thanks to its excellent
gate electrostatic control and thus good SCE immunityl!-2],

Another important issue of nano-FET scaling is doping
profile adjustment in the channel region[®!. Controlling the
overlap between the gate and the source/drain extension is a
challenge for inversion-mode (IM) FETs. An alternative so-
lution is to use an accumulation-mode (AM) FET, whose
channel region is doped with the same type of dopant as the
source/drain region. When the AM FET is turned off, the chan-
nel is fully depleted. When the AM FET is turned on, for a pla-
nar structure, carriers transport along both the surface accumu-
lation layer and the neutral part of the body!*l; for a wrap-gated
fin structure, however, the whole fin may be in accumulation
(i.e. volume accumulation) thanks to the coupling of electric
fields from different parts of the wrap gate, causing an obvi-
ous current enhancement because of the higher mobility in the
fin center with reduced scattering!l, which still needs to be
demonstrated.

EEACC: 2550N; 2560R

In contrast with the planar channel, where carriers trans-
port along one surface, carriers in the wrap-gated fin channel
transport along the surfaces all around it. The surfaces may
have different orientations, which results in mobility differ-
encel>~7] and thus current difference. This may also happen
to AM wrap-gated Fin-FETs and needs to be verified.

In this work, comparisons are performed to study the drive
current of AM p-channel wrap-gated Fin-FETs. Firstly, with
the same wrap-gated fin structure, AM p-channel FETs are
compared with IM p-channel FETs in drive current to ver-
ify the body current component in the AM FETs. Secondly,
AM p-channel wrap-gated Fin-FETs are compared with AM p-
channel planar FETs to study the body current difference and
the possible volume accumulation. Moreover, AM p-channel
wrap-gated Fin-FETs with (110) channel are compared with
those with (100) channel to check the current difference aris-
ing from different orientations of fin surfaces.

2. Device fabrication

AM p-channel wrap-gated Fin-FETs were fabricated on
a boron-doped (1 x 10" c¢cm™3), (110) oriented silicon-on-
insulator (SOI) wafer with 88-nm-thick top silicon. First, e-
beam lithography and inductively coupled plasma (ICP) etch-
ing were performed to define the active region and the chan-
nel fins, followed by a sacrificial oxidation (900 °C, 30 min)
to eliminate the surface damage induced by the etching. Dur-
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Table 1. Structural and electrical parameters of IM/AM wrap-gated Fin-FETs and planar FETs.
Section  FET type Fin width/ The number of Gate length Channel VT (V) Ton (LA)
height (nm) fins in an FET (um) direction
3.1 IM Fin-FET 90/60 11 0.3 (110) —0.91 56.2
AM Fin-FET 90/60 11 0.3 (110) —0.69 64.6
32 AM planar FET ~ 5000/60 1 0.3 (110) —0.70 68.5
0.5 —0.69 58.9
1 —0.74 49.2
AM Fin-FET 90/60 21 0.3 (110) —0.67 102.6
0.5 —0.75 93.6
1 —0.75 78.5
33 AM Fin-FET 90/60 1 1 (110) —0.68 9.8
AM Fin-FET 90/60 1 1 (100 —0.75 8.8
_70 T T T T T
—— Acc-mode
R Inv-mode
-50
< 404
Gate OXide\(7 Poly-Si gate i 304
asard
// ’ 20 1
>
sifin” / _10d  Via=-0069V
Buried oxide 0 VMM: 091V
: 0 —OI.S —ll.O —l|.5 —2|.0 —2|.5 -3.0
Si substrate
Ve (V)

Fig. 1. Cross section SEM of a wrap-gated fin channel.

ing the following sacrificial oxide removal in the buffered hy-
drofluoric solution, an under-etching happened in the buried
oxide, causing the silicon fins to be suspended. Then, a 30-
nm-thick gate oxide was grown in dry oxygen at 900 °C, and
150-nm-thick boron-doped polysilicon was deposited by low-
pressure chemical vapor deposition (LPCVD), wrapping the
fins with the conformal coverage. The polysilicon gate was de-
fined by a round of second e-beam lithography and ICP etch-
ing. Source/drain doping was carried out by self-aligned BF;r
implantation and rapid annealing at 1050 °C. After deposit-
ing 200-nm-thick silicon dioxide as the protective layer, con-
tact holes were opened using optical lithography and ICP etch-
ing. Following 20-nm-thick nickel film evaporation, the ohmic
contact layer i.e. nickel silicide (NiSi) was formed by alloy at
500 °C. The unreacted nickel was removed by a selective etch-
ing solution (H,SO4 : H,O, = 3 : 1) at 80 °C without attack-
ing the silicide. To form the electrode pads of source/drain and
gate, optical lithography was used to define the pattern in the
photoresist and 400-nm-thick aluminum was evaporated and
lifted off. The device fabrication process was finished with a
400 °C annealing process. Figure 1 shows the cross section of
the wrap-gated fin channel. The width and height of the fin are
90 nm and 60 nm, respectively.

For comparison, AM p-channel planar FETs with the same
width of active region (W = 5 um) as the AM p-channel wrap-

Fig. 2. Transfer characteristics of the AM and the IM p-channel wrap-
gated Fin-FETs for 0.3-um-long gate.

gated Fin-FETs were fabricated on the same SOI wafer. IM p-
channel wrap-gated Fin-FETs were fabricated using the same
process as the AM p-channel ones except for an additional n-
well doping process (1 x 10'7 cm™3) before the channel fin
definition.

3. Results and discussion

Structural and electrical parameters of the devices are
shown in Table 1, where V7 is the threshold voltage extracted
using second-derivative method[®! and I, is the drain current
when the drain bias (V) is =3 V and the gate overdrive (Vg —
Vr) is —2.3 V. The results will be discussed by comparison in
three aspects.

3.1. Accumulation-mode versus inversion-mode

Figure 2 shows transfer curves of the AM and the IM
p-channel FETs with the same wrap-gated fin channel along
(110). The Vr difference between the AM and the IM FET re-
sults from the difference in doping type and density in the chan-
nel region. The AM FET is compared with the IM FET in drive
current under the same gate overdrive, as shown in Fig. 3. The
current of the AM FET is 15%—-26% larger than that of the IM
FET, and the percentage gets smaller as the gate overdrive in-
creases, indicating that the factor causing the larger current in
the AM FET becomes less dominative. The factor is the body
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Fig. 3. Output characteristics of the same AM and IM p-channel wrap-
gated Fin-FETs in Fig. 2.
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Fig. 4. Drive currents of AM p-channel wrap-gated Fin-FETs and AM
p-channel planar FETs for different gate lengths.

current in the AM FET, an additional current component com-
pared with the IM FET. As the gate overdrive increases, more
holes are accumulated at the surfaces, which increases the sur-
face current, but screens the body from the gate electric field
and thus limits the body hole increasing. So the body current
percentage decreases with gate overdrive increasing, making
the current difference between the AM FET and the IM FET
smaller.

3.2. Wrap-gated fin channel versus planar channel

With the same width of active region (W =5 um) and fab-
ricated through the same process, AM p-channel wrap-gated
Fin-FETs and AM p-channel planar FETs are compared in
drive current for different gate lengths. All the AM p-channel
FETs here have channels along (110) and have threshold volt-
ages (Vr) around —0.7 V. As shown in Fig. 4, the drive cur-
rents of the AM p-channel wrap-gated Fin-FETs are about 50%
larger than those of the AM p-channel planar FETs, which in-
dicate a drive current improvement induced by the wrap-gated
fin structure.

The current improvement arises from two aspects. First,
in contrast with the planar channel with only one conducting
surface, the wrap-gated fin has an additional bottom surface

Fig. 5. Simulated hole distribution over the cross section in the middle
point of (a) the fin channel and (b) the planar channel, with both the
gate and the drain biased at —3 V.

and side surfaces that broaden the effective conducting surface.
In our case, neglecting the hole mobility difference on differ-
ent surfaces, which will not affect the final conclusion because
of the largest hole mobility in (110) direction on {110} sur-
facel5~71, the effective width of the conducting surface in the
AM planar FETs is 5 um, while that in the AM wrap-gated Fin-
FETs is 6.3 um. So the effective conducting surface is broad-
ened by 26%.

Obviously, the effective conduction surface broadening is
not enough to cause the 50% current difference between the
wrap-gated fin channel and the planar channel. Therefore, the
body current difference plays another important role, namely,
the body current in the wrap-gated fin channel is larger than that
in the planar channel. Whereas, owing to the spaces between
adjacent fins, the physical cross section of the wrap-gated fin
channel is smaller than that of the planar channel. In addition,
because the holes in the fin body are closer to the side sur-
faces than the holes in the body of planar structure, they are
more likely to be affected by the surface charge scattering, al-
though this scattering effect is very small due to the surface
holes’ screening. So the body mobility in the fin channel will
not exceed that in the planar channel and the only factor result-
ing in the body current difference is the body hole concentra-
tion, which in the wrap-gated fin channel is larger than that in
the planar channel.

To understand that point, the hole distribution over the
cross section in the middle point of the channel was simulated
using an ATLAS 3D device simulator’®], on which the linear
iterative method was used to solve the combination of Pois-
son’s equation, drift-diffusion equations including Lombardi’s
mobility model!'®), and carrier continuity equations including
Shockley’s carrier generation-recombination model('']. The
structural parameters were set to be 60 nm in channel thick-
ness, 90 nm in fin width, 5 yum in planar channel width, 0.5 um
in gate length and 30 nm in gate oxide thickness. The doping
density of the channel region was 1 x 10'> cm™3 and the inter-
face charge density was set to be consistent with the threshold
voltage (V1 = —0.7 V). Both the gate bias and the drain bias
were set to be —3 V. As shown in Fig. 5, for the AM planar
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Fig. 6. Schematic of surface orientations of fins along different direc-
tions.

channel the hole concentration gets minimum at the bottom in-
terface, and the minimum concentration is less than the doping
density (1 x 10'> cm™3) owing to the depletion effect of the
interface charge, while for the AM wrap-gated fin channel the
hole concentration reaches a minimum in the center of the fin
cross section and the minimum concentration is two orders of
magnitude greater than the fin doping density, which is due to
the coupling of electric fields from different parts of the wrap
gate. Therefore, hole accumulation occurs all over the cross
section of the wrap-gated fin, in other words volume accumu-
lation occurs, which we think is another reason why the drive
currents of the AM p-channel wrap-gated Fin-FETs are larger
than those of the AM p-channel planar FETs.

3.3. Considering the different surface orientations of the
fin

To check the effect of surface orientation on the drive cur-
rent of AM p-channel wrap-gated Fin-FETs, fin channels along
different directions, (110) and (100}, are designed on the same
wafer, which result in {100} and {110} side surfaces, respec-
tively, after the fins are etched out, as shown schematically in
Fig. 6. Considering different the mobility on surfaces of differ-
ent orientations, the current in a wrap-gated fin is given by

ps, jCox, j (Ves — VT)Z,

W
I = Ipoay + jz Lo
where Iyqy is the body current, W, us, ;, Cox, ; are the width,
the mobility and the gate oxide capacitance per unit area re-
spectively of the jth surface, and L., Vs, V7 are the effective
channel length, gate bias and threshold voltage respectively. In
our case, because of the same gate oxide thickness and thus the
same Cox, ;, the current along different surfaces is proportional
to W s, ;. It has been reported that the ratio of hole mobility
along different surfaces and transport directions is /4(110)/(110)
© M(100)/(110) - H(110)/(100) = 25:1.6: ][5_7]. Accordingly,
the ratio of surface current is evaluated as shown in Table 2.
Figure 7 shows the output characteristics of two AM p-
channel wrap-gated Fin-FETs with different channel direc-
tions, (110) and (100). Owing to the body current component,
the total drain current difference between these two directions
is less than 19%, i.e. the surface current difference in Table 2.
As the gate overdrive gets larger, the surface current compo-
nent plays a more dominative role in the total current and thus
the surface mobility difference appears more obviously in the
total current.

Table 2. Evaluation of the ratio of surface current along (110) to that
along (100).

Current Surface Surface Surface Surface
direction orientation  mobility width current
ratio (nm) ratio
(110) {110} 25 180 1
{100} 1 120 )
(100) {110} 1.6 300 1
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Fig. 7. Output characteristics of AM p-channel wrap-gated Fin-FETs
with channel along (110) and (100).

4. Conclusion

Comparisons are performed to study the drive current of
AM p-channel wrap-gated Fin-FETs. The drive current of the
AM p-channel FET is 15%—26% larger than that of the IM p-
channel FET with the same wrap-gated fin channel, due to the
body current component in the AM FET, which becomes less
dominative as the gate overdrive increases. The drive currents
of the AM p-channel wrap-gated Fin-FETs are 50% larger than
those of the AM p-channel planar FETs, which arises from ef-
fective conduction surface broadening and volume accumula-
tion. Moreover, for the AM p-channel wrap-gated Fin-FETs,
the current in the channel along (110) is larger than that in
the channel along (100), which arises from the surface mobil-
ity difference due to different transport directions and surface
orientations. That is more obvious as the gate overdrive gets
larger, when the surface current component plays a more dom-
inative role in the total current.
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