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Origins of Performance Enhancement in Independent
Double-Gated Poly-S1 Nanowire Devices

Hsing-Hui Hsu, Horng-Chih Lin, Senior Member, IEEE, and Tiao-Yuan Huang, Fellow, IEEE

Abstract—TIn this paper, we characterize and compare the char-
acteristics of a poly-Si nanowire (NW) device with independent
double-gated configuration under different operation modes. In
the device, the tiny NW channels are surrounded by an inverted-
T-shaped gate and a top gate. It is found that the device under
double-gate (DG) mode exhibits significantly better performance
with respect to the two single-gate (SG) modes, as indicated by
a higher current drive than the combined sum of the two SG
modes and a smaller subthreshold swing of less than 100 mV/dec.
Origins of such improvement have been identified to be due to the
elimination of the back-gate effect as well as an enhancement in
the effective mobility with the DG operation.

Index Terms—Double gate (DG), mobility, nanowire (NW),
poly-Si, thin-film transistor (TFT).

1. INTRODUCTION

i NANOWIRE (NW)-based device technology has recently
S received considerable attention and has been widely ex-
ploited for various applications in nanoelectronics. The NW
structure features a high surface-to-volume ratio, making it
extremely sensitive to the variation of surface conditions and
suitable for a number of device applications, including NW
field-effect transistors (FETs) [1], nonvolatile memories [2],
and sensors [3]. Preparations of NW structures can be catego-
rized into bottom-up [4], [5] and top-down [6], [7] approaches.
The former approach is flexible in preparing the NW compo-
sition and structure but lacks the controllability over precise
positioning and alignment of NW patterns and is therefore
not suitable for manufacturing. On the other hand, top-down
methods typically employ advanced but costly lithography tools
like e-beam or deep ultraviolet steppers to generate the NW
patterns. To address these issues, we have recently proposed
and developed a simple NW FET fabrication method by taking
advantage of the sidewall spacer etching technique to form
poly-Si NWs serving as the device channel and have demon-
strated that most advantages pertaining to the NW structure
could be retained with the new scheme [8], [9]. One major
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concern associated with the proposed devices is the use of poly-
Si NWs as channels. Defects contained in the poly-Si material
are known to hinder carrier transport and lead to degradation
in device’s current drive. This concern may be relaxed with
multiple-gate configuration, which can increase the gate con-
trollability over the channel and potentially improve the device
performance [10].

In this paper, we investigate the characteristics of inverted-T
DG NW FETs with ultrathin body that were developed recently
by our group [11]. In this scheme, the tiny NW channels
are surrounded by an inverted-T gate and a top gate. Since
the two gates can be biased independently, more freedom is
allowed for device operation. For example, a specified voltage
can be applied to one of the gates for modulation of the
threshold voltage (Vry) of the transfer curve driven by the
other gate [11]-[13]. Due to the strong coupling between two
separate gates, Vy can be widely modulated with independent
gate control scheme. This phenomenon is called “back-gate
effect” in independent double-gated silicon-on-insulator (SOI)
metal-oxide—semiconductor transistors [12], [13]. Impacts of
such effect on the NW device performance operated with
various modes are examined in this work.

II. DEVICE STRUCTURES AND FABRICATION

Fig. 1 shows the fabrication and structure of the NWFET
devices characterized in this study. Process flow of the device
fabrication was detailed in our previous work [11]. In short,
the inverted-T-shaped gate was formed by applying twice the
lithography/etching processes. After the deposition of an oxide
layer serving as the gate dielectric of the inverted-T gate, depo-
sition of a Si layer and source/drain (S/D) doping with phospho-
rous ion implantation were executed. The poly-Si NW channels
and S/D regions were subsequently formed using anisotropic
plasma etching. This way, the two NW channels were pre-
cisely positioned on the upper stud of the inverted-T gate
(denoted as Gl) in a self-aligned manner. The NW channels
were further capped with another gate oxide and the top n™
poly-Si gate (G2). A transmission electron microscopic (TEM)
picture of a device is also shown as an inset in Fig. 1. From
the picture, gate oxides of G1 and G2 are both 18.5 nm,
and peripheral lengths of the NW channel cross section abutting
against G1 and G2 are 45 and 40 nm, respectively. The NW
channel is almost completely surrounded by G1 and G2, ensur-
ing excellent gate coupling during operation. For comparison
purposes, planar double-gated thin-film transistors (TFTs) with
symmetrical gate oxide of 20 nm and poly-Si channel of 50 nm
were also fabricated and characterized.

0018-9383/$26.00 © 2010 IEEE
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Fig. 2. Transfer characteristics under SG and DG operations. SG1 and SG2
refer to the SG modes with the Gl and G2 serving as the driving gate,
respectively.

III. MODULATION OF Vg WITH BACK-GATE BIAS

Typical transfer characteristics under single-gate (SG) and
double-gate (DG) modes are shown in Fig. 2. The SG modes
refer to the two modes when the sweeping voltage is applied
to one of the two gates (the driving gate), while the other
gate is grounded during the measurement. In the figure, Gl
and G2 serve as the driving gate for SG1 and SG2 modes,
respectively. For the DG mode, the sweeping voltage is applied
simultaneously to G1 and G2. As can be seen in the figure, the
DG mode exhibits significantly better performance with respect
to the two SG modes, as indicated by a higher current drive and
a smaller subthreshold swing (SS) of less than 100 mV/dec. The
improvement in SS is attributed to the reduction in the effective
defect density per unit gated area [11]. Reasons for the increase
in current drive are addressed in the next sections.
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Fig. 3(a) shows the ability of the device in modulating the
Vrn of operation. In this case, the sweeping voltage is applied
to Gl (Vi1), while G2, which is dubbed as the Vrg-control
gate, is fixed at a bias (Vo) ranging from —3 to 3 V. It can be
seen that the transfer curves are effectively shifted by varying
VGo. This is due to the use of the tiny NW channels, which
makes the potential level of the entire channel layer sensitive
to either gate, allowing a strong back-gate effect; hence, the
Vo can be effectively modulated by V2. To further emphasize
this point, we also characterize planar devices with similar
operation conditions; typical results are shown in Fig. 3(b).
The planar devices contain a 50-nm-thick poly-Si channel film
sandwiched between a top gate and a bottom gate. Gate oxides
of the gates are both 20 nm. In Fig. 3(b), we can see that
the Vry is only slightly affected by the bottom-gate voltage.
This indicates that the potential of the top channel interface
is only weakly dependent on the bottom gate voltage for the
planar device. Such a trend is reasonable when considering the
large amount of defects contained in the poly-Si layer that tend
to trap charges and screen the electric field originating from
the bottom gate. A totally different picture emerges with the
implementation of tiny NW channels because of the dramatic
reduction in the amount of defects. With the tunable Vg
capability, the NW devices could be applied for low standby
power circuits [13]. For example, in standby circuit operation,
a lower subthreshold leakage can be attained by raising the
Vru of the transistors. While in active mode, the Vg can
be adjusted to a moderate value to provide sufficient driving
current.

The extracted Vg and SS from Fig. 3(a) as a function of
Vo are depicted in Fig. 4. The plot is divided into two regions
by Vrupe (= 0.4 V), which is the threshold voltage measured
under DG mode (see Fig. 2). It can be seen that the Vipy of
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Fig. 4. Extracted Vyy and SS as functions of Vigo for the NW device under
SG1 mode of operation. Vpc denotes the Vpgr measured in DG mode.

the transfers curves driven by G1 (Vp(g1)) is almost linearly
modulated by Vis. However, a closer look reveals that the
exact Vpy-shift rate (dVre(e1)/dVaz) is —0.7 VIV for Vs <
Vruapa, which is slightly smaller than the rate of —0.8 V/V
in the region where Vo > Vrupg. Moreover, the SS values
in the region where Vigo > Vrppg are much larger than those
where Vo < Vrgpa. When Vo is smaller than Virgpa, the
portion of channel surface gated by G2 is essentially depleted,
and the inversion electron layer is mainly induced in the channel
near the G1 side as the device is turned on. Under this situation,
the Vg modulation ability by Vi is relatively weak due to
the longer distance between G2 and the inversion layer. On the
other hand, when V2 is larger than Vrppg, an inversion layer
would form near the surface of the NW channel close to the G2
side, unless a sufficiently negative G1 bias is applied to deplete
the channel. Under this situation, the effective gate dielectric
consists of the gate oxide adjacent to the G1 and the fully
depleted body and is thus thicker than the nominal gate oxide.
Accordingly, the SS becomes worse. Moreover, switching of
the device is mainly determined by the conduction path in the
channel near the G2 side, therefore, the Vry is more sensitive
to VGQ.
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(a) Transfer characteristics of the NW device having G1 as the driving gate and G2 as the Vp-control gate. (b) Transfer characteristics of the planar
device driven by the top gate as a function of the bias applied to the bottom gate.

To more clearly understand the coupling effect between two
gates, we can exchange the functions of the G1 and G2 per-
formed in Fig. 3(a) to further investigate the transfer character-
istics of the device. The results are shown in Fig. 5(a). Fig. 5(b)
depicts and compares the capability of the Vpp-control gate
voltage in modulating the device’s Virpp based on the results
shown in Figs. 3(a) and 5(a). Due to the asymmetrical double-
gated configuration, we can see that the Vpp-shift rates are
different in the two cases and that the rate is larger when Gl
is employed as the Vryg-control gate. This is attributed to the
better controllability of G1 over the NW channel than G2 due
to its larger gated width.

The characteristics about Vi modulation in  double-
gated device with an ultrathin body have been explored by
Masahara et al. [13] who proposed a linear potential distribu-
tion model to describe the back-gate effect. From the theoretical
model, Table I lists equations of Vry-shift rate (or back-gate
effect factor v [13]) corresponding to the four operation regions
specified as (i)—(iv) in Fig. 5(b) with a form related to equivalent
channel film (7s;) and gate oxide thickness (Tox1 and Tox2).
The extracted v values from the experimental data in different
regions shown in Fig. 5(b) are also given in the table. From the
equations, the v value in region (i) is equal to the reciprocal
of that in region (iv). Similarly, the Vrg-shift rate in region
(ii) is equal to the reciprocal of that in region (iii). Such a
relation is experimentally confirmed by the extracted  values
since 0.7 is nearly equal to 1/(1.4) and 0.8 is equal to 1/(1.25).

IV. IMPACTS OF BACK-GATE EFFECT
ON DEVICE PERFORMANCE

Comparisons of output characteristics between SG and DG
modes are shown in Fig. 6(a). The long-channel device (L =
5 pm) is chosen here to eliminate the series resistance effect
on drain current. It can be seen that the drain current under
DG mode is significantly larger than that under SG modes.
To illustrate this finding more clearly more clearly, Fig. 6(b)
shows the ratio of drain current of the DG mode to the sum of
the two SG modes against drain voltage. The ratio is found to
increase with increasing drain voltage from a value around 1.2
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(a) Transfer characteristics with G2 as the driving gate and G1 as the Vpg-control gate. (b) Extracted Vg as functions of Vrgr-control gate voltage.

TABLE 1
EQUATIONS FOR THE Vipgr-SHIFT RATE UNDER DIFFERENT OPERATION AND BIAS CONDITIONS FROM THE
THEORETICAL MODEL [13] AND THE EXPERIMENTAL Vg-SHIFT RATES

2
Drain Voltage (V)

(a)

3

Fig. 6.
of the two SG modes. Vi — Vi varies from 1 to 5 V with a step of 1 V.

and becomes saturated at around 2.4. Moreover, the saturation
occurs at a smaller drain voltage as Vi — Vi is reduced. We
also performed similar measurements on the planar devices
having a 50-nm-thick channel, and the results (not shown)
indicate that the ratio is around unity. This suggests that due
to the thick channel film, the two opposite channels in the
planar device do not have any coupling during DG operation.
In other words, the overlap of wavefunction (or distribution) of
the induced electrons in one of the channels with that of the
other channel is negligible. In contrast to the characteristics of
the planar device, the tremendous enhancement in the current
drive of the NW device shown in Fig. 6 with the DG operation

Vry-control Gate Top Gate (G2) Inverse-T Gate (G1)
Bias Condition () Vo< Vrapg | () V> Veape | (i) Vi< Vrapg | (V) Va1 > Vrana
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(a) Output characteristics of the NW device under different operation modes with L = 5 pm. (b) Ratio of the drain current of the DG mode to the sum

originates from the strong coupling effect of the two opposite
gates, owing to the use of ultrathin NW channels.

To gain an insight into the above phenomenon, we have
rechecked the output characteristics of the NW device. In
Fig. 6(a), it can be noticed that the drain voltage at the onset of a
pinchoff (i.e., the saturation drain voltage Vpga,¢) [14] is smaller
in SG modes than in DG mode under the same Vg — Vg
condition. We replot the Ip—Vp curves at Vg — Vg =4 V
in Fig. 7 and specify the position of Vpg, for each mode
as an example. Apparently, the abnormally high drain current
ratio could be partly attributed to the lower Vpg,¢ in the two
SG modes, which would limit the saturation current. Such
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“early saturation” phenomenon in SG modes could also be
described by the aforementioned back-gate effect [15]. Previ-
ously, some analytical current voltage (/-V") models for thin-
film SOI devices with a back-gate effect have already been
proposed [15]-[17]; here, we utilize a different approach with
the potential distribution diagrams under SG1-mode operation
illustrated in Fig. 8(a) and (b) to help us understand the cause in
a much simpler way. As stated above, for SG1 mode the G2 is
grounded while G1 serves as the driving gate. Fig. 8(a) shows
the potential distribution in the channel at the source end as
Va1 is above Vryy. The channel surface potential (¢g) would
be pinned at 71, which is the level corresponding to the onset
of strong inversion [14], and the voltage drop is mainly across
the G1 oxide. On the other hand, the inversion condition for
the onset of a pinchoff at the drain side of the channel is g ~
©T1H + VDsat due to the shift of quasi-Fermi potential with the
applied drain bias, as shown in Fig. 8(b) [14]. Consequently,
Vbsat could easily be derived by using the similarity of the
triangles formed by the potential line in Fig. 8(b) and can be
expressed as

3Tox2 + Tsi Vo —Vrn

3Tox2 + Tsi +3Tox1 1+ 7(1)

where v = 3Tox1/(3Toxa + Ts;i) is the back-gate-effect fac-
tor of region (i) shown in Fig. 5(b) and Table I. Vpg,t for SG2
mode can be analogically derived with the form similar to (1),
except v = 3Tox2/(3Tox1 + Tsi) corresponding to the region
(iii) shown in Fig. 5(b) and Table 1. By using the gradual-
channel and charge-sheet approximation [14], the inversion
charge density along the channel can be expressed as

Vosat = (Ve — Virl) %

Qi(V)=-Cux Vg —Vru — (1 +79)V] (2

where C,y is the gate oxide capacitance per unit area and
V' is the location-dependent quasi-Fermi potential due to
the drain bias. Subsequently, by integrating @Q;(V") through
the entire channel with the integral equation form Ip =
(W/L)phest fOVD [—Qi(V)]dV, the drain current at ON-state can
be expressed as

1+
Ip=K (VG — Vin — /VD) Vb,

when VD < VDsat (3)

(Ve — Von)?
Ipsat = K ——F————, hen Vp > Vpga 4
Dsat 20+ 7) when Vp > Vpsat  (4)
where K is the transconductance parameter equal to

(W/L) prestCox, pest is the effective carrier mobility, L is the
channel length, and W is the channel width. It should be noted
that v is equal to zero under DG mode [13] because there is
no back-gate effect under DG operation as the channel body is
ultrathin. It should be noted that, although based on a simple
scheme shown in Fig. 8, the above derivation based on the
simple potential diagrams (Fig. 8) is actually consistent with
the theoretical models presented previously [15], [16].
Furthermore, by applying the extracted ~ value for each
operation mode into (3) and (4), interestingly, we found that
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Fig. 7. Ip-Vp curves for the NW device operated under various modes at

Ve — Vg = 4 V.

the measured output characteristics can be well fitted by the
equations as an appropriate K value is used. Such treatments
are shown in Fig. 9, in which the output characteristics mea-
sured under different operation modes are compared with the
computational /-V curves based on (3) and (4). The K values
used in the computational /-V curves are 4.9 x 1078, 4.65 x
107%, and 1.15 x 107" S/V for SG1, SG2, and DG modes,
respectively. As can be seen in the figures, the calculation
results well describe the experimental data.

From the above analysis, we can understand that the reason
for the much higher Vg, of DG operation is the elimination of
the back-gate effect. Moreover, the current ratio should reach
a constant as the applied drain bias is larger than Vg — Vry,
i.e., the Vpgat of DG mode, since then, the drain currents of all
operation modes become saturated. This is, indeed, confirmed
in Fig. 6(b). However, one remaining issue is the assumption
of a constant K value for each operation mode as we use (3)
and (4) to fit the experimental /-V curves in Fig. 9. Since K
is closely related to the transconductance (GM) and pioq, We
present the measured results of these parameters and probe their
influences on device characteristics next.

V. MOBILITY ENHANCEMENT WITH DG OPERATION

Fig. 10(a) shows the GM of the device under different
operation modes at Vp =0.1 V. As can be seen in the
figure, the GM approaches a constant value as Vg is suffi-
ciently high. The less attenuation in high vertical field region
is ascribed to the fact that carrier transport in poly-Si channel
is mainly affected and limited by the defect-induced potential
barrier at grain boundaries [18]-[20]. This would answer the
question of why a constant K value can be used for fitting
the experimental data shown in Fig. 9. The extracted ratio
of GM of the DG mode to the sum of the two SG modes
(GMpa/(GMsg1 + GMsgz)) as a function of Vg — Vipy is
depicted in Fig. 10(b). In the same figure, the data of a planar
device are also included for comparison. The ratio is essentially
unity for the planar device, indicating the two opposite gates
are operated independently. Unlike the planar counterpart, it
can be seen that the GM ratio of the NW device is obviously
higher than unity, and a large enhancement reaching ~40% at a
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Fig. 9. Comparisons of output characteristics between the measured data and calculated results of each operation mode based on the proposed model.

low vertical electric field is obtained. This implies that the DG
operation, indeed, offers enhancement in the effective mobility
of the NW device.

In a previous work [19], it has been shown that the car-
rier conduction is mainly governed by the potential barrier
presented at the grain boundaries, and the effective mobility
contained in K can be expressed as
-qVe/kpT

Heff = Ho€ )
where i, is a constant, ¢ is the charge of an electron, Vp
is the grain boundary potential barrier, kp is the Boltzmann
constant, and 7" is the absolute temperature. The values of
Vg extracted from the I-V characteristics measured at dif-
ferent temperatures are shown in Fig. 11. For all operation

modes, Vp decreases with increasing Vg—Vrp, owing to the
increase in the concentration of inversion electrons in the
channel [18]. However, with respect to the SG modes, V3 is
effectively lowered for the DG mode, confirming the infer-
ence made above that the DG operation can provide mobility
enhancement. In Fig. 12, the GM ratio is plotted together
with the ratio [W x e~ 9VB/*¥8T|pq /(W x e 9VB/F8T |30, +
[W x e=V8/k8T|gq,) against Vg — Vipy, where W is the
channel width for each operation mode. It is interesting to
note that the two curves are very close and follows the same
trend. This observation and the above analysis confirm that
the mobility enhancement due to the reduction of potential
barrier height for transport carriers is another major factor
responsible for the performance improvement with the DG
operation.
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VI. CONCLUSION

In this paper, characteristics of a poly-Si NW device fea-
turing independent DG configuration have been characterized
and analyzed. In the device, the ultrathin NW channels are
surrounded by an inverted-T gate and a top gate. With the
independent DG scheme, several modes, including the DG and

two SG modes, can be implemented in the device operation.
In addition, because of the ultrathin NW channels, the transfer
characteristics of the device driven by one of the gates are
profoundly affected by the bias condition of the other gate. The
experimental results point out that the DG mode outperforms
the sum of the two SG modes. For example, transfer curves
with an SS of less than 100 mV/dec are only seen with the DG
mode. Anomalous enhancement in the current drive with the
DG mode is also observed. Based on the analysis, the above
current enhancement with the DG mode is mainly because of
the elimination of the back-gate effect encountered in SG mode
as well as the improved effective mobility.
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