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ABSTRACT RF array performance of stacked nanosheets, stacked nanowires, FinFETs, and TreeFETs are
optimized using double-sided gate contact, contact over active-gate, and proposed hybrid layouts. For the
double-sided gate contact, gate resistance increases with the increasing active region width to decrease
the maximum oscillation frequency. The gate vias on the active region of contact over active-gate can
reduce gate resistance by providing vertical paths for small-signal gate current. Combining the advantages
of double-sided gate contact and contact over active-gate, the hybrid can further reduce the gate resistance
to improve the maximum oscillation frequency. FinFETs/TreeFETs with the vertical sections of the channel
(fin/interbridge) stop the lateral small-signal gate current path to increase gate resistance and thus decrease
the maximum oscillation frequency as compared to nanosheets and nanowires. Nanowires adopting the
hybrid layout and gate length of 18nm can achieve the highest maximum oscillation frequency of 590GHz
due to the lowest gate resistance, the highest electron concentration, and the best gate control.

INDEX TERMS RF, 5G mm-Wave, 6G, FinFET, nanosheet, nanowire, TreeFET, gate-all-around, cut-off
frequency, maximum oscillation frequency.

I. INTRODUCTION
6G wireless communication with a carrier frequency range
from 95GHz to 3THz needs beamforming with numer-
ous low-noise amplifiers and power amplifiers to improve
effective isotropic radiated power and reduce power con-
sumption [1], [2], [3]. Many sets of circuits to transmit and
receive signals in different frequency ranges are also neces-
sary to support the wide carrier frequency range operations.
Thus, the RF performance of transistors becomes critical
for such high-frequency operation to achieve high-efficiency
wireless applications. Cost-effective CMOS technology with
high transistor density is suitable for beamforming appli-
cations of mobile devices. RF performance of FinFET had
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been investigated [4], [5], [6], [7], [8]. Double-sided gate
contact (DS) was proposed to reduce gate resistance (Rg)
and to boost maximum oscillation frequency (fMAX) [6], [7].
FinFETs have a better fMAX than the planarMOSFET [4], [5],
[6], [7]. However, the cut-off frequency (fT) of FinFET cannot
outperform planar MOSFET [4], [9] due to the low electron
mobility of its (110) sidewalls. Gate-all-around (GAA) FETs
such as nanosheets (NS) with more (100) top and bottom
surfaces than (110) sidewalls can improve fT and fMAX due to
higher electronmobility [10]. AlthoughGAAFETs including
stacked NS, stacked nanowires (NW), and TreeFETs [10],
[11], [12] have enhanced digital performance, RF perfor-
mance should also be evaluated including back-end-of-line
(BEOL) parasitics [13] and RF transistor array layouts [14],
[15]. The noise analysis including the noise figure is also
important for low-noise amplifier design since the noise
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FIGURE 1. Schematics of (a) double-sided gate contact (DS), (b) contact
over active-gate (COAG), and (c) proposed hybrid transistor array layouts
up to the M3 level. The channel stopper, substrate, and oxides are
transparent.

generated by transistors will contaminate the input signal and
increase the bit error rate [16], [17]. In this work, the discus-
sion about RF performance is mainly focused on the fT and
fMAX for power amplifier (PA) applications. The DS, contact
over active-gate (COAG), and proposed hybrid layouts up
to the M3 level are used in TCAD [18] (Fig. 1(a)(b)(c)) to
simulate fT and fMAX with the active region widths of 290 and
480nm.

Note that different active regionwidths are used to simulate
the influence of transistor array sizes on RF performance.
For DS and hybrid, the Source/Drain (S/D) metal connections
are above the active region. The difference between DS and
hybrid is the addedCOAGmetal at theM1 level (Fig. 2(a)(c)).
For COAG, S/D metal connections are extended at both sides
of the active region (Fig. 2(b)), leading to additional parasitic
resistance (Rpar) and degrading the RF performance.

M0 gate contacts of the DS layout are located at both sides
of the active region (Fig. 3(a)), while gate vias of the COAG
layout are distributed evenly on the active region (Fig. 3(b)).
For the hybrid layout, added COAGmetal as compared to DS
is used to connect COAG vias to the M1 level (Fig. 3(c)).
M0 metal lines are W, while the V0 vias and above are

Cu. Device structure parameters, BEOL metal heights, and

FIGURE 2. Top views of (a) DS, (b) COAG, and (c) hybrid transistor array
layouts up to the M3 level. Extended S/D fingers in COAG lead to
additional Rpar.

FIGURE 3. Top views of (a) DS, (b) COAG, and (c) hybrid transistor array
layouts up to the M0 level. COAG vias are used on top of the gate finger
for COAG and hybrid layouts to reduce gate resistance (Rg).

via heights are listed in Table 1. The undoped channel and
[P] = 1e20cm−3 in S/D are used. The BEOL includes 2 drain
fingers, 3 source fingers, and 4 gate fingers (Fig. 3). The
device parameters such as contact gate pitch (CGP), gate
length (Lg), spacer length (Lsp), S/D length (LSD), and BEOL
are the same for 4 kinds of transistors. Note that diamond-
shaped S/Ds with {111} facets are used for 4 kinds of
transistors. The vertical stack number (floor#) for NSs and
NWs is 3. The suspension thickness (TSUS) is the vertical
distance between adjacent channels, and the vertical offset is
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TABLE 1. Geometric parameters of RF transistor array.

the distance between the bottom of the lowest channel and the
top of the channel stopper. For TreeFET, the channel consists
of 3 vertically stacked NS and 2 interbridges in between.
To compare the structure advantages, the interbridge height
(HIB) is set to be the same as TSUS. The {001} wafer
and <110> current orientations are assumed for NS, NW,
FinFET, and TreeFET.

II. CALIBRATION INCLUDING BEOL
The DS layout up to the M3 level using FinFET with the fin
pitch of 48nm and fin width of 8nm was calibrated to foundry
SPICE with errors <2.5% for fT, fMAX, transconductance
(gm), output conductance (gd), total gate capacitance (Cgg),
gate-to-drain capacitance (Cgd), and on current (Ion) in our
previous work [13]. Thus, the BEOL parasitics are correctly
included in our simulation. Transfer characteristics of Fin-
FET SPICE [13], experimental NSs [19], and experimental
NWs [20] are used to extract mobility (µ) considering the
Masetti mobility model with doping dependence [21] in our
previous works (Fig. 4(a)) [13], [14], [15]. µNS, µNW, and
µFinFET are 360, 260, and 220cm2/V/s, respectively. The
order of mobilities (µNS > µNW > µFinFET) is the same as
calculated mobilities considering specular surface scattering
governed by energy and parallel–momentum conservation
without surface roughness scattering [22] and calculated
injection velocity for short-channel devices [23]. Note that
the same µNS of NS and TreeFET are used to compare the
device architecture.

III. CHANNEL GEOMETRY DEPENDENCE
TheCOAGcan reduceRg and improve the RF performance of
FinFET with fT = 320GHz and fMAX = 350GHz at the opti-
mized fin pitch of 28nm, the active region width of 290nm,
and VDD = 0.8V (Fig. 4(b)). Cgg and Cgd are extracted
by small-signal AC simulation at VGS = VDS = 0.8V.
In addition, fT and fMAX are extracted from the simulated
current gain and Mason’s unilateral gain (GU), respectively,
at 90 GHz with −20 dB/dec extrapolations following the
measurement method [24]. Note that GU is calculated from
admittance parameters [25].
The simulated electron concentrations near the centers are

lower than the edges of FinFET (Fig. 5(a)), NS (Fig. 5(b)),

FIGURE 4. (a) Calibrated ID-VGS of FinFET, stacked NSs, and stacked NWs.
(b) Fin pitch optimization with different lateral stack numbers (stack#) to
improve RF performance at the similar footprint. The mobility (µ) is
extracted using the Masetti mobility model [21].

and TreeFET (Fig. 5(c)). For FinFET, the high carrier density
region is located at the fin top. For NS, the high carrier
density regions are at both channel edges. For TreeFET, the
interbridges further reduce the carrier amount in themiddle of
the NS channels. Thus, NWwith the highest average electron
concentration, 3.8X as compared to FinFET, in the channel
among 4 kinds of transistors (Fig. 5(d)(e)) can achieve only
15% gm reduction to NS (Fig. 6(a)) although NW has the
lowest effective channel width (Weff = 470nm) as compared
to the FinFET/NS/TreeFET (850/1000/1050nm) at the active
region width of 290nm. Note that Weff is equal to the total
channel peripheral width. Besides, NW with the smallest
channel cross-section can achieve > 60% gd reduction as
compared to the other 3 transistor architectures due to the best
gate control. Thus, TreeFET with the highest gm in 4 kinds of
transistors can improve fT, while NWwith the smallest gd can
improve fMAX according to the fT and fMAX formula (Fig. 6).
3 types of BEOL have similar gm and gd with an active region
width of 290nm (Fig. 6(a)). However, for the active region
width of 480nm with a larger Ion than 290nm, COAG has
the lowest gm due to additional Rpar from the extending S/D
fingers outside the active region in the M0 level (Fig. 3(b)).
Note that the S/D connections of DS and hybrid are above
the active region without extending S/D fingers (Fig. 3(a)(c)),
leading to lower Rpar than COAG.

IV. BEOL LAYOUT COMPARISON
The gate finger cross-sections are investigated with the same
active region width by adjusting lateral stack numbers (lat-
eral stack#) (Fig. 7) with the fixed lateral spacing of 23nm
(Fig. 7(a)). For DS, the gate contacts are located at both sides.
Thus, the distance from gate contacts to transistors becomes
larger as the lateral stack order of NS increases from 1 (left
side of the active region) to 3 (the middle of the active region)
in Fig. 7(a). This leads to the Rg increase from the lateral stack
order of 1 (left side of the active region) to 3 (the middle of the
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FIGURE 5. Electron concentration profile of (a) FinFET, (b) NS, (c) TreeFET,
and (d) NW in channels at VOV = VGS - VT = 0.5V. The simulated electron
concentrations near the centers are lower than the edges of FinFET, NS,
and TreeFET. (e) Average electron concentration comparison of NS, NW,
FinFET, and TreeFET with the active region widths of 290 and 480nm.
NW with the smallest channel cross-section can achieve the highest
average electron concentration due to the best gate control.

FIGURE 6. (a) Conductance and (b) capacitance comparison of NS, NW,
FinFET, and TreeFET with the active region widths of 290 and 480nm.
NW can achieve only a 15% gm decrease and a 60% gd decrease as
compared to NS due to the highest average electron concentration and
smallest channel cross-section in Fig. 5. NW can also achieve ≥25% Cgg
decrease as compared to NS due to the smallest Weff.

active region) in Fig. 8(a). Note that the lateral stack number
(lateral stack#) of NS is 6 at the active region width of 290nm
and the gate finger is symmetric. Thus, the NS lateral stack
order of 6 is located at the right side of the active region at
the active region width of 290nm.

As the active regionwidth increases from 290nm to 480nm,
the DS gate contacts are still located at both sides of the
active region, leading to a longer distance from gate con-
tacts to the transistor located in the middle of the active
region. As a result, the increase of Rg values from transistors
located at both sides to those located in the middle of the
active region becomes larger at the active region width of
480nm than 290nm. Besides, FinFET and TreeFET with
vertical sections of channel (fin and interbridge) stop the
lateral small-signal gate current path (Fig. 7(c)(f)), leading
to the larger Rg increase (Fig. 8(c)(d)(g)(h)) than NS and
NW (Fig. 8(a)(b)(e)(f)) in the middle of the active region.
However, gate metal between vertically stacked channels of

FIGURE 7. The gate finger cross-section in Fig. 3 with active region widths
of (a)(b)(c) 290 and (d)(e)(f) 480nm using (a)(d) NS, (b)(e) NW, (c) FinFET,
and (f) TreeFET. The same BEOL and lateral spacing are assumed. The
vertical small-signal gate current can be provided by COAG vias to reduce
Rg in COAG and hybrid layouts.

FIGURE 8. Rg distribution in different lateral stack orders with the active
region widths of (a)(b)(c)(d) 290 and (e)(f)(g)(h) 480nm. The lateral stack
order starts from left to right in the active region (Fig. 7). With the vertical
small-signal gate current paths by COAG vias in COAG and hybrid layouts
(Fig. 7(b)(c)(e)(f)), Rg in the middle of the active region decreases as
compared to DS.

NS and NW (Fig. 7(a)(b)(d)(e)) can mitigate the Rg increase
(Fig. 8(a)(b)(e)(f)).
For COAG, the gate contact vias are evenly distributed

on the gate fingers, and the gate contacts at both sides are
removed. The vertical small-signal gate current path from top
COAG vias to bottom channels can reduce Rg from DS in the
middle of the active region (Fig. 8), leading to Rg reduction of
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FIGURE 9. Average Rg comparison of NS, NW, FinFET, and TreeFET with
the active region widths of 290 and 480nm. The average Rg value is
calculated from the sum of the Rg value for each channel divided by the
total channel number.

4 kinds of transistors as compared to DS (Fig. 9), especially
for active region width of 480nm. Note that 3 and 5 COAG
vias are used in the COAG at the active region widths
of 290nm and 480nm, respectively, to reduce the distance
between gate contacts to transistors (Fig. 7(b)(e)).

Compared to the COAG, the hybrid removes 2 COAG
vias and adds DS gate contacts at both sides of the active
region (Fig. 7(c)(f)), leading to Rg reduction at both sides
(Fig. 8). 1 COAG via and gate contacts at both sides are
used in the gate finger at the active region width of 290nm.
In comparison, 3 COAG vias and gate contacts at both sides
are used at the active region width of 480nm. The minimum
Rg values of hybrid among 3 types of BEOLs can be observed
along different lateral stack orders (Fig. 8). Thus, the hybrid
layout can achieve the lower average Rg of total channels
than DS and COAG in 4 kinds of transistors (Fig. 9), suit-
able for fMAX improvement. Also, similar Rg values can be
achieved by adopting the hybrid layout at active regionwidths
of 290 and 480nm, indicating that the RF performance of
the larger RF transistor array will not degrade by Rg. Note
that Rg is extracted by simulating the series resistance from
gate contacts at the highest gate metal layer to the interface
between gateM0 and gate oxide of each channel. The average
Rg in Fig. 9 is from the average of Rg values in Fig. 8 with
different lateral stack orders.

For capacitance comparison (Fig. 6(b)), NW with the low-
est Weff as compared to the FinFET/NS/TreeFET can achieve
≥25% Cgg reduction due to the lowest intrinsic gate capac-
itance (Cox). The COAG with the most COAG vias on the
gate finger increases the gate-to-S/D overlap area, leading to
the highest Cgg and Cgd among the 3 types of BEOL. The
DS without the COAG vias on the gate finger can achieve the
lowest Cgg and Cgd among the 3 types of BEOL. The 4 kinds
of transistors under the same layout have similar parasitic gate
capacitance (Cpar) with <5% difference (not shown in Fig.).
Note that Cgg is equal to the sum of Cox and Cpar.
As a result, the DS has the lowest Cgg and highest fT

(Fig. 10(a)) due to no additional Cpar from COAG vias. The

FIGURE 10. (a) fT, and (b) fMAX comparison of NS, NW, FinFET, and
TreeFET with the active region widths of 290 and 480nm. The hybrid can
achieve the highest fMAX in 3 types of layouts. NW with the hybrid layout
can achieve the highest fMAX due to the lowest Rg, highest electron
concentration, and best gate control.

hybrid can have higher fT than COAG due to fewer COAG
vias and less Rpar due to no extended S/D fingers (Fig. 3(b)).
For the comparison between 4 kinds of transistors under the
same BEOL, TreeFET has the highest fT due to the largest gm
in 4 kinds of transistors.

For fMAX comparison, the gd and Rg should be taken into
consideration. The hybrid has the highest fMAX (Fig. 10(b))
as compared to DS and COAG due to the lowest Rg (Fig. 9)
at the active region width of 480nm in 4 kinds of transistors.
For both hybrid and COAG, the fMAX values are similar at the
active region widths of 290 and 480nm due to COAG vias to
avoid Rg increase in the larger active region width. For DS,
fMAX degrades significantly from the active region widths of
290 to 480nm, which is unsuitable for large transistor array
applications. Since the NW has the smallest channel in the
gate finger cross-section among 4 kinds of transistors, the
Rg can be reduced due to more spacing to fill the gate metal
(Fig. 7(b)(e) and Fig. 8) and the gd can be minimized due
to the best gate control (Fig. 6(a)). Consequently, the NW
can achieve the highest fMAX among 4 kinds of transistors
(Fig. 10(b)). With the hybrid layout, Lg = 18nm, and active
region width of 480nm, NW can achieve fMAX = 590GHz.
Note that NWstill has the largest fMAX if 4 kinds of transistors
have the same mobility (260cm2/V/s).

For 16nm FinFET technology adopting DS transistor array
layout, the fT and fMAX are 215GHz and 251GHz, respec-
tively at the active region width of 290nm [13]. Thus,
by optimizing BEOL, FinFETwith hybrid BEOL can achieve
fT = 335GHz and fMAX = 375GHz, suitable for FinFET PA
applications

For power amplification applications, the transistor array
is large and at least has >40 transistors (fin number∗ finger
number). Thus, the RF performance at large transistor array
size should be examined to check the benefits of BEOL
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TABLE 2. RF performance comparison.

layout. Compared to previous work [13], [14], [15], the pro-
posed hybrid can achieve the highest fMAX(Table 2 ). Besides,
the fMAX of the hybrid does not decrease and remains the
highest among the 3 types of BEOLs as the active region
width increases from 290nm to 480nm. Thus, the hybrid
BEOL design is suitable for PA applications since the RF
performance is not degraded at large sizes of transistor arrays.

V. CONCLUSION
TreeFETwith DS layout can have the highest fT = 465GHz at
Lg = 18nm and an active region width of 480nm. The hybrid
layout can reduce Rg and improve fMAX as compared to the
DS and COAG layout at the active region width of 480nm,
suitable for large transistor array applications. Stacked NW
using the hybrid layout with the lowest Rg, lowest Weff,
lowest gd, and highest average electron concentration can
achieve the highest fMAX = 590GHz with the active region
width of 480nm. For real PA circuit design, the power gain
with different input powers and carrier frequencies should be
provided including matching networks. In future work, the
power gain with different input powers will be simulated to
check the RF device’s ability of power amplification. 3 types
of BEOLs combined with NS, NW, FinFET, and TreeFET
will be compared in terms of power gain with the carrier
frequency ranging from 24GHz to 100GHz.
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