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Abstract—We analyzed the performance, power, area
of 3 nm node fin and nanosheet (NS) field-effect tran-
sistors (FETs) implementing buried power rail (BPR)
after full calibration to 5 nm node hardware. Fin-shaped
FETs (FinFETs) have smaller RC delay than do NS FETs
(NSFETSs) under the same footprint and two-fin configura-
tion. Larger number of NS channels boost drive currents
but also increase gate capacitances as a tradeoff. Compared
with 7 and 3 nm standard cells achieve 75% cell area scaling
in average. Cells using BPR decrease delay, transition time,
internal power, and pin capacitances under the same area.
Larger cells such as D-flip flop (DFF) and xor decrease
those further because the parasitic capacitances of metal
layers between signal and power/ground decrease much.
NS-based cells using BPR can improve delay and transition
time by increasing the number of NS channels, but increase
internal power and pin capacitance. Overall, fin-based cells
using BPR have smaller energy delay product by 12% com-
pared with those without BPR and by 10% compared with
NS-based cells using BPR.

Index Terms—3 nm, buried power rail (BPR),
fin, nanosheet (NS), performance-power-area (PPA),
standard cell.

|. INTRODUCTION

ILICON fin-shaped field-effect transistors (FinFETs) have
been scaled down from 10 to 5 nm node with contin-
uous scaling of contacted poly pitch (CPP) and cell height
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(Fig. 1) [1]-[5]. Fin shape has changed from tapered to rec-
tangular fin through full-fledged extreme ultraviolet (EUV) and
SiGe channel [6]. Self-aligned contact and contact-over-active-
gate (COAG) reduce the number of metal tracks [1], [2]. Single
diffusion break (SDB) reduces the number of dummy gates to
increase the standard cell density [1], [2], [7]. If CPP and cell
height are scaled down at constant rate from 10 nm node,
it is expected that 3 nm node has the CPP of 42 nm and the
cell height of 120 nm. Gate-all-around (GAA) nanosheet field-
effect transistors (NSFETs) reduce the short channel effects
and have larger current drivability compared with FinFETs [8].
Also nanosheet (NS) width (Wys) is easily tuned at a certain
value, which enables performance and power optimization
for different applications. However, we should also consider
the middle-of-line (MOL) layers because the parasitic RCs at
MOL level increase greatly as technology node advances [9].

Buried power rail (BPR) has been proposed to place the
power (VDD) and ground (VSS) metal lines below the
devices [10]. Especially, back-side BPR decreases the IR
drop and the back-end-of-line (BEOL) routing congestion by
placing the power delivery network below the substrate [11].
Static random access memory (SRAM) implementing BPR
as bitline for signal routing decreases both access time and
dynamic power over conventional SRAM [12]. But to the
best of our knowledge, there are no quantitative analyses of
BPR-implemented standard cells in state-of-the-art technology
nodes.

This study is based on full calibration to 5 nm hardware,
thus estimating the performances of device and cell in 3 nm
node accurately. In addition, we designed 24 standard cells
in 3 nm implementing fin or NS structure or/and BPR,
and investigated those in terms of performance, power, and
area (PPA) using commercial electronic design automation
(EDA) tools. Therefore, this work provides the device design
guideline in the cell layout perspective.

Il. SIMULATION METHOD

Both FinFETs and NSFETs were simulated using Sentaurus
TCAD [13]. All the equations used in this work were same
as in [14] and [15]. Doping profile, mobility, and carrier
velocity were calibrated to 5-nm node FinFETs [6] as shown in
Fig. 2(a). Geometry parameters of 5-nm node FinFETs were
also included in the inset. First, subthreshold swing (SS) and
drain-induced barrier lowering (DIBL) were fitted by changing
source—drain (S-D) doping concentration and annealing time.
Then, low-field mobility and its related parameters at high gate
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Fig. 2. (a) Calibration results to 5 nm node FinFETs [6] and (b) lon—lorF
plot for 7 nm [18], 5, and 3 nm of NFETSs (filled) and PFETs (empty).

electric field were calibrated by fitting the drain currents (/gs)
in the linear region. Finally, saturation velocity was modified to
fit the Iy in the saturation region. Compared with the previous
calibrations done in 10 nm node [14]-[17], this work calibrates
to state-of-the-art 5-nm node FinFETs. So, it would give much
reliable results to predict 3 nm and beyond nodes.

In this work, it was assumed that 3 nm FinFETs follow the
same performance gain as from 7 to 5 nm by improving the
ON-currents (Ioy) by 15% with respect to 5 nm FinFETs [6].
The I,y was improved through proper process advancements
including Wy, scaling, much abrupt S/D doping profile for
similar DIBL and SS at the scaled gate length (L), and contact
resistivity reduction. Fig. 2(b) shows the I,y—OFF-currents
(Iogr) plot for 7 nm [18], 5, and 3 nm for three different
applications. From 7 to 5 nm, the Iox was improved greatly
by 33% and 40% for N-type Field Effect Transistors (NFETSs)
and P-type Field Effect Transistors (PFETs), respectively,
by taller and rectangular fin, SiGe high mobility channel, and
other process advancements. In this work, we chose standard
performance application (0.25 nA per fin) only for device and
cell-level analyses.

Table I presents the geometry parameters of FinFETs and
NSFETs in 7 and 3 nm nodes. Geometrical parameters of 7 nm
node are from ASAP7 [18]. The 3 nm node has the cell height
of 120 nm, equal to total six fins or five metal tracks. Fin height
(Hgy) is fixed to 55 nm, same as in 5 nm node. Fin width
(Wgn) is chosen to 5 nm for better controllability than 5 nm

that NSFETs having larger Wys improve RC delay [17], but
here we designed the devices under the same active area with
FinFETs for fair comparison. NS thickness (7ys) and spacing
(Tsp) are 5 and 10 nm, respectively [8]. Table II indicates
geometry parameters and resistances of metal layers and vias.
Resistance of metal layers (M1, M2) is 347 Q/um [20], and
that of via (VO, V1) is 63.5 Q [21]. Resistance of MOL metals
is 523 Q/um from ASAP7 [18]. Metal BPR (MBPR) and
via BPR (VBPR) have the resistance of 65 Q/um and 56 Q,
respectively [10]. MBPR has the width of 25 nm and the aspect
ratio of 2. VBPR has the width x length of 20 x 12 nm? and
connects between MBPR and source-side MOL metals (MO).
Operation voltage (Vyq) is fixed at 0.70 V.

Fig. 3 shows the geometry of FinFETs and NSFETs. All
the process steps for FinFETs and NSFETs are equivalent as
in [14]-[17]. Several geometrical parameters of the devices are
specified. S/D doping concentration, annealing temperature,
and time are 4.10%° cm™3, 1050 °C, and 0.5 s, respec-
tively. Doping concentration for punchthrough-stopper (PTS)
region is 5-10' cm™ to prevent subfin leakage. Both the
devices have the rectangular S/D epi, to be explained in
Section III. For NSFETS, bottom oxide was used to completely
remove the bottom transistor for dc/ac performance advance-
ments [22], [23]. We also considered SiGe intermixing to Si
NS channels causing threshold voltage changes [24].

Electrical characteristics of the standard cells were pre-
pared (Fig. 4). We used Synopsys EDA tools, except Cadence
Liberate for library (LIB) file generation for fair comparison
with ASAP7. HSPICE fits the transfer, output, and capaci-
tance characteristics of the calibrated TCAD devices by using
Berkeley Short channel IGFET model (BSIM) common metal
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FinFETs

NSFETs

Fig. 3. Half schematic diagrams of FInFETs and NSFETs in 3 nm node.
Materials and three terminals [source (S), gate (G), and drain (D)] are
specified.

Custom Compiler  Sentaurus
ITF Layout TCAD
* IC Validator
HSPICE
StarRC LVS v
(library
mode) * starRC [ SPICE
Y LPE
nxtgrd >
Liberate v
LIB

Fig. 4. Schematic flow to generate LIB file including the electrical
characteristics of the standard cells.

gate (CMG). StarRC generates the nxtgrd file, containing the
parasitic RC of metal interconnects, from the interconnect
technology format (ITF). After drawing the standard cell
layouts using Custom Compiler, IC validator performs layout
versus schematic (LVS) check. Then, StarRC does layout
parasitic extraction (LPE) using the LVS output and nxtgrd.
Finally, Cadence Liberate uses SPICE parameters and parasitic
RC of the standard cells to generate LIB file containing all the
electric characteristics of standard cells such as delay, transi-
tion time (fyan), internal power (Py), input pin capacitance
(Cpin), and leakage power (Pieak). To utilize BPR, we first
defined the resistances of MBPR and VBPR in ITE. After
MBPR and VBPR are drawn in the cell layout, RC components
of MBPR and VBPR are extracted in the LPE step.

To reside two-fin NFET/PFETs within the cell height of
120 nm, all the standard cells need one dummy fin between
the devices to isolate S/D epi [Fig. 5(a)]. The diamond S/D
epi should not grow laterally over the length of fin pitch
(FP)-Wg,/2, which is 17.5 nm in 3 nm node, for the epi
isolation. But it is challenging when diamond epi and wrap-
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Fig. 5. (a) Schematic showing the concerns of S/D epi isolation in the
standard cell and (b) dc characteristics of the FinFETs having different
S/D epi schemes.

around contact (WAC) are used due to S/D epi merging
[Fig. 5(b)]. Diamond epi without WAC can avoid this, but
its dc performance is degraded by increasing the contact
resistance. So, we used S/D patterning (SDP) scheme forming
rectangular S/D epi [15]. This scheme can maintain the dc
performance and isolate the S/D epi concurrently.

I11. RESULTS AND DISCUSSION
A. Device-Level Characterization

Fig. 6 summarizes the Ioy, gate capacitances (Cgg), and RC
delay (Cgg Vya/Ion) of FINFETs and NSFETS in 3 nm node. /ope
are fixed to 0.5 nA for two-fin FinFETs and W25 NSFETs,
whereas the Iy are 0.25 nA for one-fin FinFETs and W10
NSFETs. ASAP7 also has the same I, of 0.25 nA/fin [18].
Effective widths (Weg) of FinFETs and NSFETs are calculated
as Ngn - (Whan + 2Hg,) and Nys - (2Wns + 27ns), respectively.
While the Cg, increases at constant rate as a function of
Nns, the increasing rate of oy per Nns decreases. This effect
is explained by the I,y normalized by Weg (Ion/Wegr) in
Table III. NSFET's have smaller I,y/Weg as the Nys increases
because the longer carrier path for bottom-most NS channel
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TABLE IlI
lon NORMALIZED BY Weif FOR FINFETS AND NSFETS

W10 (or 1 fin) W25 (or 2 fins)
(mA/pm) Nas N-type P-type N-type P-type
FinFETs 0.62 0.64 0.67 0.68
3 0.63 0.63 0.68 0.69
NSFETs 4 0.62 0.60 0.66 0.66
5 0.59 0.58 0.62 0.62

induces the larger parasitic resistance [17]. FinFETs and
NSFETS have similar I,y/Weg at the Nys of 3, but the NSFETs
have smaller I,y under the same active area due to smaller
Wegr than FinFETs. The NSFETs with the Nns of 4 and
5 have larger Ioy than the FinFETs due to their larger W,
but degrade the Cg, arising from more channels, overlap, and
outer-fringing capacitances [14]. Therefore, all the NSFETs
have larger RC delay than the FinFETs. Previous work [14]
showed that NSFETs have smaller RC delay than FinFETs.
But the FP in this work is 20 nm, shorter than 28 nm in [14],
thus increasing the Weg per footprint for FinFETs compared
with NSFETS in the two-fin configuration. Comparing one-fin
FinFETs and W10 NSFETs, FinFETs certainly outperform
NSFETs in the one-fin configuration as the FinFETs have
smaller Cg, at the same Ioy.

B. Cell-Level Analysis

Fig. 7 shows the INVx1 layouts of 3 nm node FinFETs
without (w/o) and with (w/) BPR. All the standard cells in
3 nm node have the same cell height of 120 nm irrespective

from ASAP7 [18]. Both COAG and SDB are adopted for
the standard cell design. NSFETs use the same metal layers
as FinFETs, thus are not shown here. INVx1 without BPR
has 12-nm-wide M1 layers for power/ground (VDD/VSS),
whereas that with BPR has 25-nm-wide MBPR layers enabling
longer input (A) and output (Y) M1 lengths for better routabil-
ity in circuit design. The cells without BPR have 11.5 nm
proximity of fins to VDD/VSS lines, whereas the cells with
BPR have 5 nm proximity. VDD/VSS line resistances without
and with BPR are the same as those of M1 and MBPR,
respectively.

Table IV summarizes the electrical characteristics of two
standard cells (INVx1 and DFFHx1) of FinFETs and
NSFETs at different input slews and load capacitances (Cioaq)-
The 7 nm standard cells are also included for comparison.
Energy delay product (EDP) is calculated as the multiplication
of power and delay squared.

First, comparing 7 and 3 nm nodes, the cell area is scaled
down significantly for both INVx1 (—77%) and DFFHx 1
(—68%). As the 3-nm node uses two fins instead of three fins
for 7 nm node, both Cy;, and Pye.x decrease. Taller fin for 3 nm
node increases the Ioy per fin greatly. Overall, all the electrical
characteristics (delay, fyan, Pin) are improved for 3 nm node.

Second, comparing fin-based cells, BPR decreases the Cpiy
by 1% for INVx1 and 2% for DFFHx 1 due to the reduced
parasitic capacitance (Cpaa) between VDD/VSS and signal.
Especially, BPR improves the delay, fyan, and Py, of DFFHx 1
greatly than INVx1 because the Cpya decreases much for
larger cells. Smaller resistance for MBPR compared with M1
reduces those metrics further as given in Table II.

Third, fin-based cells have smaller Cp, by 4% and 19%
than NS-based cells with the Nys of 4 and 5, respectively,
arising from smaller Cg, (in Fig. 6). Different from RC delay
results in Fig. 6, NS-based cells have shorter delay and f,,
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TABLE IV
ELECTRICAL CHARACTERISTICS OF INVx1 AND DFFHx1 IN 7 AND
3 nm NODES AT DIFFERENT INPUT SLEW AND LOAD CAPACITANCES

7 3 nm
INVxI [1“8‘5‘ w/o BPR w/ BPR
FinFET FinFET NS 4 NS 5
Area 0.044 0.010 (-77 %)
Cpin (fF) 0.437 0.315 0.312 0.328 0.385
Proar (W) 503 278 278 271 274
Fast case: (input slew = 10 ps, Cj,us = 1.44 {F)

Delay (ps) 7.78 7.40 7.40 7.29 6.83
tran (PS) 11.16 8.15 8.14 8.39 7.50
P (1) 0.052 0.037 0.036 0.039 0.043

EDP 3.16 2.05 2.00 2.08 2.02
Slow case: (input slew =40 ps, Cj,ea = 5.76 {F)

Delay (ps) 28.43 2791 27.93 27.32 25.52
tiran (PS) 42.95 31.80 31.82 32.60 29.14
Py, (1) 0.075 0.043 0.042 0.046 0.050

EDP 60.50 33.71 32.95 34.18 32.87
7 3 nm
DFFHx1 [fg‘]“ w/o BPR w/ BPR
FinFET FinFET NS 4 NS5
Area 0.379 0.121 (-68 %)

Cpin (fF) 0.431 0.293 0.288 0.300 0.352
Proa (pW) 2744 1491 1491 1497 1494
Fast case: (input slew = 10 ps, Cjpus = 1.44 fF)

Delay (ps) 32.89 22.61 21.61 21.82 21.09
tian (PS) 17.17 12.00 11.10 11.98 10.88

Py (1)) 0.878 0.617 0.593 0.649 0.737
EDP 949.69 315.40 277.01 308.74 327.73
Slow case: (input slew = 40 ps, Cj,aa = 5.76 {F)

Delay (ps) 54.58 43.30 41.29 40.47 38.59
tan (PS) 45.27 34.05 31.29 32.63 28.80
P (1) 0.896 0.631 0.611 0.672 0.761

EDP 2668.75 1184.02 1041.75 1099.61 1133.07

EDP Unit: 10 J.s

for more Nys. It is because the Cjo,q is much greater than the
Cye and thus the /oy dominantly affects the cell speed at the
specific case. It is clear that more Nys decreases delay and
tyan much by 6% and 11% for the slow case, respectively. But
the Iox increase causes the P, increase due to the increase
of short-circuit currents in operation.

Finally, fin- and NS-based INVx1 have similar EDPs,
whereas fin-based DFFH x 1 have smaller EDP by 10% for the
fast case and by 5% for the slow case than NS-based ones.
DFFH x 1 use more number of field-effect transistors (FETS)
than INVx1, so the P, difference between FinFETs and
NSFETSs increases. In addition, DFFHx 1 has a one-fin con-
figuration, and one-fin FinFETs outperform W10 NSFETs.
Therefore, fin-based DFFH x 1 w/ BPR have the smallest EDP
in 3 nm node.

There are three possible reasons why NS-based cells have
larger EDP than fin-based cells.

First, NSFETSs lose the benefits of drive currents as the FP
is scaled down to 20 nm in 3 nm node. Under the same active
region for two-fin configuration, NSFETs need at least 4 of
Nns to meet similar /oy as FinFETSs, but more Nys increase the
Cy; as a tradeoff. For one-fin configuration, FinFETs are much
better than NSFETs because FinFETs have smaller facing area
between S/D and gate and thus smaller Cgy. If three-fin or
beyond configuration is adopted, NSFETs would increase the
drive currents over FinFETs.

Second, there is minimal benefit of short channel control-
lability for GAA over fin channel. DIBL and SS are similar

a
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Fig. 8. (a) Delay, (b) Pint, and area of the standard cells using FinFETs

without and with BPR.

between FinFETs and NSFETs as long as the PTS controls
the subfin leakage effectively [14]. So, the cell characteristics
are determined mostly by Ioy and Cg as shown in Fig. 6.
Previous work for analog/RF application shows that NSFETs
have greater intrinsic gain (G, R,) than FinFETs due to
larger transconductance (G,,) by larger W and large output
resistance (R,) by better gate electrostatics [25]. But in terms
of the standard cells for digital application, fin-based cells
show better results than NS-based ones.

Third, this work only applies W10 and W25 NSFETs for
one- and two-fin, respectively. Wxs can be modulated at
continuous level, whereas Ng, is discrete and W5, and Hj,
are fixed. This design flexibility for NSFETs would give rise
to the improved cell performance, which is beyond the scope
of the article.

Fig. 8 summarizes delay, P, and area of all the standard
cells using FinFETs without and with BPR for the medium
speed case. All the standard cells except INV x1, NAND2 x 1,
and NOR2x 1 improve the delay by BPR. Three standard cells
with the greatest delay and Py, saving by BPR are DFFHx 1,
XNOR3x1, and XOR3x1 because their cell areas are the largest.
As the cell is larger, Cpara between VDD/VSS and signal
decreases much for BPR. In addition, the smaller resistance
of MBPR over M1 further decreases the delay and P, and
benefits more as the cell is larger.

IV. CONCLUSION

FinFETs and NSFETs implementing BPR are analyzed
thoroughly in terms of device and cell levels using full-
calibrated TCAD. SDP scheme is adopted for rectangular S/D
epi to prevent S/D epi merging. At the device level, NSFETs
have larger RC delay than FinFETs. Especially, the RC delay
of W10 NSFETs is much larger than that of one-fin FinFETs
due to large Cpara induced by large facing area between S/D
epi and gate. At the cell level, NS-based cells can decrease
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the delay and #;4, by increasing the Nys, but increase the Piy
over fin-based cells as a tradeoff at the same input slew and
Cload- Overall, fin-based cells have smaller EDP than NS-based
cells, especially for large cells where more number of FETSs
are arranged. As the BPR is implemented, all the standard
cells improve Cpin, delay, #an, and Py, and more with larger
cells. Therefore, under two-fin configuration, FinFETSs using
BPR scheme are promising for 3 nm node.
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