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Abstract — Scaling down transistor to 45nm node and
below might require new processing steps such as new gate
stack or new device structure such as FinFET. Thus, in
this work the use of high-k gate insulator - hafnium oxide
(HfO2) on FIinFET performance was investigated. SPICE
model was used to describe the real device operation and
designing a practical analog circuit for the AC analysis.
Therefore, only the gate insulator is changed in the SPICE
model of silicon oxide, SiO2 to HfO2 and the difference of
the turn on current (lon) is compared between planar and
FinFET SiO: gate insulator with HfO: gate insulator
FIinFET transistor. The simulation results for 22nm node
on inverter and chain inverter application show that better
performance was obtained for FIinFET compared to
planar bulk CMOS.
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. INTRODUCTION

As the dimension of a transistor shrinks, the transistor
becomes smaller, lighter, faster, consumes less power and in
most cases more reliable [1]. Thus, two types of transistor
structures — conventional planar and tri-gate transistors will be
examined. Tri-gate transistors make use of a raised source-
drain structure that would eliminate parasitic resistance and at
the same time facilitates local interconnection and large-scale
integration [2]. The purpose of this study is to resolve the
problem of current leakage by using high-k gate in tri-gate
transistor. Silicon oxide (SiOy) is ideally an insulator but as
transistor is made thinner, current will leak through. Hafnium
oxide (HfO,) with the dielectric constant about 30 (ky50,~30)
is a much higher value of insulator gate that is being used to
replace the currently used SiO, gate with the dielectric
constant of 4.3 (ks;0,=4.3) [3]. High-k gate dielectric
materials were employed in the process to continue the scaling
down of transistors at low gate leakage [4]. The usage of high-
k/metal gate offers a very significant gate leakage reduction
relatively to 65nm transistors [5] as the gate leakage is
reduced by more than 25 times for nMOS and by 1000 times
for pMOS compared to the transistor that uses poly-Si as the
gate [6]. Software called LTspice will be used to compare
planar and tri-gate transistor by varying the k value. Other
parameters are kept constant. Higher value of k in insulators
can be grown physically thicker or thinner for the same

electrical oxide thickness (t,,) that shows an apparent
reduction in the gate leakage. The high-k/metal gate FinFET
uses 1.9nm as the oxide thickness that uses HfO, as the gate
insulator. However, FinFET with poly-Si gate uses 1.8nm as
the oxide thickness with SiO; as the gate insulator.
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Figure 1: The flow chart of the overall simulation work




Figure 1 shows a flow chart of the overall work of
designing transistor and two types of transistors is being
compared. The simulation was performed to investigate the
effect of high-k on FinFET performance. The comparison
was made between n-type MOS and FinFET transistor in 3D
model, 1-V characteristics and as an inverter. Then further
simulations were performed to examine the effect of high-k
FinFET for chain inverter.

In this simulation, the values either the dielectric constant
or electric permittivity (er) cannot be modified directly since
different material were used for the transistor’s insulator. The
toxe value which is the oxide thickness (t.x) of gate insulator
is where it differs between a FinFET and high-k FinFET. The
value of toxe used in the model is the equivalent oxide
thickness for different materials [7]. Generally, 1.8e~° is for
SiO; gate insulator that is employs for FINFET whereas for
high-k FinFET is 1.9e~° for HfO, gate insulator shown in.
The 1-V characteristics were obtained from the simulation
using LTspice. The common variables of transistor such gate
size: height and length will be kept constant. Only the material
use for the gate will be changed in order to get a clear picture
of the differences in term of gate leakage for both SiO, and
HfO..

1. RESULT AND DISCUSSION

As mentioned previously, the simulation performed is to
investigate the effect of high-k on FinFET performance. The
comparison was made between n-type MOS and FinFET
transistor in 3D model, -V characteristics and as an inverter.
Further simulations were performed to examine the high-k
FIinFET chain inverter.

Figure 2 and Figure 3 show the differences of a planar
transistor compared to a FinFET respectively. The 3D models
of both planar and FinFET transistor placed side by side
(nMOS at the right side and FInFET at the left side) is shown
in Figure 2. Second poly-Si deposition is required in order to
make it a FinFET transistor as shown in the figure. Due to the
different fabricating method for FinFET, dual doped (n+/p+)
of gate insulator by ion implementation is used as gate
electrodes [9].

In Figure 3, the marked part shows the gate insulator.
That is where it differs from a planar transistor. The planar
transistors will have a poly-Si gate insulator whereas high-k
FinFET will have HfO, gate insulator which is one type of a
high-k material that is used for this FinFET. A major
distinction between FinFET and planar transistor is a notable
narrowed of active region (fin) where it was a modification
from a planar complementary metal oxide semiconductor
(CMOS) process [9].

Second poly-Sideposition
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Figure 2: The difference between planar nMOS (left) and FinFET (right)

Figure 3: The cross section of both planar and FinFET transistors

Part 2: Ip-Vp characteristics of planar, FInFET and high-k
FinFET transistor

@



(b)

©

Figure 4: 1 vs. Vp graph of 22nm node technology of (a) planar nMOS, (b) n-
type FinFET and (c) n-type high-k FinFET

The results of 1-V characteristics were exhibited in Figure
4 where the Ip-Vp graphs were obtained from the SPICE
simulation of single n-type transistor with characteristics of a
22nm gate length device with various material of gate
insulator.

Figure 4(a) shows the Ip-Vp characteristics of nMOS
device with gate length of 22nm. Same characteristics were
also plotted for n-type FinFET transistor. A steeper slope for
graph in Figure 4(c) when compared to Figure 4(b) shows that
the new transistor having the high-k gate insulator FinFET
exhibit lower current to operate before it start to saturate. To
compare it to planar transistor, it requires more power to
operate which will be less productive as the simulation shows
very significant difference of lon required to operate the
planar transistor.

As shown in the simulation, FinFETSs provide higher lon
than planar transistor, resulting in faster switching times. On
the other hand, bulk CMOS has several leakage mechanisms:
subthreshold leakage, gate leakage, reverse-biased junction,
band-to-band tunneling and gate-induced drain leakage [10].
However, in FinFET, there are two leakage mechanisms: the
subthreshold current and gate leakage [11].

Figure 5 indicates a reduction of current required to turn
on the transistor. Planar nMOS consumed higher current to
turn on the transistor compared to FinFET and high-k FinFET.
That would be a drawback factor as it requires high power to
operate and lower its performance.
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Figure 5: The on current (lon) for NMOS, FIinFET and high-k FinFET

Part 3: Inverter of planar, FinFET and high-k FinFET
transistor
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Figure 6(a) shows the schematic of FIinFET inverter
design where the pull-up transistor is normally a p-type
transistor and the pull-down transistor will be the n-type
transistor.
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Figure 6: Schematic of inverter (a) and transient input/output characteristics
of (b) inverter, (b) FinFET inverter and (d) high-k FinFET inverter

All the SPICE output simulation of the three types of
inverter that are being discussed in this paper gives the same
output as shown in Figure 6(b), Figure 6(c) and Figure 6(d)
which appear to exhibit 1.0V as it is a 1.0V inverter itself.
There are no big differences between the transistors as it is
only a single transistor.

Part 3: High-k FinFET chain inverter
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Isc leads to heating during switching
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Figure 7: The (a) schematic of chain inverter [7] and the (b) transient
characteristic without Isc effect, C_=100fF, (c) with Ics effect, C, =500fF and
(d) when using C, =750fF.

Further simulations were performed for high-k FinFET
for chain inverter to analyze the performance. Figure 7(a)
shows the schematic of three chain inverters that employ the
high-k FIinFET.  The results of timing diagram were
investigated for three different C. values as tabulated in Table
1.

The glitches formed in Figure 7(b) for the output of
inverter are due to two factors which are the capacitor current
(IcL) and short circuit current (Isc). But, Isc is more dominant
and greatly affect the output of the inverter itself.

The transient characteristic of an inverter and the Isc
during the switching operation is shown in Figure 7(c). The
short-circuit power dissipation in the inverter is because of the
Isc n-type FinFET where it is maximum during the switching
process [12]. Thus, raise the problem of heating of the device.

The effects will be greater for a chain inverter compared
to just a single inverter as shown in Figure 7(c) and 7(d). This
is because the effects of Ic. and Isc of the inverters present in
the chain configuration will be the total up as it is a series of
inverter.



TABLE | DIFFERENCES OF OUTPUT VOLTAGE DUE TO
DECREASING LOAD CAPACITANCE

CL(F Vout(V) Isc (LA)
100f 1.075 11.15
500f 1.016 19.18
750f 1.010 20.86

Short circuit current flows during the brief transient when
the pull down and pull up devices both conduct at the same
time where one (or both) of the devices are in saturation. The
load capacitance (C.) used for the design is kept at smaller
value as it is one of the contributing factor that cause an
increase in the short circuit current [8]. Table shows a
significant loss of output voltage when the C_ is increased.
Thus, the time for charging and discharging of C. would be
reduced as a good way of proposing an improvement for the
realization of high-performance circuit. Transistor sizing may
help to improve performance as long as the delay is dominated
by the extrinsic (or load) capacitance of fanout and wiring [9].

V. CONCLUSION

As a conclusion, this paper provides the comparison of
FinFET with planar transistor for 22nm technology for both
types of transistors. The FinFET device of n-type and chain
inverter has been simulated using LTspice and various
characteristics are plotted. The investigation is about the
different type of transistor structure, material and its
performance. The results show that FinFET outperform the
planar transistor for the current consumes for switching
process of the transistor.
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V. APPENDICES

2 (5m - Noteped
* PTM Low Pox 22nm Metal Gate / High-K / Strained FlnFET
* nominal Vd L95v
.model nmos nmos level 54
+version = 4.0 binunit = 1 paramchk= 1 mobmoc
+capmod = 2 igcmod = 1 igbmod = 1 geomoc
+diomod 1 rdsmod 0 rbodymod= 1 roater
+permod 1 acngsmods= 0 trngsmods 0
+tnom =27 toxe = 1.8e-009 toxp = 1.1e-009 toxm
+dtox = 3e-010 epsrox = 3.9 wint = 5e-009 Tint
+1 0 wl 0 1n 1 win
+w 0 ww 0 Twn 1 wan
+wl = wii =0 xpart =0 toxrel
+vth0 = 0.68858 k1l =0.4 k2 =0 k3
+k3b 0 w0 2.5e-006 dvt0 X dvtl
+dvt. 0 dvtOw 0 dvtlw 0 dvt2w
dsub = 0.1 minv = 0.05 voffl =0 dvtp0
dvtpl = 0.1 1pe0 =0 Tpeb =0 xj
ingate = les023 ndep = 5.5e+018 nsd = 2e+020 phin
cdsc 0 cdsch 0 cdscd 0 cit
voff -0.1092 nfactor 1.6 etal 0.0105 etab
vfb = -0.55 u0 = 0.035 ua = 6e-010 ub
uc =0 vsat = 170000 a0 =1 ags
+al a2 1 b0 0 bl
keta 0. 0 dwg 0 dwb 0 pcim
+pdibicl 0.001 pdiblc2 0.001 pdiblcb 0.005 drout
1] 22nm_LP.pm - Notepad
+ P Low Power 22nm etal cate / wiank / serained|  HIGN-K FINFET
* nominal vdd 0.95v
.model nmos nmos level = 54
+version = 4.0 binunit = 1 paramchk= 1 mobmac
+capmod = 2 igemod = 1 igbmod = 1 geomo
sdiomod = 1 rdsmod = 0 rbodymod= 1 rgaten
spermod = 1 acngsmod= 0 trngsmod= 0
+tnom =27 toxe = 1.9e-009 toxp = 1.1e-009 toxm
+dtox = 3e-010 epsrox = 3.9 wint = 5e-009 Tlint
+1 a wl 0 1n 1 win
+lw =0 ww =0 Twn =1 wwn
+Twl -0 wwl -0 xpart = 0 toxref
+wth0 = 0.68858 k1 =0.4 k2 =0 k3
+k3b =0 w0 = 2.5e-006 dvt0 =1 dvtl
+dvt2 o dvtOw 0 dvitlw 0 dvitlw
+dsub =0.1 miny = 0.05 voffl =0 dvip0
sdvtpl = 0.1 Tped -0 1peb -0 xj
+ngate le+023 ndep 5.5e+018 nsd 2e+020 phin
scdsc =0 cdsch =0 cdscd =0 cit
+woff = -0.1092 nfactor = 1.6 etal = 0.0105 etah
+wfb -0.55 0.035 ua 6e-010 ub
+uc =0 vsat = 170000 al =1 ags
+al =0 a2 =1 b0 =0 bl
sketa 0.04 dwg 0 dwb 0 pclm
+pdiblcl = 0.001 pdiblc2 = 0.001 pdiblch = -0.005 drout
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