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Abstract— We present an analysis of electrical noise in
III-V heterojunction TFET (HTFET). Using numerical simu-
lations, random telegraph noise (RTN) amplitude induced by a
single charge trap is investigated with regard to trap location,
electron band-to-band-generation rate, bias, and transistor size.
It is found that HTFET RTN amplitude does not scale inversely
with gate length and is governed by tunneling distance of carriers
at source-channel junction. HTFET exhibits 40% less relative
RTN amplitude at 0.3 V at gate lengths around 20 nm, over
subthreshold Si-FinFET. RTN of HTFET at Vgg = 0 V is
higher for a trap location at source-channel tunnel junction.
To analyze flicker, shot, and thermal noise, we created transistor
level Verilog-A-based electrical noise models. The results indicate
HTFETSs competitive noise performance in megahertz frequency
range, over Si-FinFET. In the range 10 GHz or more with
operating voltages exceeding 0.3 V, HTFET input noise is worse
due to the dominance of shot noise. A differential amplifier with
active load is used to examine the electrical noise performance at
circuit level. We emphasize that high intrinsic gain, drive current,
and output resistance of HTFET can be used to achieve supe-
rior mixed signal performance metrics in HTFET design over
Si-FinFET design, at an improved electrical noise performance.

Index Terms— Electrical noise, flicker, heterojunction TFET
(HTFET), random telegraph noise (RTN), shot, Technology
Computer Aided Design (TCAD) simulation, thermal, trap,
Verilog-A-based model.

I. INTRODUCTION

UNNEL FET has emerged as a strong alternative

to conventional MOSFET for low-voltage and low-
power applications. III-V heterojunction TFET (HTFET) with
MOSFET like ON-current and sub-60-mV/decade subthreshold
slope has been demonstrated in [1] and [2]. Ensuring optimum
design performance at low operating voltages and at scaled
technology nodes is a great challenge, where electrical noise
poses a serious reliability concern [3], [4]. The low frequency
noise sources, such as the random telegraph noise (RTN)
and flicker noise, scale reciprocally with design footprint,
which degrades the performance of both analog, mixed-mode
circuits [5] as well as semiconductor memories [6], [7]. The
threshold voltage (Vi) fluctuation from RTN is shown to
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exceed 30 Vi, variation due to random dopant fluctuation at
sub-22-nm nodes [8] as the dominant source of variation in
subthreshold MOSFET [9]. Furthermore, the high frequency
white noise sources, such as the channel thermal noise and
the shot noise are detrimental to analog/RF applications [10].
Hence, a detailed analysis of electrical noise in HTFETS, start-
ing from device level and extending to circuit level evaluation
is the goal of this paper.

Our analysis focuses on sub-0.5 V operation regime,
which is suitable for low power electronic applications. The
Si-FinFET used in our simulations has Vi, of 0.4 V, hence
we will draw comparisons based on near-threshold or sub-
threshold Si-FinFET design versus HTFET design at a nominal
operating voltage of 0.3 V. We specifically focus on III-V
HTFET instead of Si-TFET, as Si-TFET suffers from low
ON-current [11] and is more vulnerable to RTN as compared
with Si-FinFET [12]. We start by investigating a relative RTN
amplitude in HTFET in Section II. The aggregate effect of low
frequency flicker noise and high frequency shot and thermal
noise is examined in Section III. Finally, the electrical noise
performance of HTFET versus Si-FinFET-based analog circuit
design has been analyzed in Section IV.

II. RANDOM TELEGRAPH NOISE

A. Background and Simulation Setup

The source of RTN in both HTFET and Si-FinFET is
attributed to capture and emission of channel carriers by the
interface traps [13]. However, as it has been reported for
Si-TFETs [14], the HTFET RTN can be more pronounced
when the trap is located near the source end of the channel.
This is because a trapped charge near the source end can alter
the junction electric field and affect the interband tunneling
rate. Our goal is to explore the effect of drain current fluctua-
tions (RTN amplitudes) induced by a trapping of an electron
charge in an acceptor—type interface state at the gate oxide—
channel interface. The RTN analysis for both HTFET and
subthreshold Si-FinFET has been presented in a comparative
fashion to bring out the key differences.

The simulation setup consists of a 2-D double-gate struc-
ture (extended in 3-D, in device simulation) with a nominal
gate length of 20 nm and width 40 nm, for both n-type
HTFET and n-type Si-FinFET, as shown in Fig. 1(a). The
gate oxide has equivalent oxide thickness (EOT) of 0.7 nm.
The n-HTFET has GaSb source doped 10'° cm™3 p-type,
intrinsic InAs channel and InAs drain doped 10'7 cm ™3 n-type.

0018-9383 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



PANDEY et al.: ELECTRICAL NOISE IN HETEROJUNCTION INTERBAND TUNNEL FETs 553

15 p-Si-FinFET 5 R0

Lg = 100 nm <
| Fin height = 100 nm
10 SiO2 thickness =10 nm e

Alpy /Ty (%)

RTN .’ Channel
S-Calibration E e
(a)
0= _Experiment ‘
-04 -03 -02 -01 00 0.1
Vas -VT (V)
40

—&— Trap in oxide
—&— Trap at interface |
—&— Trap in channel

W =40 nm
Lg=20 nm
Vgs: Vps =03V

—a— Trap in oxide
—=— Trap at interface
—=— Trap in channel

Alpy / T (%)
N
o

0 5 10 15 20
Trap position from source end (nm)

Fig. 1.  (a) Calibration of TCAD RTN amplitudes against experimental
results reported for p-Si-FinFET [17]. Inset: the Double-gate (DG) simulation
structure. (b) Relative RTN amplitude dependence on trap depth and location
along channel for TFET and FinFET (n-type).

The 7n-Si-FinFET has source/drain doped 10%° cm™ n-type
and a 10'® cm™3 doped p-type channel. The body thickness
Thody (fin width) of Si-FinFET is 12 nm while HTFET uses
a scaled body thickness of 7 nm corresponding to 20-nm
channel length [13]. We used Sentaurus TCAD simulator
for device simulations [15]. Sentaurus TCAD simulates the
structure extending in the third dimension with device width
specified by user. TCAD device characteristics of Si-FinFET
are calibrated against experimentally demonstrated Si-FinFET
device whereas the characteristics of HTFET are calibrated
against full-band atomistic simulations, details of which are
presented in [16]. A dynamic nonlocal band-to-band tunneling
model [15] is used to account accurately for the interband tun-
neling transitions in HTFET. The tunneling path is determined
dynamically based on the energy band profile of the source-
channel tunnel junction and generation rate is obtained through
nonlocal path integration [15].

B. RTN Simulation Methodology and Calibration

RTN due to a single charge trap is modeled by confining the
charge trap to a single node (with predefined coordinates) of
mesh, which is suitably refined to limit the speed degradation,
while maintaining computational accuracy. A mesh spacing
of 2 A was used around the oxide—channel interface to
capture field perturbation due to interface charge trap. The
trap concentration is computed automatically by Sentaurus
TCAD simulator such that a filled trap always corresponds
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Fig. 2. (a) HTFET electric field profile near source-channel tunnel junction.
Profile with trap causes a local reduction in field toward source and a local
enhancement toward drain. (b) Electron band-to-band generation rate at tunnel
junction, for two trap locations, Xt = 0.1 and 2 nm, normalized against no-
trap case. Trap at Xt = 2 nm causes net higher degradation in generation rate.
(c) Effect of trap on Ip—Vgg characteristics of HTFET and Si-FinFET.

to one electronic charge [15]. The trapping of electron in the
interface trap causes a degradation A/ p in the nominal drain
current magnitude /p. This is expressed in terms of normalized
RTN amplitude, AIp/Ip. The calibration of normalized RTN
amplitudes from TCAD simulations against experimental RTN
data for p-Si-FinFETs [17] is shown in Fig. 1(a). An excellent
match is achieved assuming midchannel trap location.

C. RTN Dependence on Trap Location

We first analyze the relative RTN amplitude dependence
on trap location: 1) in the channel, from the source toward
the drain and 2) on varying trap depth: trap in oxide, trap
at oxide—channel interface, and trap inside channel. The trap
depth inside channel and inside oxide has been limited to
3-4 A from the oxide—channel interface. As observed from
Fig. 1(b), relative RTN amplitude is maximum when the trap
is located inside channel followed by trap at the interface
and it is minimum when the trap is inside gate oxide. Since
we consider the channel to be defect free, our (worst case)
analysis is based on the trap located at the oxide—channel
interface, which produces the highest RTN. We also iden-
tify that, for HTFET, the RTN amplitude is highest for a
trap near source end (distance from source-channel junction,
Xt = 2 nm), but not for trap almost exactly at source-channel
metallurgical junction (Xt = 0.1 )nm. However, for Si-FinFET,
the worst case RTN is produced for a trap near the source side
of midchannel region. An explanation of the observed trends
is presented below.
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Fig. 3.

Relative RTN amplitude dependence. (a) Drain current. (b) Gate voltage. (c) Drain voltage. For Vgg > 0.2 V, HTFET exhibits lower relative RTN

over Si-FinFET. Analytical model (Section II-G) shows good agreement with the TCAD numerical simulations for Vgg in range 0.1-0.4 V.

A single charge trap in HTFET positioned at the oxide—
channel interface causes a local reduction in the electric field
in the channel region on the source side of the trap location.
On the other hand, the field enhances in the channel region
toward the drain side of the trap location. This behavior is
shown in Fig. 2(a), as the trap acts as a natural sink for
electric field lines, which are directed toward the source tunnel
junction from the channel region. The electron band-to-band
(e-B2B) generation rate at distance 1-2 nm away from the
source-channel junction is highest and is crucial in deciding
tunneling current. The reduction in the electric field on the
source side of the trap location decreases the e-B2B genera-
tion rate at the source-channel heterojunction, consequently
reducing the tunneling current. The local enhancement in
electric field toward the drain side of the trap position produces
a minor increase in the e-B2B generation rate (and conse-
quently in the tunnel current). We apply this understanding
to separately analyze two different trap locations at distance
Xt = 0.1 and 2 nm from the source-channel junction.
As observed from Fig. 2(a), the trap at location Xt = 0.1 nm
shows a peak electric field very close to junction, which
contributes both in locally decreasing the e-B2B generation
rate at the junction and increasing it just 45 A distance away
from it. However, for the trap at Xt = 2 nm, the electric field
stays low for a considerably larger distance near the junction as
compared with the trap at Xt = 0.1 nm, and hence it produces
a net major drop in e-B2B generation rate in 1-2-nm distance
of the source-channel junction, as shown in Fig. 2(b). Thus,
the trap at location Xt = 2 nm in effect produces a greater
reduction in the tunneling current magnitude, and a relatively
higher RTN amplitude.

As the trap location in HTFET is moved away from the
source, the relative RTN amplitude decreases. This is because
the drain current is primarily decided by the tunneling at
heterojunction. Moreover, the traps on the drain side of the
channel are screened by the higher electron density. Hence,
the highest RTN amplitude occurs near the source side of the
channel (however, not exactly at tunnel junction, as explained
before) due to the modulation of the source-channel junction
electric field.

In the case of Si-FinFET, an electron trap near source
end is screened due to the high electron concentration in

the channel [18], whereas a trap located near the drain end
produces a small RTN amplitude due to the presence of the
drain field [19]. The maximum RTN amplitude occurs on the
source-side of the midchannel region, which corresponds to
Xt = 7 nm in our simulations. For further analysis, we will
assume trap locations that result in the worst case RTN in
HTFET (Xt = 2 nm) and in Si-FinFET (Xt = 7 nm) unless
the trap position is stated explicitly.

D. Effect of Trap on Off-State Current Characteristics

Fig. 2(c) shows the Ip—Vgs characteristics of both HTFET
and Si-FinFET with trap location as a parameter. The off-
state current increases with the presence of trap in HTFET,
whereas in Si-FinFET, in contrast, the off-state current reduces
marginally. This is because in HTFET at small gate biases,
the local enhancement in the electric field and hence in the
off-state e-B2B generation rate at the source-channel hetero-
junction is highly pronounced for the trap at Xt = 0.1 nm
where the peak electric field occurs within a nanometer of
the junction. This cause the off-state current to increase by
approximately seven times from the no-trap value, along with
degrading the switching slope. Traps farther away from the
tunneling junction produce negligible rise in the off-state cur-
rent. The minor decrease in the off-state current in Si-FinFET
is due to the increased potential barrier from the trap, which
impedes the thermionic electron injection from the source
region.

E. RTN Dependence on Gate and Drain Bias

Relative RTN amplitudes as a function of drain current
produced at constant drain bias are shown in Fig. 3(a). For
a given on-state drain current, the RTN amplitude observed
in HTFET is higher as compared with Si-FinFET. However,
the magnitude of gate bias required to obtain the same drain
current in HTFET is much less as compared with Si-FinFET.
Hence, as shown in Fig. 3(b), for Vgs > 0.2 V, the relative
RTN amplitudes are 10%—-40% less (depending upon gate
voltage) in HTFET over Si-FinFET. The reduction in HTFET
RTN is due to higher carrier concentration in the channel
region as compared with Si-FinFET (as HTFET exhibits
early turn-on), which screens the charge trap more effectively.
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Fig. 4. Relative RTN amplitudes. (a) Transistor width dependence. Analytical model (Section II-G) agrees well with numerical simulation. (b) Gate length
dependence. HTFET RTN does not increase inversely with Lg scaling as tunneling distance of carriers shows weak dependence on Lg. Off-state RTN is also

shown for reference. (c) Response of donor—type interface trap.

With increase in the gate bias, the carrier concentration in
channel region Increases, which increases the screening of
charge trap and hence reduces the RTN amplitudes. Moreover,
as Vgs approaches 0 V, HTFET relative RTN amplitudes
reduce rapidly compared with Si-FinFET. This is because
Alp/Ip follows similar trend as g,,/Ip [12], and for HTFET
gm/Ip shows a drop as Vs approaches 0 V (Fig. 8). The
dependence of relative RTN amplitude as a function of drain
bias Vps is shown in Fig. 3(c). The increase in Vpg reduces
the carrier concentration near the trap location and hence
increases the RTN amplitude. The RTN amplitude saturates
following Ip saturation. For Si-FinFET, a small drop in the
RTN amplitude at Vpg = 0.5 V is observed as the minimum
electron concentration point in the channel crosses the trap
location (near midchannel). However, this effect is not visible
in HTFET as the trap causing maximum RTN is located near
the source-channel tunnel junction.

FE. RTN Dependence on Transistor Size

The relative RTN amplitude induced by the charge trap
becomes more pronounced as transistor width is reduced
because the trap is less screened in reduced dimensions. This
is reflected in the rapid reduction in e-B2B generation rate
at the tunneling junction with width reduction, in HTFET.
A similar trend is observed in the case of Si-FinFET, as shown
in Fig. 4(a). The inverse proportionality relation between the
relative RTN amplitudes and transistor width is consistent with
the carrier number fluctuation theory [13]. The simulation
results of Si-FinFET are also consistent with [18] for the
subthreshold MOSFET. The relative RTN amplitude as high
as 78% is possible at transistor widths of around 10 nm in
Si-FinFET and 56% in HTFET under similar bias conditions.

The dependence of the relative RTN amplitude on gate
length Lg is shown in Fig. 4(b). For Si-FinFET, the RTN
amplitude increases with Lg scaling consistent with [13]. The
departure from the conventional 1/Lg scaling trend predicted
by carrier number fluctuation theory, in Si-FinFET at sub-
30-nm gate length can be explained by assuming a small
exclusion region of zero conductivity around the trap, as
described elsewhere [18]. However, in the case of HTFET, the
RTN amplitude remains almost constant with physical gate

length scaling. This is expected in HTFET, where the drain
current is controlled by the tunneling distance of carriers at
the source-channel junction [20] and aligns with the findings
for Si-TFET [12]. The weak dependence of the RTN amplitude
on Lg in HTFET is shown in Fig. 4(b). This translates into
approximately 40% reduced percent fluctuations in the drain
current in HTFET over Si-FinFET, at gate lengths of around
20 nm at 0.3 V, which is an important reliability measure for
RTN [19].

We have focused our investigation to acceptor-traps, as the
analyzed devices are n-channel FETs where the drain current
is primarily affected by electron trapping in acceptor—type
interface states. For reference, relative RTN amplitude from
a donor—type interface trap (positive charged when empty) is
shown in Fig. 4(c). HTFET show significant improvement in
donor trap RTN response over Si-TFET reported in [12] due
to their higher channel carrier density. Off-state relative RTN
amplitudes for HTFET are degraded over Si-FinFET due to
change in tunnel barrier caused by the positive charge trap,
similar to Si-TFET [12]. On-state donor trap response is still
superior in HTFET as the interface trap is more screened due
to increased channel carrier density in HTFET as compared
with Si-FinFET.

G. HTFET Relative RTN Amplitudes Analytical Model

To model the relative RTN amplitude in HTFET analyti-
cally, we assume a uniform effective electric field F at the
tunneling junction and use the Kane and Keldysh relation for
e-B2B generation rate, R [15]

Ip x R = AF?e B/F (D)
where
_ nm9'5q2 _ nzmg'SEbé'f? @)
92 EBY qh

Ebess and m, denote the effective tunneling barrier and
tunneling mass, respectively [15]. Equation (1) can be used
to express relative RTN amplitude as

Al 2 B
2 ( )AF

3)

Ip F ' F2
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Fig. 5. Single charge trap reduces electric field near source-channel junction.
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Qeff in channel and applying Gauss Law.

where we approximate the change in channel electric field near
tunnel junction A F due to the trapped charge from Gauss Law,
as shown in Fig. 5

Oetf

AF = ;.
ecnWL

“)

L’ denotes the tunneling distance of carriers at the source-
channel heterojunction [20], & is the electrical permittivity
of channel region, and Q.f is the effective charge in channel,
which causes reduction in the source-channel junction field,
and can be approximated as Qe = #7g, where < 1,
q is electronic charge. In our simulations with worst case
RTN, n = 0.5 provided good fit with numerical simulations.
Equations (3) and (4) yield the final form for the relative RTN
amplitude as

T
D echnWL

The results from the analytical model agree well with
numerical simulations, as shown in Figs. 3(b) and 4(a).
To integrate HTFET RTN in circuit simulation, the mean
capture and emission times of RTN can be modeled by
Shockley—Reed-Hall statistics and the trap capture cross sec-
tions can be used from experimentally reported data [21].
Equation (5) can then be used to model RTN amplitudes using
an approach similar to that suggested for MOSFETs [22].

III. FLICKER, SHOT, AND THERMAL NOISE
A. HTFET and Si-FinFET Electrical Noise Device Models

We now focus on characterizing flicker, shot, and thermal
noise performance of HTFET versus Si-FinFET. Flicker noise
is the dominant noise at low frequencies, which arises from
trapping/detrapping of carriers in trap states in the gate oxide
around quasi-Fermi level, as shown in Fig. 6(a). The flicker
noise model for HTFET used in our simulations is carrier
number fluctuation-based [20]

Sl _ (2 BY 2N (Em)
1}, F  F?) e2ZWLaf

(6)

where Siq(f) is the drain current noise power, a is the
attenuation factor of carriers in gate oxide, N; is the interface
trap density, while F, B, and L’ are all as defined previously.

The flicker noise of Si-FinFET in subthreshold regime, from
correlated fluctuations in both channel carriers and mobility,
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can be approximated by the following [5]:

Sia(f) _ _ AkT
3 WLafN*?

)

where S;y(f) and a are as defined in (6). Parameter A is
approximated as effective oxide trap density and N* is a
function of gate capacitance as defined in [5].

The subthreshold thermal noise model [5] is used for
Si-FinFET. For HTFET, we use the thermal noise model
of on-state MOSFET, which is proportional to the channel
conductance at zero drain-source bias [23]. However, the
dominant form of white noise in HTFET is shot noise, which
is modeled similar to that of case of tunnel diodes [24]

i3 =2qIpT 8)

where I' is the Fano factor, which models the deviation of shot
noise magnitude from the nominal Poissonian value of 2¢Ip.
Unlike MOSFET, TFETs show higher shot noise. This is
typical for tunnel devices where the forward and reverse com-
ponents of tunneling current across the tunnel junction [Icy
and Iyc, as shown in Fig. 6(b)] can enhance shot noise due
to their individual contributions [24], [25]. The value of Fano
factor depends on applied biases and has been reported sepa-
rately for different material systems [26], [27]. For GaAs/AlAs
heterosystem resonant tunnel diodes, a maximum Fano factor
of 1.7 was reported [26] whereas Fano factor values as high as
10 were observed in tunnel devices elsewhere [27]. However,
due to lack of any experimental data reported for shot noise
Fano factor in GaSb/InAs heterojunction, we choose I' = 2 in
our simulation. This is a good choice for the worst case shot
noise analysis, being the maximum reported value of Fano
factor for 0.1-0.5 V range of operation [27], which is relevant
for low power analog circuit applications. Since no frequency
dependence of fano factor is reported in the experimental data
for shot noise in heterojunction tunnel diode systems [26], we
assume that I is frequency independent.

The device level HTFET and Si-FinFET electrical noise
models were implemented as flicker and white noise sources
in Verilog-A-based code [28] for circuit level simulation in
the Cadence Spectre circuit simulator [29] [Fig. 6(c)]. The
corner frequency distinguishing flicker noise dominant noise
spectrum against white noise (shot and thermal noise) for
HTFET is typically ~1 GHz. The simulations were conducted
for both n/p channel HTFET and Si-FinFET at two different
frequencies: 1 MHz and 10 GHz, which were chosen to
bring out the difference in noise performance of FETs due to
low frequency flicker noise and high frequency white noise.
We assume an interface trap density of 5 x 10'' ¢cm~2 and
102 cm™2 for Si-FinFET and HTFET, respectively. Both
HTFET and Si-FinFET have width of 1-um, gate length of
20 nm, and EOT of 0.7 nm. A tunneling length L’ = 6 nm was
used for HTFET extracted from TCAD numerical simulations.

B. Noise Simulation Results

The results of transistor level noise simulations are pre-
sented for HTFET and Si-FinFET in the form of normalized
drain current noise power at output (Sid/l%)) versus drain
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Fig. 7.  Normalized drain current noise power: HTFET versus Si-FinFET.

(a) n-FET, 1 MHz. (b) p-FET, 1 MHz. (c) n-FET, 10 GHz. (d) p-FET, 10 GHz.

current /p, and gate referred noise power at input (Svg)
versus gate voltage (Vgs). Fig. 7 shows Sid/Ilz) versus Ip
for both n/p-HTFET and Si-FinFET at frequencies of 1 MHz
and 10 GHz. At 1 MHz, the flicker noise is dominant
and due to smaller tunneling length of carriers in HTFET,
a larger drain current noise is observed for both n/p-HTFET at
low Ip. However, as the carrier density in HTFET increases
progressively with gate bias at a much faster rate as com-
pared with Si-FinFET (due to sub-kT/q switching slope in
HTFET), the Sia/1 12) of HTFET decays more rapidly. HTFETs
exhibit 10 times reduced (normalized) drain current noise for
Ip exceeding 0.1 mA/um, as compared with Si-FinFET at
1 MHz. On the other hand, the high frequency noise response
of both n/p-HTFET, measured at 10 GHz, is dominated by the
shot noise. The cross-over between the noise characteristics of
HTFET and Si-FinFET occurs at a much higher drain current
value as compared with the low frequency characteristics.
However, at 10 GHz, HTFET still demonstrate an overall
reduction of around two times in normalized drain current
noise over Si-FinFET for Ip exceeding 0.1 mA/um.

To understand the variation of input referred noise power
(Svg) versus gate voltage (Vgs) for n/p-HTFET along with
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Fig. 8. gm/Ip characteristics: HTFET versus Si-FinFET (gmn and gmp
correspond to n- and p-FET, respectively).
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Si-FinFET, it is helpful to analyze the corresponding g,,/Ip
characteristics, shown in Fig. 8. As observed, g,,/Ip peaks
at low Vgs and decreases progressively as Vgg is increased.
The input referred noise Syg shows inverse square dependence
on gate transconductance g, which is manifested from the
dependence of Syg on Vgs shown in Fig. 9. At 1 MHz,
following the trend of g,,/Ip, n-HTFET shows approximately
1.2 times increased Syg over n-Si-FinFET whereas p-HTFET
shows 7.2 times reduced Syg over p-Si-FinFET, at a gate and
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Fig. 10. Differential amplifier with active load: HTFET versus Si-FinFET. (a) Schematic and ac response. (b) Input referred noise dependence on frequency.
(c) Gain, input noise, and power dissipation of the design at different bias currents.

drain bias of 0.3 V (in magnitude). The reduction of Svg
achieved in p-channel devices is due to the g, /Ip advantage
for p-HTFET being present for a larger range of gate bias
as compared with n-HTFET. On the other hand, at 10 GHz,
although the shot noise dominates HTFET drain current noise
spectrum still HTFET input referred noise becomes very
comparable with that of Si-FinFET due to higher intrinsic gain
of HTFET. Hence, at frequency of 10 GHz and a gate and
drain bias of 0.3 V, n/p-HTFET exhibit 1.3 and 3.3 times less
Svg. respectively, as compared with n/p-Si-FinFET. Note that
HTFET Svyg increases rapidly as the gate voltage is increased
beyond 0.3 V, as the g,,/Ip advantage of HTFET is lost at
higher Vgs.

HTFET thus shows an overall improved electrical noise
performance as compared with Si-FinFET for frequencies
in the megahertz range. At high frequencies in the range
10 GHz, the shot noise dominates HTFET noise spectrum and
can degrade mixed signal circuit performance. However, as
HTFET-based designs offer a higher gain and larger bandwidth
at same operation voltage as compared with the subthreshold
CMOS design, analog circuit designers can exploit this to
their advantage as described through a circuit example in the
following section.

IV. CIRCUIT IMPLEMENTATION OF NOISE MODELS

The electrical noise models for flicker, shot, and thermal
noise were implemented in a differential amplifier with active
load (a single stage op-amp.) to analyze the noise performance
of HTFET versus subthreshold Si-FinFET-based circuit design.
The circuit [schematic shown in Fig. 10(a)] was optimized
separately for subthreshold Si-FinFET and HTFET designs
with load capacitance C; = 0.1 fF (comparable with gate
capacitance) to achieve a similar range of gain with certain
design restrictions such as, minimum gain of 10 dB, maximum
power dissipation of 5 W, and input referred noise in the
range uV/v/Hz.

The ac response of both HTFET design and Si-FinFET
design is shown in Fig. 10(a). Table I lists the specifications
and performance metrics of the circuit for both HTFET and
Si-FinFET design. Note that the HTFET design has same tran-
sistor sizing (iso-area design) as Si-FinFET for fair electrical
noise comparison. The HTFET design offers two times higher
gain at 17.4% less power as compared with the subthreshold
Si-FinFET. The 3-dB cutoff frequency is 4.6 times higher

TABLE I
METRICS FOR DIFF-AMP DESIGN

Specification HTFET Si-FinFET
Vb 04V 0.6V
Power 1.9 uW 2.3uW
Gain 17.3dB 11.3dB
3dB freq.(fc) 457 MHz 100 MHz
Input noise (at IMHz) 28 uv 81 uV
Phase Margin 92° 79.6°
CMRR 21.0 dB 25.8 dB
PSRR 28.5 dB 13.3dB
W/L (same for both designs): 77.5/0.02,
M1-M2, M3-M4, Mb 55/0.02,
(um/um) 2.5/0.02

in HTFET design with respect to Si-FinFET design. A high
differential gain in HTFET design improves the power supply
noise rejection capability by approximately six times over
Si-FinFET while CMRR is moderately less (21.0 versus
25.8 dB) due to slight increase in common mode gain caused
by high g, of transistors M1 and M2 in HTFET design.
Fig. 10(b) compares the input referred noise of HTFET
design and Si-FinFET-based diff-amp design. A higher gain
of HTFET design reduces its input referred noise by approx-
imately three times as compared with Si-FinFET. For a given
bandwidth, e.g., 1 MHz, the input referred noise voltage for
HTFET and Si-FinFET (which defines the minimum limit
on input signal distinguishable from device noise) is 28 and
81 uV, respectively. Thus, HTFET design can detect smaller
signal amplitudes without corruption from electrical noise.
Fig. 10(c) compares the performance of HTFET and
Si-FinFET design at different bias currents, with regard to
gain, input referred noise (at 1-MHz bandwidth) and power
dissipation metrics. At low bias currents, the intrinsic gain g,
of the transistors is small, which results in an overall small gain
of the design. HTFET design still shows improved gain due to
higher g,, of HTFET as compared with Si-FinFET. At higher
bias current, the gain of Si-FinFET design saturates at around
11 dB, as the output resistance of Si-FinFET degrades with
increase in bias current, making the overall gain almost
constant. Whereas in HTFET, the improvement in g,, at higher
drive current surpasses the degradation in output resistance,
resulting in a net increased gain. The input referred noise
characteristics in Fig. 10(c) indicate HTFET design shows
reduced input referred noise as compared with Si-FinFET,
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for bias currents of 0.7 A and higher, which is attributed
to improved gain of HTFET at increased bias current. Finally,
Fig. 10(c) also shows that the HTFET design can be biased
at higher ON-current to take advantage of high gain and
reduced input referred noise features, while still maintaining
a low power operation due to its reduced supply voltage
as compared with Si-FinFET design. Additionally, given the
exponential dependence of drain current on threshold voltage
coupled with low ON-currents in the subthreshold regime,
it is more difficult to realize stable biasing schemes and
maintain circuit performance in subthreshold CMOS design
in the presence of variation induced degradation [9], [30]. On
the other hand, HTFET-based circuit design are more robust
as they exhibit an early turn-on voltage, higher drive currents,
and output resistance as compared with subthreshold CMOS
design [2], [31]. The effect of temperature change on HTFET
ON-current is negligible, which is another desirable feature
for reliable biasing circuits [32]. Hence, the overall design
specifications make HTFET-based analog mixed signal circuit
design more suitable for low-voltage/low-power applications.

V. CONCLUSION

In this paper, we have performed an analysis of electri-
cal noise in III-V HTFET compared against subthreshold
Si-FinFET. HTFET exhibits superior electrical noise perfor-
mance when contrasted with subthreshold Si-FinFET at 0.3 V.
Increased screening of the charge trap from higher channel
carrier concentration in HTFET, accompanied by the weak
dependence of RTN on the physical gate length scaling enables
40% reduction of relative RTN amplitude in HTFET as
compared with Si-FinFET, at 0.3 V for gate length of 20 nm.
On the other hand, at Vgs = 0 V and for trap located at source-
channel tunnel junction, RTN increases in the case of HTFET.
Our evaluation on flicker, shot, and thermal noise performance
of HTFET reveals that at a nominal operation voltage of 0.3 V,
HTFET exhibits competitive input referred noise as compared
with Si-FinFET in megahertz frequency range, which meets
the bandwidth requirement of ultralow voltage sensor appli-
cations [33]. However, at operating voltage exceeding 0.3 V
with frequency range 10 GHz and higher (RF domain), the
HTFET input referred noise increases moderately due to the
presence of shot noise. Through a circuit level implementation
of noise models in HTFET versus subthreshold Si-FinFET
design, we have shown that improved performance metrics can
be achieved in HTFET design at a reduced input referred noise,
by taking advantage of high intrinsic gain and drive current
of HTFET, besides benefitting from its low-voltage/low-power
operation.
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