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RF Performance and Avalanche Breakdown
Analysis of InN Tunnel FETs
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Abstract—This paper reports radio frequency (RF) perfor-
mance and channel breakdown analysis in an n-type tunneling
field-effect transistor based on InN. The tunneling current is
evaluated from the fundamental principles of quantum mechan-
ical tunneling. We investigate the RF performance of the device.
High transconductance of 2.18 mS/um and current gain cutoff
frequency of 460 GHz makes the device suitable for terahertz
applications. A significant reduction in gate-to-drain capacitance
is observed under a relatively higher drain bias (Vgg = 1 V).
Impact ionization coefficient in the channel is evaluated quanti-
tatively considering semiclassical carrier transport and avalanche
breakdown is found to be unlikely at Vgg = 1.0 V.

Index Terms— Avalanche mechanism, gate-to-drain capac-
itance, high power terahertz application, InN, ionization
coefficient, tunnel field-effect transistor (TFET), Wolff’s theory.

I. INTRODUCTION

UNNEL field-effect transistors (TFETSs) have achieved

a lot of attention in recent years as post-CMOS
logic devices due to their steep subthreshold slope (SS)
(SS <60 mV/decade) [1], [2]. III-V semiconductors are attrac-
tive as TFET channel materials for low power applications due
to their low tunnel effective mass and small bandgap that leads
to high tunnel transmission probability. Although TFETSs are
extensively investigated for logic application, there has only
been a few reports on their high speed radio frequency (RF)
performance [3]-[7]. Low transconductance (g,,) and high
gate to drain feedback capacitance (Cgq) are identified as the
challenges to implement TFETs in high frequency applica-
tions [4]-[6]. Double-gate TFETs with high-k dielectric [7]
and gate-all-around TFETs [3] have also been explored to
improve the high frequency performance with limited success.
Recently, InAs vertical TFETs [8], [9] with an n+ pocket in
source have been demonstrated to boost up the on current (Ioy)
but high Cgyq is still an area of concern for TFETSs as far as
the RF performance is concerned. There has been a recent
experimental report of an III-V TFET with an extrinsic current
gain cutoff frequency of 19 GHz [10]. Here, we report on
the RF performance of InN TFET evaluated using SILVACO
ATLAS [11] simulations and show that the high Cgq could be
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overcome by operating at a relatively higher Vg, without the
risk of avalanche breakdown in the channel region.

InN is an attractive TFET channel material due to its
small electron effective mass (0.07 mg) and moderately high
bandgap (0.7 eV). The potential of InN for high speed elec-
tronic devices has long been recognized [12]-[14]. However,
there have been a few experimental demonstrations [15] due to
high unintentional doping [16] and large surface band bending
in InN [17]. Although p-type doping have been experimentally
demonstrated in InN [18], high degenerate p-type doping has
also been a challenge in InN as is the case for all III-Ns. Higher
p-type doping could potentially be achieved using polarization
doping [19]. Tunnel junctions [20] also provide a promising
alternative to p-type contacts. Recently, there have also been
reports of unpinned surfaces on N-polar [21] and semipolar
surfaces [22]. The N-polar and semipolar technologies are
promising and they could potentially provide the pathway for
experimental InN devices.

In this paper, we focus on the fundamental limits of InN
TFET devices arising from the intrinsic materials proper-
ties by numerical simulation and semianalytical calculations.
We analyze a single gate InN TFET, which shows an excellent
RF performance with a peak current gain cutoff frequency
(ft) of around 0.5 THz. The proposed device is simulated in
SILVACO ATLAS taking nonlocal band-to-band tunneling
model into account. Semianalytical tunneling current calcu-
lation is carried out to calibrate the simulator.

We analyze the high frequency performance of the device.
As reported in the literature, high Cgq in TFETS is a bottleneck
to the RF operation of the devices. Usually, TFETs are
operated at lower voltages (Vg5 < 0.3 V) for logic applications.
This paper shows that a higher drain voltages (Vgs = 1 V)
could be a solution to reduce Cgq and hence to obtain an
improved RF performance. However, use of higher V5 makes
it essential to explore the avalanche breakdown mechanism
in the device. Avalanche breakdown in the proposed InN
device is explored quantitatively. The electron impact ion-
ization coefficient was calculated from Boltzmann transport
equation (BTE) considering polar optical phonon (POP)
scattering. The calculations show that InN TFETs can be
operated at Vg = 1.0 V without channel avalanche
breakdown. The symbols used in this paper are shown
in Table L.

II. TFET TUNNELING CURRENT

In this section, we first evaluate the current drive capability
of InN TFETs. We consider a 50-nm gate length device,

0018-9383 © 2014 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.



3406

TABLE I
LIST OF SYMBOLS USED IN THIS PAPER

Symbols used for tunneling
action analysis

Symbols used for avalanche
action analysis

Symbol Quantity Symbol Quantity
Electric
F Electric Field F. Field in
transport
direction
k (with suitable Wave. vector Phonon
subscripts) (in different Ex ener
P directions) gy
E (withsuitable Er}ergy(ln Depletion
subscripts) different w width
Subscripts directions)
t L e
HfO2 thickness
path
¢ Transistor Ionization
mN body thickness a coefficient
Dielectric
€mn constant of
InN
Dielectric
€ox constant of
oxide
Screening
A length
] Current
a density
X - High k
Source %’ z Gl § Drain
¥
InM L Int
p-type 10%%cm r-type 104cm* n-type 10%cm!
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Fig. 1. (a) Structure of the simulated device, buried oxide substrate
not shown. (b) Simulated energy band diagram in (red curves) OFF state
(Vgs = —1) and (green curves) ON state (Vgs = 0) for Vgs of 1 V.

as shown in Fig. 1(a). The device and materials parameters
used in the simulations are shown in Table II. Fig. 1(b) shows
the simulated energy band diagrams in the ON and OFF states
of the device, A®oy and A®ope are the tunneling energy
windows for electrons in the source in the ON and OFF states,
respectively. The tunnel energy window is taken to be the
difference between in the valence band (VB) maxima in the
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TABLE 11
DESIGN AND MATERIALS PARAMETERS FOR THE DEVICE

Oxide InN
Permittivity 15.6 Bandgap 0.7 eV
Thickness 3nm Electron tunnel mass 0.07my
Bandgap 6eV Hole tunnel mass 0.27my
: : 7
Gate Metal e saturation velocity 3x10" cm/s
Work function 43eV Low field e mobility 1500cm?Vs
Doping Profile Body Thickness 10nm
Source 10* cm™ (p) Gate length 50nm
Drain 10 cm™ (n) Permittivity 15.3
Channel 10'7 cm™ (n) Electron Affinity 534eV

source and the conduction band minima in the channel. The
current in the device is controlled by changing the tunnel
energy window (A®) by the gate bias. Next, we calculate the
tunneling probability in the structure to evaluate the current.

A. Tunneling Current

Fig. 1(b) shows the simulated band diagram of the device
in the ON and OFF states. Starting from the simulated band
diagram at a particular bias point [Fig. 1(b)], we calcu-
late the tunneling probability under Wentzel-Kramer-Brillouin
formalism. We consider elastic tunneling mechanism, assum-
ing the longitudinal electric field (F7) to be constant across the
tunneling path. While the ATLAS simulator uses a nonlocal
tunneling model; here, we find that semianalytical calculation
with a suitable choice of constant electric field can closely
match the simulated tunneling current providing insight into
the device operation.

The conservation of transverse angular momentum
(kx and ky) and transverse energy (E.) in the tunneling
process simplifies the problem to an 1-D tunneling problem
with a modified effective bandgap (E;,") for tunneling. In a
purely 1-D tunneling case, where the electrons do not have
any transverse momentum (£, = 0), the barrier seen by a
tunneling electron at the classical turning point [Fig. 2(a)] on
the VB side is E;+ (A® — E), where A® is the tunneling
energy window and E is the electron energy after tunneling to
the conduction band (CB) side. Considering the conservation
of transverse energy, the barrier seen by an electron at the
classical turning point on the VB side is E, + (ADP—(E) —
2E)) [Fig. 2(b)], where E| is the longitudinal electron
energy after tunneling at the CB side and E | is the transverse
energy, which is constant during tunneling. Therefore, the
effective bandgap seen by a longitudinal k-state is given
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Fig. 2.  (a) Schematic of band diagram showing the barrier in a pure
1-D tunneling case (E| = 0). (b) Taking conservation of transverse energy
the effective barrier and bandgap is modified as shown.

by [23], E} = Eg +2Ey, where E; = h*(kj + k})/2m*.
Now, the transmission probability for a given transverse
electron energy (E ) state can be written as [24]

4‘2m*E§%) )

T(EL) = CXP(— 3ghF

where F is the local electric field, which is taken to be con-

stant, m* is the reduced tunneling mass, and E,* is the effec-

tive bandgap seen by the electron/hole while tunneling. The

electric field is taken to be 2/3 times (considering an exponen-

tially decaying potential profile [25]) of the peak junction field
2(E; + AD)

F=—5x )

where A® is the tunneling window [Fig. 1(b)], which
depends on the surface potential of the channel, and A is the
screening length given by [25]

| €InN
A= LZ‘Ian‘ox- (3)
€ox

Substituting the effective barrier and tunnel screening length
in (1), the expression for the transmission probability for a
given E is
2A2m*
MEg +2E, + AD)

T(E)) :exp( (Eg+2EJ_);). (4)

The total number of tunneling modes for a given
longitudinal energy is obtained by summing over the allowed
transverse energy states, T(E|) = ZEL T(E1). E; can lie
between 0 and Emax, Where Emax = min(Eym— E)|, E| — Ecm)
[E) = ﬁ2k§/2m*]. Here, Eyy and Eq, are the minima of VB
on the source side and maxima of CB on the channel side,
respectively. With this, the total number of tunneling modes
for a given longitudinal energy is given by (summation can
be converted to an integral [26] with the aid of 2-D density
of states in energy space)

Emax
T(E) = /0 p(ET(EL)dE, s)

where p(EL) (= ./memy /7 h?) is the 2-D density of states in
energy space.
Fig. 3(a) shows the tunneling probability 7' (E|) normalized

by fOEma" p(EL)E| = Jmemy /7 B2 . Emax as a function of
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Fig. 3. (a) Tunneling probability as a function of longitudinal tunneling
energy for Vgg = 0.2 V and Vgg = 1 V. Inset: simulated band diagram at
Vgs = 0.2 V and Vg = 1 V. (b) Normalized tunneling current as a function
of longitudinal tunneling energy for increasing Vgg.

E) for different applied Vgs and Vg = 0 V. As observed in
the figure, when Vs is increased the tunneling window (A @)
increases, which increases the tunnel probability (4). As the
longitudinal energy moves toward the edges of tunnel energy
window (A®), number of tunneling modes per longitudinal
state decreases but the normalized tunneling probability (ratio
of tunneling modes to total modes) increases and finally drops
to zero at the band edges.

Now, with the effective bandgap E} and the transverse
energy states taken care of within 7(E)), 1-D tunneling
current is given by

2 AD
Ty = 7‘7/ T(E)(fL(E)) — fr(E)E| (©6)
0

where f1 (E|) and fr(E)) are the Fermi distribution functions
in the source and channel. The factor 2¢g/h is the quantum
conductance for an electron. The total current is obtained from
the dimensions of the device as I = [ Jasd A. The tunneling
current contributed by a longitudinal state £} as a function of
E) is shown in Fig. 3(b). The tunneling current contribution
for (EpL < E < Ey, Epp is the hole quasi-Fermi level on the
source side) is negligible due to the tail of the Fermi function
(fL(E)). The current again falls near the lower edge of the
tunnel window (A @) on the CB side, as the tunnel probability
reaches zero, as observed in Fig. 3(a).

B. DC Characteristics of IhnN TFET

Fig. 4(a) shows the semianalytically calculated and sim-
ulated Igs—Vgs characteristics of the TFET. A good match
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Fig. 4. (a) Input transfer characteristics of the InN TFET. Black and red
solid lines: ATLAS simulated drain current and transconductance, respectively.
Open circles: analytical drain current. Inset: SS below —1 V is less than
60 mV/decade. (b) Output characteristics obtained from ATLAS simulation.

is observed between the calculated and simulated currents
verifying the model in the simulator. The ON (Vg = 0 V)/OFF
(Vgs = —1 V) current ratio of the device is 3.1 x 106 at
Vias = 1.0 V. The peak Iy and G, are 0.8 mA/um and
2.18 mS/um, respectively. The inset in Fig. 4(a) shows the
SS of the device for two different drain biases. The SS is
found to be around 44.2 mV/decade (for Iys ~ 10~ mA/ um
range), which is high due to large source doping [25]. It can be
lowered using lower source doping but that would reduce G,,.
The SS is found to be insensitive to drain bias. This is because
tunnel energy window does not change with applied drain
bias, as observed in the inset of Fig. 4(a). The simulated
output characteristic of the device is shown in Fig. 4(b), which
shows current saturation at higher V. The current saturation
occurs due to the formation of a barrier from drain to channel
[Fig. 1(b)] at higher Vg5 [25].

III. AVALANCHE BREAKDOWN IN THE CHANNEL

Next, we analyze the channel breakdown probability.
As discussed in Section I, the gate-to-drain capacitance (Cygq)
is a bottleneck for RF operations of TFETSs, here we discuss
the ways to reduce Cgq of TFETs. Cgq originates from the
injection of electrons from drain to channel, which can be
reduced if the barrier from drain to channel is increased. This
can be achieved by increasing Vjs; however, increasing Vg
poses a risk of avalanche breakdown in the source/channel
and drain-channel junctions. In the following section, we show
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from gate electrostatics and impact ionization calculations that
avalanche breakdown is not likely even at Vgs = 1.0 V.

The avalanche breakdown in a junction is characterized by
the ionization coefficient (a) and the junction breaks down if
fow oadx > 1[24], where w is the width of the depletion region.
Here, we show that InN TFET device can safely operate even
at Vgs = 1 V without breaking down leading to a drastic
reduction in Cgq and a significant increase in g, as required
for high frequency performance.

A. Calculation of Impact Ionization Coefficient (o) for InN

When electrons traverse through the high field region in
the channel, they can undergo collision with the lattice and
can emit or absorb phonons. Due to the high longitudinal
optical (LO) (Eg = 73 meV [27]) phonon energy in InN,
there are too few LO phonons present at room temperature
to be absorbed by electrons. Therefore, electrons gain energy
faster than energy loss by phonon emission. If the energy of
an electron becomes equal to that of ionization energy then
the electron can cause impact ionization producing electron-
hole pair. The probability of impact ionization is characterized
by the ionization coefficient (a), average number of impact
ionization per unit length.

Here, we calculate the impact ionization coefficient in
InN by solving the integral form of BTE following Baraff’s
method [28]. We included POP scattering in our calculation
in addition to the mechanisms considered in [28]. Solving the
integral form of BTE gives the nonequilibrium distribution
function of electrons under high electric fields. The product
of this function and the relative cross section of impact
ionization gives the density of impact ionization. From which
we can find out the impact ionization coefficient, which is the
number of electrons causing impact ionization per unit length.
The relative impact ionization cross section is calculated con-
sidering ionized impurity, acoustic deformation potential, opti-
cal deformation potential, and POP scatterings. We assumed
a parabolic E-k dispersion and a constant mean free path,
calculated to be 10 nm using a lucky drift model [29]. Fig. 5
shows the dependence of the calculated o in InN on the electric
field. The insets in Fig. 5 show that similar calculations done
for GaN and GaAs match well with the experimental data
[30], [31]. The calculated impact ionization coefficient can
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be fitted in Chynoweth exponential form [a = aexp(—b/F)]
[32] with @ = 2.9 x 10%cm and b = 1.18 MV/cm for (1/F >
2 cm/MV). In the high field region (1/F < 2 cm/MV), Wolff’s
fit [a = cexp(—d/F?)] [33] is used with ¢ = 6.53 x 10°/cm
and d = 0.5 MV?/cm?.

B. Ionization Integral ( fow odx) in the TFET Channel

2-D distribution of the longitudinal electric field (F;) in
the device is shown Fig. 6. Fig. 7(a) shows the longitudinal
electric field in the channel at distance of 0.5 nm from the
interface for increasing Vgs. Fig. 7(b) shows the ionization
coefficient calculated using the Chynoweth and Wolff fit equa-
tions derived in the previous section. The calculated ionization
integral is shown in Table III. As observed in the figure, the
depletion region and peak electric field in the source/channel
and channel/drain junctions increase with higher V4s. However,
the impact ionization coefficient rises slowly in the high field
regions. Thus, it can be observed (Table III) that the value
of the ionization integral does rise slowly with Vjg, but it
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TABLE III
Jo @dx FOR DIFFERENT DRAIN BIASES

Vs (V) S e
0.1 0.5182
02 0.5573
0.5 0.6007
07 0.6754
10 0.7684
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Fig. 8. (a) gm, fi, Cgs, and Cyq extracted from the small-signal simulation
as a function of drain bias. (b) Short-circuit current gain for InN TFET at
Vgs = 0.1 Vand Vg =1.0 V.

remains below one even at Vgs = 1.0 V. It is observed that
the ionization integral reaches 1.03 at a Vgs = 2 V. The large
bandgap and optical phonon energy of InN make InN TFETSs
robust against ON state avalanche breakdown phenomenon.

IV. SMALL SIGNAL SIMULATION

Having established the safe operation at higher Vys, we
simulate the small signal performance under different V.
The calculated Cgq and Cgg from the simulated y-parameters
and simulated f; are plotted in Fig. 8(a) for increasing Vys.
At lower Vys, extracted f; is low (f; = 97 GHz and Vg5 =
0.1 V) due to the large Cgq as expected from TFET opera-
tion. However, as discussed before, Cgq is found to decrease
[Fig. 8(a)] with increasing drain bias due to higher drain to
channel barrier. The Cys [Fig. 8(a)] remains almost unchanged
with drain bias. In addition, the transconductance (g;;) of the
device increases with drain bias. Significant increase in current
and transconductance occurs because of the simultaneous
effect of tunneling probability increase and a reduction of
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electrons with negative k, states (due to higher drain to channel
barrier) in the channel at higher Vys. The decreasing Cgq and
increasing g, together boost up f;. The device gives a peak
current gain cutoff frequency of 460 GHz [Fig. 8(b)] at 1 V
drain bias. Further scaling of the device can achieve terahertz
cutoff frequencies.

V. CONCLUSION

In summary, we investigated the high frequency perfor-
mance of InN TFET. It has been shown that a relatively low
gate-to-drain capacitance (Cgq) and hence a higher f; can

be achieved at higher drain bias (Vg5 =

1 V). It has also

been quantitatively shown that the device does not undergo
avalanche breakdown at high drain bias. The relation between
the ionization coefficient and electric field for InN devices is
also explored, which can be useful in future for development
of other InN devices as well.
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