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Signature of Ballistic Band-tails Tunneling
Current in Tunnel FET
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Abstract—To improve the interpretation of tunnel field-
effect transistor (TFET) measurements, we theoretically
identify the signatures of ballistic band-tails tunneling
(BTT) current in the transfer and output characteristics of
TFETs. In particular, we demonstrate that the temperature
dependence of a BTT-dominated subthreshold swing (SS)
is in agreement with reported experimental results. We ex-
plain how the temperature dependence of the output char-
acteristics can be used to distinguish between a current
dominated by BTT or a current dominated by trap-assisted
tunneling. Lastly, we propose an expression that relates the
energetic extension of the quasi-extended band-tails states
in the bandgap to the onset voltage for tunneling.

Index Terms— Tunnel field-effect transistor (TFET), band-
tails, subthreshold swing (SS), llI-V semiconductor, trap-
assisted tunneling (TAT).

[. INTRODUCTION

UNNEL field-effect transistors (TFET) are steep-slope

devices for which the subthreshold swing (SS) can reach
values that go below the lower-limit of the thermally-restricted
SS (60mV/dec at room temperature) of the metal-oxide-
semiconductor FET (MOSFET) [1]-[3]. This sub-thermionic
SS, achieved through quantum-mechanical (QM) band-to-band
tunneling (BTBT), makes the TFET a promising device for
future ultra-low power logic applications [3], [4].

Currently, the main challenge for TFETs consists of suc-
cessfully combining a sub-thermionic SS with a sufficiently
high drive-current at low operating voltages [5]. To explore
the potential causes for sub-optimal SS performance of TFET
devices, models are being developed for phonon-assisted
tunneling (PAT) [6], trap-assisted tunneling (TAT) [7], [8],
Auger generated leakage currents [9] and high-doping-induced
band-tails tunneling (BTT) [10]-[16]. So far, investigations of
the performance impact of high-doping-induced band-tails in
TFETs have mostly been either purely predictive [10]-[12]
or qualitative [13] in their approach. Two recent studies link
experiment and model: in Ref. [14] a simple model is proposed
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to extract the band edge decay parameter from experimental
TFET data, while in Ref. [15], the impact of random dopant-
induced band-tails states on the SS variability has been inves-
tigated. However, there remains a need for a more rigorous
model and clearer understanding of the various ways in which
high-doping-induced band-tails manifest themselves in TFETs,
which will facilitate the interpretation of measurement results.
In this work, we use our calibrated (based on Esaki diodes)
semi-classical (SC) model for ballistic BTT [16] to identify
the signatures of a high-doping-induced BTT current in the
transfer and output characteristics. In particular, we focus
on the BTT-induced temperature dependence of the TFET
performance. In addition, we compare the signatures of a BTT-
dominated current with those of a TAT-dominated current.

Il. SIMULATION MODELS AND DEVICE STRUCTURE

The device under investigation is a pocketed p-n-i-n ho-
mostructure Ings3Gags7As TFET and its schematic struc-
ture is shown in Fig. 1. The conventional BTBT current,
IgTpT, is determined using a calibrated dynamic non-local SC
model [16], [17]. The high-doping-induced BTT contributions,
IpTT, are calculated using our calibrated SC ballistic BTT
model, which assumes that the band-tails states originate
from high-doping-induced structural disorder (other sources
of structural or thermal disorder are not considered) [16],
[18]. In particular, an artificial dispersion relation (Eq. (1)
in Ref. [16]) is assumed to describe the band-tails states
such that the following exponential energy dependence for
the band-tails density-of-states (DOS) is obtained, which is in
agreement with both theoretical assessments and experimental

measurements (Fig. 2):

kzl)),c/v Eyts — El,c/v

gbts,c/v(Ebts) = 3772E0,c/v eXp (i EO,C/V ) (1
where +(—) refers to the conduction(valence) band-tails,
Eyc/ and ki./ determine the energetic position and
corresponding (artificial) k-value of the top of the band-tails
distribution, and Fj ./, is the Urbach energy. At the interface
between a highly-doped and intrinsic region, the ballistic BTT
model [16] assumes a decaying quasi-extended band-tails
DOS into the intrinsic region, see Fig. 3. This imitates a
direct proportionality between the band-tails DOS and the
local doping concentration profile, which is assumed to have
a steep gradient of 5 to 10nm/dec at the interface. When
calculating the BTT current contribution, IgyT, it is assumed
that only the quasi-extended band-tails (BT) states within
a limited energy range AFEgqze from the conventional band
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edges, up to an energy Iy 15 or Ee 15 (see Fig. 2), contribute
to the BTT current. In this work, the conventional band states
are taken to be the electronic states of the ideal undoped
material system. The ballistic BTT current itself consists of
three tunneling contributions (Fig. 3): a) tunneling between
quasi-extended valence and conduction BT states, lpiscsbtss
b) tunneling between conventional valence band states and
conduction BT states, I, bts, and c) tunneling between
valence BT states and conventional conduction band states,
Icosvbts. The current density contributions are calculated
using the Tsu-Esaki expression for ballistic tunneling [16]:

qa [*
Jbts(—)bts - 2 / qg(ff)/ kJ_T(Ev,bts(x)a kJ_)
v<>c,bts 272h 1 Yk v
c>v,bts v,bts

2
X fn(Ec,bts(x/a kJ_)) - fp(E\\//,th(xa kj_)) dk, dz
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where £ is the local electric field, xy/, is the left/right contact
position, k| is the magnitude of the orthogonal wave vector, T
is the transmission probability, fy/,, is the electron/hole Fermi-
Dirac distribution function, and 2’ = z-+lyy, With [y, the
tunnel-path length. Note that the calibration of both the models
for BTBT and ballistic BTT is based on two highly-doped
Ings3Gap47As Esaki diodes at multiple temperatures [16].
The successful calibration of the entire /-1 characteristics of
these Esaki diodes suggests that it is justified to only consider
high-doping-induced BTT and to neglect the temperature
dependence of the BTT model parameters F /v, k1 /v, and

Fig. 4. Transfer characteristics of (a) Itota1 = IBTBT + IBTT and
(b) IzrsT of the homostructure TFET of Fig. 1 as a function of tem-
perature. For all simulations: Vgs = 0.30 V and AE¢gge = 100 meV.
The shaded area indicates the irrelevant current levels.

Ey,c/v- The total current in the device of Fig. 1 is then found
as: Itotal = IpTBT + IBTT. For the purpose of this work,
currents induced by additional generation and recombination
effects, such as Shockley-Read-Hall (SRH), are neglected.

I[ll. TEMPERATURE DEPENDENT BAND-TAILS TUNNELING
A. Transfer characteristics

The transfer characteristics of the TFET are shown in Fig. 4
as a function of temperature for both Ity and Iprpr.
In the case of IgrpT, we can observe from Fig. 4(b) that
the temperature dependence of the transfer characteristics is
mainly reflected in an increase of the ON-current with temper-
ature and a non-negligible shift of the onset voltage, Vg%ggw
towards a lower V. The onset voltage is defined as the gate-
source (Vs onset) Or drain-source (Vs onset) Voltage for which
I4s = 1 pA/um. The temperature dependence of the conven-
tional BTBT current /gt has been demonstrated [19] to
originate from an interplay between the temperature-dependent
bandgap, described by the Varshni equation [20], and the
temperature dependence of the Fermi-Dirac distribution and
Fermi degeneracies. More specifically, there is an increase in
tunneling efficiency because of the narrowing of the bandgap
with temperature and there is a (limited) compensating effect
because of a decreased internal electric field at the end of the
tunneling path located in the channel [19]. This decrease of the
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Fig. 5. Local subthreshold swing of (a) ITota1 = IBTBT + IBTT and
(b) Iz of the TFET of Fig. 1 at specific current levels as a function
of temperature, as extracted from the transfer characteristics in Fig. 4.

internal electric field with temperature can be traced back to
the temperature dependence of the Fermi-Dirac distribution
and Fermi degeneracies [19]. In III-V TFETs, the limited
compensation of the tunneling efficiency results in a non-
negligible temperature dependence of IgrpT, as observed in
Fig. 4(b)). This is in contrast to the often observed negligible
temperature dependence in III-V Esaki diodes where a (nearly)
full compensation occurs [19]. Note that the reported shift of
Vgﬂgﬂt in Fig. 4(b) is consistent with the often observed
strong temperature-dependent shift of V2TBT, in measure-
ments of BTBT-dominated TFETs (90 mV shift at 1 nA/um
between 300 K and 50 K in Ref. [21]).

The first signature of high-doping-induced ballistic BTT
in the transfer characteristics is the increased temperature
dependence of the SS, which can be observed from comparing
the simulation results for I, (Fig. 4(a)) with those for
IgrpT (Fig. 4(b)). The SS, evaluated at multiple current levels,
has been plotted in Fig. 5 as a function of temperature for both
Itota1 (Fig. 5(a)) and Ipppt (Fig. 5(b)). The results reveal
a linear dependence between the SS of It., and the tem-
perature over a significant part of the considered temperature
range. This is a clear indication that the BTT-based SS is
thermally-limited, similarly to the SS of a MOSFET or TAT
in a TFET. This is explained by the temperature dependence
of the Fermi-Dirac distribution which has a significantly larger
impact on the occupation probability of the states close to the
band-tails edge, Ey /. s than on the conventional band states
(Fig. 6). As an example, we can observe from Fig. 6 that the
occupation probability, fpp, of a valence band-tails state at
E = FE, 15 increases with a factor of about 10'6 when the
temperature is increased from T = 50K to T = 450K. In
comparison, for an identical increase of the temperature, the
occupation probability of a conventional valence band state
at £ = F, only increases with a factor of about 107. This is
significant as the states close to the band-tails edge are the first
to contribute to the BTT current, whereas the the states close to
the conventional band edges are the first to contribute to the
conventional BTBT current. As a result, the current, which
depends on the occupation probability (Eq (2)), will increase
more strongly with temperature for BTT than for BTBT.

After the initial linear increase with temperature, the SS of
Itotal, especially at lower current levels, is seen to decrease
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Fig. 6. (a) The Ings3Gag 47As conventional valence band DOS (black)

and valence band-tails DOS (purple) as a function of energy, with
AFEcqge = 100meV. The hole quasi-Fermi level, Eg,, conventional
valence band edge, Ey, and the valence band-tails edge, E, n¢s, in
the source (representative for x < —10 nm in Fig. 3) are indicated using
dashed lines. (b) Fermi-Dirac occupation probability, frp, as a function
of the energy and temperature on both a linear (red lines, bottom x-
axis) and a logarithmic (yellow lines, top x-axis) scale (note: the linear
and logarithmic scale share the same vertical energy axis). The double-
headed arrows indicate the difference in occupation probability between
T =450Kand T = 50K at E = Ey and E = E, s, respectively.
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Fig. 7. Output characteristics of (a) ITota1 = IsTBT + IBTT and
(b) IsrpT Of the TFET of Fig. 1 as a function of temperature. The
voltage corresponding to the peak of the forward-bias current, Veak, is
indicated (for clarity, the peak voltage is not shown for every curve). For
all simulations: Vgs = 0.30V and AEcqge = 100 meV.

with temperature (Fig. 4(a)). This reflects the abrupt onset
of the ballistic BTT transitions which becomes observable at
the onset voltage for Itotal, ngf’gﬁéet. In reality, the transition
between quasi-extended and localized band-tails states is more
gradual than what is assumed in our band-tails model and,
therefore, the decrease of SS with increasing temperature at
the lower current levels is expected to be less pronounced.
In summary, we have shown that a temperature-dependent
SS in TFET, and in particular a linear increase of SS with
temperature up to 300 K, is also a signature of ballistic BTT
and not only of a thermally-assisted process, such as TAT.
This finding is in agreement with the experimental temperature
dependence of SS as reported in Fig. 2(d) of Ref. [14].

B. Output characteristics

The output characteristics of the TFET are shown in Fig. 7
as a function of temperature for both Ir., and IgTpr.

For IgrpT, the left-shift of VdEEESEt and increasing tunnel-
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Fig. 8. Band diagram at the tunnel junction of the TFET of Fig. 1 for (a)
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edges (l‘))lack), quasi-Fermi levels (dashed gray) and the valence band-
tails edge (purple) and conduction band-tails edge (blue). T'=300 K.

ing efficiency with temperature are again explained by the
temperature-dependent bandgap and the temperature depen-
dence of the Fermi-Dirac distribution and Fermi degeneracies.

In contrast to the first signature, the second signature of
ballistic BTT is a decrease of the temperature dependence of
Itota in forward-bias (Vs < 0'V) in the output characteristics,
compared to IgrpT. The decrease in temperature dependence
can be traced back to both the comparatively shorter tunneling
paths and the more uniform electric field (similar to the electric
field in an Esaki-diode) along the tunneling path compared to
during a BTBT transition, at an identical Vs (see Fig. 3). A
shorter tunneling path results in a higher tunneling efficiency
(approaching unity) and, consequently, the tunneling process
becomes inherently less sensitive to variations (including
temperature-induced variations). The more uniform electric
field during BTT transitions also results in a more complete
compensation of the bandgap narrowing-induced temperature
dependence of the tunneling efficiency [19]. Note that, for
similar reasons, the temperature dependence of IprpT is seen
to decrease at larger Vi (see Fig. 4 in Ref. [19]).

The third signature is the temperature dependence of the
peak voltage, Vjcak, defined as the voltage corresponding to
the peak current in forward-bias (Fig. 7(a)). At low temper-
ature, Vjeak 1s set by the Fermi degeneracy in the source,
Etp src — By orc, because, in the case of IprpT, Vpeak 18
reached when the electron quasi-Fermi level in the channel,
E}n cn, wWhich is set by Vs, is approximately equal to the va-
lence band edge energy in the source, L\ g (Fig. 8(b)). Sim-
ilarly, at low temperature and in the case of Irotal,
Vpeak is reached when Efn,ch ~ Ev,bts,src = Ev,src + AE‘edge
(Fig. 8(a)).

For IsTBT, Vpeak only has a small temperature dependence,
because temperature-dependent Fermi degeneracy changes in
the source and Fermi-Dirac distribution changes in the channel
seem to (mostly) compensate each other. In the case of Irotal,
Vpeak shifts to more positive Vs as the relative contribution
of IpTBT t0 ITotal increases with temperature, shifting Vieak
from Ep, ch =Ly bis,sre towards Ep, ch=REy gc. Our findings
are in agreement with experimental data, as evident from Fig. 2
in Ref. [22], where the output characteristics show a small
temperature-dependent shift of Vjcax in the NDR regime for
a Vg with a BTBT-dominated current.

Mtrar=1ns
1072V =0.30V
Il L] I

04 0.2 0.0
©) Vs (V) (@)

Fig. 9. (a) Output characteristics for Vgs = 0.30V of the TFET of
Fig. 1 showing the conventional BTBT current, IsTpT, the TAT current,
ItaT, and the total current, Itota1 = IBTBT + ITAT @S a function
of temperature. The TAT current simulations have been performed using
the calibrated model parameters as described in Ref. [23] with a Huang-
Rhys factor of S = 13 and charge carrier lifetime of mraT = 1.2ps,
the original calibrated value in Ref. [23]. (b) Transfer characteristics
for Vgs = 0.30V and mraT = 1ns. (c)-(d) Output characteristics for
TraT = lns,and (¢) Vgs = 0.30 V and (d) Vgs = 0.50 V.

Lastly, note that, in contrast to the transfer characteristics,
the signature of BTT in the output characteristics is predicted
to be different from the signature of TAT. In the case of
TAT, the current contribution increases with forward-bias, as
shown in Fig. 9(a). The TAT current simulations in Fig. 9
have been performed using the dynamic non-local TAT model
of Schenk [17], which has been calibrated against the exper-
imental data of two Ings3Gag47As Esaki diodes (with similar
doping profiles as the Esaki diodes used to calibrate our band-
tails model [16]) at multiple temperatures in Ref. [23].

When using the calibrated parameter values [23], the
forward-bias current is not dominated by TAT (Fig. 9(a)).
Consequently, TAT has no impact on Vjc.x as it remains
determined by Ey, oh = Ey o and, therefore, only has a small
temperature dependence. Assuming a negligible SRH contri-
bution, the difference in signature between BTT and TAT in the
output characteristics for a given V4 can be used to distinguish
between a TFET device of which the current is dominated by
BTT or TAT at that given Vgs. More specifically, for a BTT-
dominated TFET with degenerately doped source, drain and, if
present, pocket regions, the output characteristics are expected
to exhibit a well defined negative differential resistance (NDR)
regime and a well identifiable V},cax, regardless of Vg (see in
Fig. 7(a)). In contrast, for a TAT-dominated TFET, the output
characteristics are not expected to exhibit a well-defined NDR
regime for those Vs where the TAT current dominates the
total current, as the TAT current increases with forward-bias
(Fig 9(c) and (d)).

In Fig 9(c) and (d), we have artificially increased the TAT
current contribution by decreasing the charge carrier life-
time, which is related to the amount of traps present in
the system, from the calibrated 7rpor = 1.2pus to 1ns. By
setting 7rar = lns, we ensure that the impact of TAT on
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Fig. 11.  Output characteristics (Vgs = 0.30 V) of Itotal Of the p-n-i-

n TFET as function of temperature for different values of A E¢qge. For
clarity, the corresponding IgTgT output characteristics are not shown.

the transfer characteristics (Fig. 9(b)) becomes comparable
to that of BTT (Fig. 4(a)). This results in a more relevant
comparison between the output characteristics of the BTT-
dominated TFET (Fig. 7(a)) and the TAT-dominated TFET
(Fig 9(c) and (d)). From Fig 9(c), it is clear that the concept
of V,eak becomes meaningless when the forward-bias current
is dominated by TAT, as the NDR regime is suppressed entirely
by the TAT current. Only when the device current is dominated
by conventional BTBT (at large Vg), an NDR regime exists
in the output characteristics (Fig 9(d)).

C. Energetic extension of band-tails states

This section explores how varying AFE.qge affects the
simulated transfer (Fig. 10) and output (Fig. 11) character-
istics. AFcqgge is the assumed energy range, starting from the
conventional band edges, within which band-tails states are
considered to be quasi-extended states. During all simulations,
the appropriate set of calibrated parameters for the band-tails
model have been used [16].

From both Fig. 10 and Fig. 11, it can be seen that
AFEeqge mainly affects the transfer and output characteristics
around the AF,q..-dependent onset voltage for tunneling,
v lotal = and Vis.onsetTotat. As expected, a larger AFeqge

S,0NS!
regsults in a shift of Vggf’cfgéet towards more negative Vs and
of Vi onset7otar towards more negative Vgs. In the case of
the transfer characteristics, the onset of BTT is achieved
when the gate-source voltage has aligned the conduction band-
tails state at Epscn With the valence band-tails state at
E bts,src, as illustrated in Fig. 12(a). E¢ pts,ch 1 defined as

the conduction band-tails state with the lowest energy (at that

1 1 1 1 1 i i i i i
-10 0 10 -10 0 10
(@) x (nm) (b)

Fig. 12. Band diagram at the tunnel junction of the TFET of Fig. 1 for
(a) Vgs=V okl and (b) Vgs=VBTBT,  showing the conventional
band edges (black) and the valence band-tails edge (purple) and
conduction band-tails edge (blue). T'=300 K. The gray dashed line
indicates the first energy level for which ballistic tunneling between (a)
the valence band-tails states in the source and the conduction band-
tails states in the channel or (b) the conventional valence band states in
the source and the conventional conduction band states in the channel
becomes available. (a)-(b) Vgs = 0.3 V.

Vis) for which a ballistic path exists that does not penetrate
any electrostatic potential barriers between that state and the
drain contact (hence limited attenuation). Similarly, E. b src
is defined as the valence band-tails state in the source with the
highest energy for which also a ballistic path exists that does
not penetrate any electrostatic potential barriers between that
state and the source contact. Note that the conduction band-
tails state at I 15 cn does not necessarily correspond to the
conduction band-tails state with the overall lowest energy in
the channel because we require there to be a ballistic path (and
no electrostatic potential barriers except for the forbidden gap
transition) from source contact to drain contact (Fig. 12(a)).
The onset of conventional BTBT, is achieved when the
gate-source voltage has aligned the conventional conduction
band edge in the channel at E.., with the conventional
valence band edge in the source at E, .. (Fig. 12(b)), where
Eecn and E| 4 are the energy levels of the conventional
band edges in the neutral channel and source, respectively.

There is a shift in gate-source onset voltage, AV,ETT-BTBT —

gs,onset
BTBT Total : __ 1/ Total Total —
gs,onset ¥ gs,onset? since at Vgs - Vgs,onset’ EC7Ch(Vgs,onset) -
Ev,src + AE‘l - AEQ’ with AEwl = Ev,bts,src - Ev,src and
_ Total Total : .
AEQ—EC,thyCh(‘/gs,onset)_EC,Ch(Vgs,onset) (Flg 12(a)):

BTBT
Vgs.onset)

1
dEc,ch (‘/gs)/dvgs

BTT-BTBT Be,on
AV N = /

gs,onset Total
ota
Ec,cn (Vgs,onset)

-1
~ dEecn (Vs )/d Vs

where we have used the ‘Mean Value Theorem’ with
Ve [VTOtal Y BTBT ] Since dEC,Ch(Vg’S)/d (qVgs) = —1,

gs,onset? " gs,onset

AE; = AFeqge, and AE, = 0, Eq. (3) reduces to:
AVBTT-BIBT ~ (AE) — AFy) /q = ABeage/q  (4)

gs,onset

dEc,Ch

[AEy — AE],  (3)

As aresult, AVgEEE;ftTBT provides information on A Eegge. In

practice, only Vgsf’(fr?éet is experimentally accessible and careful
simulation efforts are therefore required to extract AFcgge
from experimental data. Note that a sufficiently high temper-

ature is assumed such that I, 1s BTT-dominated around
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Vasoale, or Vaotal . In addition, note that experimental data
may suffer from a temperature-dependent contact resistance.

Lastly, in the case of the transfer characteristics, it is clear
that AFEeqqe has a negligible impact on I,, and only affects
the SS close to ngf’(fr?;et despite the change in calibrated value
of the band edge decay parameter Fy, which comes along with
the change in A E4gc. This result is consistent with the earlier
finding that the SS of I, is determined by the density of
quasi-extended band-tails states in a small energy range in the
bandgap and not by the band edge decay parameter Fy (see
Eq. (1)) [16]. Similarly, AFEcqge has a negligible impact on
the output characteristics in reverse-bias.

IV. CONCLUSION

In conclusion, ballistic BTT significantly increases the
temperature dependence of the TFET’s SS towards a linear
dependence on temperature up to room temperature. Such
a temperature dependence is observed in many experimental
data. Our work therefore demonstrates that an SS proportional
to temperature in TFET is not only a signature of TAT.
To distinguish BTT from TAT, the output characteristics in
forward-bias should be studied. The output characteristics of a
BTT-dominated TFET are predicted to exhibit a NDR regime,
regardless of V. In contrast, the output characteristics of a
TAT-dominated TFET are predicted to exhibit a NDR regime
only at large Vg, as the TAT current conceals the NDR
regime at small V. Lastly, an approximate expression relating
the shift of the gate-source onset voltage with the energetic
extension, A Eeqge, of band-tails states in the bandgap has been
proposed and can be used to extract AFE,qee from comparing
temperature-dependent experiments to simulations.
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