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This study proposes a novel electrically doped tunnel field effect transistor (ED-TFET), which combines thermionic emission and band to band
tunnelling by using an additional metal source (MS) of appropriate work function (WF; 3.9 eV) by forming an ohmic junction between metal
and silicon. The ohmic junction is created below the channel region near the source channel junction by depositing of appropriate workfunction
metal (lower than silicon) which injects extra electrons through over the barrier along with band to band tunneling (BTBT) in the channel of the
device. Therefore, a drastic improvement in the ON state current is observed which is numerically about 107 times greater than conventional
ED-TFET. Furthermore, the radiofrequency figures of merit such cut-off frequency, gain band width product, and maximum oscillating
frequency are enhanced by ~10%, 20 and 1000 times, respectively, however, intrinsic gain and transconductance generation factor have
nearly 66.66 and 14.28% improvement compared to conventional ED-TFET. Furthermore, the concepts of drain underlapping and dual
metal gate have been used to checkout OFF-state current and negative conductance as a final proposal. In addition, this study has also

investigated the performance variations in the proposed structure due to the WF change of CG2, length of L,; and position of MS.

1. Introduction: Increased functionality, reduction in cost per unit
chip-area, lower power consumption and higher radiofrequency
(RF) performance are some of the advantages of scaling metal
oxide semiconductor field effect transistors (MOSFETs) [1]. The
dimensions of Si MOSFET have been downscaled by three
orders of magnitude in the last few decades using the scaling guide-
lines proposed by Dennard et al. in the early 1970s [2]. However, it
has been observed that as MOSFET enters into the nanometre range
it suffers from numerous disadvantages such as high leakage
current, various short channel effects, and large parameter varia-
tions [3, 4]. In the process of scaling, the supply voltage is also
scaled down which leads to the decrease in V}, and causes a rise
in the leakage current [5]; these concerns impose a limit on the
scaling of MOSFETs. According to the International Technology
Roadmap for Semiconductors road map tunnel field effect transis-
tors (TFETs) are an excellent replacement for MOSFET in low-
power applications as the carrier injection from source to channel
is through quantum mechanical tunnelling [6, 7]. In addition, for
improving the TFETs performance several ideas have been given
by researchers such as the usage of high-K dielectric [8], dual
drain electrode [9], optimised doping of source region [10], strain
engineering [11], gate-metal work function engineering [8], inser-
tion of metal strip near the source/channel region [12], band gap
engineering at source side [13], nt doped pocket insertion at
source/channel interface in physically doped TFET [14] and
many others. Conventional physically doped TFETs also face
difficulty in maintaining abrupt tunnelling junctions due to the
diffusion of dopant atoms, known as random dopant fluctuations
(RDFs). RDFs have adverse effects on the TFET performance
such as the variation in threshold voltage, drain-induced current
enhancement and degraded subthreshold swing (SS) [15, 16].
In order to resolve these issues, concepts of electrical doping
[17, 18] and junctionless TFET have been proposed [19, 20].
Though junctionless TFET has higher ON state current and lower
threshold voltage, but it still retains issues of physical doping
(fabrication complexity) and costly thermal annealing techniques.
Thus electrically doped TFET (ED-TFET) is used to resolve the
issues arising from physically doped and junctionless TFET.
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The Letter proposes an electrically doped metal source
TFET (ED-MS-TFET), which has improved DC parameters and
high-frequency performance as compared to ED-TFET by deposit-
ing a layer of the MS of appropriate work function (WF) below
channel within the dielectric box. The introduction of MS in
the channel region drastically improves the /5y due to the excess
electrons provided by the MS in the vertical direction. The excess
carriers coming through ohmic junction get merged with hori-
zontally tunnel electrons provided by the source and behave as a
supplement for improving device performance. The proposed
concept enhances the DC and RF parameters up to the unmatched
level as compared to the conventional one. Furthermore, drain
underlapping and gate WF engineering are used to suppress the
ambipolarity and leakage current, respectively by preserving
improved DC/RF FOMs in dual metal gate ED-MS-TFET
(DMG-ED-MS-TFET). The techniques of atomic layer deposition
such as chemical vapour deposition or phase vapour deposition
can be used to deposit the thin layers of SiO,, HfO, and MS
[21, 22]. MS can be fabricated by molybdenum (Mo) as the WF
of Mo can be tuned up to 3.9 eV and below by high dose of nitrogen
implantation and maintaining the dopant atom concentration
6 x 10'° atoms/cm? with 80 keV implantation energy for annealing
conditions at 700°C for 15 min [23]. The organisation of the Letter
is as follows — Section 2 is a description of the device and its simu-
lation. Section 3 presents the DC and RF characteristics of the pro-
posed device in a comparative manner. While Section 4 describes
the optimisation of various parameters and finally Section 5 has
the findings of the research summed up as a conclusion.

2. Device description and simulation setup: The cross-sectional
view of ED-TFET, ED-MS-TFET, and DMG-ED-MS-TFET can
be seen in Figs. la—c. In ED-MS-TFET and DMG-ED-MS-TFET,
drain and source regions are developed by applying 1.2V and
—1.2V to form n+ and p+ regions, respectively. Mid band gap
material nickel silicide (NiSi) is used with 0.45 eV barrier height
for drain and source contacts. The metal electrodes are deposited
over a thin layer of HfO,, which acts as a barrier to prevent the for-
mation of silicide between metal and silicon. The additional metal
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Fig. 1 Device structure of
a ED-TFET

b ED-MS-TFET

¢ DMG-ED-MS-TFET

source (MS) is deposited below the silicon layer near the source/
channel junction. Thickness and length of MS is 10 nm. For all the
devices the substrate doping concentration is 10> cm™, silicon
body thickness is 10nm and oxide thickness is 2nm. For
ED-TFET and ED-MS-TFET length of the drain (Lp,) is 50 nm
and work function for the drain (¢p,), source (o) and the gate
electrode (pgg) is 4.5 eV with spacer lengths Ljg and Lgg equal
to 5nm. Lengths of the gate electrode (L) and source Lg; are
both equal to 50 nm. The WF of the additional MS (¢,,) is
3.9 eV. For DMG-ED-MS-TFET, Ly, is 35 nm as the technique of
drain underlapping is used. Its gate electrode is made of two
metals. ¢gg, is equal to 5.2 eV and ¢, is equal to 4.5 eV with
spacer length L equal to 20 nm, Lgg, and Lgg, equal to 25 nm.
The device has been simulated using a two-dimensional ATLAS
device simulator [24]. The models employed to carry out the simula-
tion process are — Shockley Read Hall recombination model, Auger
recombination model, Fermi—Dirac statistical model, Universal
Schottky model and non-local band to band tunnelling model.

3. Results and discussion

3.1. DC characteristics: As reported in [25, 26], for a physically
doped conventional TFET, the OFF state current is in femto
amperes and ON state current is in nano amperes when the
applied Vg and Vpg are 2 V. In this Letter, the ED-TFET is
calibrated at the same dimensions and biasing values and simi-
lar carrier concentration is achieved by electrical doping in source
and drain regions presented in Fig. 2a as reported in [26].
Furthermore, the transfer characteristics of the calibrated device
are shown in Fig. 2b, which reflects almost the same ON but
lower OFF current due to the electrical doping. These results valid-
ate the used models and simulating parameters.

Fig. 3a shows an almost similar electric field for all the three
devices near the source/channel junction. This is supported by
the ON state energy band diagram as shown in Fig. 3b; where tun-
nelling width at source/channel junction is approximately the same
which means the tunnelling probability is the same for all. As
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Fig. 2 Variation in
a Carrier concentration as a function of the length
b Transfer characteristics of the calibrated device with gate voltage
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Fig. 3 Variation of
a Electric field in the ON state
b Energy band diagram as a function of length in the ON state
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Fig. 4 Variation in
a Energy band diagram of ED-MS-TFET along cutline-2
b Drain current of all three devices in ON state

depicted in Fig. 4a, there is a transfer of excess electrons from
the MS into the silicon body in the vertical direction. The ohmic
junction formed by MS by choosing a proper WF metal, which
supplies additional carriers in the channel and leads to increment
in the ON state current as shown in Fig. 4b, while the ON state
current of both the devices is significantly higher than ED-TFET.
Ambipolar current in the TFET is suppressed by employing the
concept of drain underlapping; Fig. 5a shows the energy band
diagram of the three devices in the ambipolar state. The tunnelling
width of DMG-ED-MS-TFET is higher than the other two, indicat-
ing a decreased probability of tunnelling at the drain/channel region
and thus helps in suppressing the negative conductance. Fig. 5S¢
shows the variation in drain current for negative V¢ and suppressed
ambipolar current is found for DMG-ED-MS-TFET. Fig. 5b shows
the energy band distribution (EBD) under OFF state; a quantum
well structure of EBD is formed due to the dual WF gate electrode;
this creates an obstacle for leaky carriers coming from the p+ source
and MS in OFF state. This becomes a clear reason for the reduction
of leakage in DMG-ED-MS-TFET as shown in Fig. S5c.
Furthermore, 7, and SS of the devices have been numerically cal-
culated by the transconductance derivate approach [27] and
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Table 1 DC characteristics of devices

Parameters name/ ED-TFET ED-MS-TFET DMG-ED-MS-TFET
unit

ON current, A/pm 7.3 x 107" 1.7 x 1073 74 x107*
OFF current, 30x107%  27x107° 1.5x 10718
A/pm

Vi V 0.88 0.33 0.95

SS, mV/dec 28.9 60.6 56.8
ambipolar current, 9.3 x 107 1.8 x 1071 46 x 107"
A/pm

reported method [28], respectively. Fig. 6a shows the variation of
the transconductance derivative of ED-TFET, ED-MS-TFET, and
DMG-ED-MS-TFET, respectively. Fig. 6b depicts a minimum
point SS of all three structures in which ED-MS-TFET and
DMG-ED-MS-TFET have higher SS because of thermionic emis-
sion. Now the values of Iy, and SS given in Table 1 can be vali-
dated from the same figure.

3.2. RF/analogue analysis: RF analysis is crucial in the current
scenario due to the need for devices to operate at high frequency
and low power. The parameters for interpreting RF FOMs are trans-
conductance (g,,), gate-to-drain capacitance (ng), gate-to-source
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capacitance (Cyy), cut-off frequency (f;), gain bandwidth product
(GBP), intrinsic gain (IG), maximum oscillating frequency (f;,,)
and transconductance generation factor (TGF). Transconductance
is the ability to transform Vg into the drain current (Ig).
The transconductance is higher for both ED-MS-TFET and
DMG-ED-MS-TFET as compared to ED-TFET as shown in
Fig. 7a due to the presence of an additional MS in these devices.
The accurate analysis of Cyy or Miller capacitance is very important
for designing high-frequency circuits because C,y behaves as a
parasitic capacitance for lower values of Vg, but for higher
values of Vg, it behaves as inversion capacitance (Cyg i) [29]-
The switching speed of TFET is improved when both of these
values are low. The C,y of the devices is plotted as shown in
Fig. 7b, here, DMG-ED-MS-TFET has Cod in the order of fF.
However, it comparatively has a greater Cyq than ED-TFET due
to the MS and lower capacitance as compared to ED-MS-TFET
caused by a dual metal gate and drain underlapping. Cut-off
frequency (f;) is defined as the frequency at which the short
circuit current gain in the common source configuration becomes
unity [24]. Fig. 8a shows the variation of cut-off frequency with
Vss- fi increases with an increase in g,, and then decreases due
to the increase in Cyq. DMG-ED-MS-TFET and ED-MS-TFET
both have a higher cut-off frequency than ED-TFET. Also,
DMG-ED-MS-TFET has more cut-off frequency than
ED-MS-TFET indicating that the device is suitable for low-power
applications over a wide range of frequencies. Fig. 85 shows the
GBP of the three devices. GBP is an indication of the trade-off
between gain and bandwidth of a device and follows the same
trend as f;. The proposed device has a high GBP showing that
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the device can maintain an optimum gain as well as bandwidth. £,
is the frequency at which the power gain of the device is unity. It is
influenced by g,,,, C,q and Cyq. It rises with Vg and after attaining a
peak, it falls. The f,,, of DMG-ED-MS-TFET is higher than the
other two devices as shown in Fig. 8c. IG is the product of transcon-
ductance and output resistance R,. R, is very high in the subthres-
hold region and drops under the influence of BTBT after exceeding
Vi, Since R, is the dominating factor, IG falls with V5 as depicted
in Fig. 9a. TGF is a measure of the device efficiency in converting a
DC parameter into an AC parameter. It shows how effectively a
device optimises drain current for efficient amplification with low
power dissipation [30]. Drain current is negligible under the sub-
threshold region so the TGF is plotted for values over 0.5 V.
Both ED-MS-TFET and DMG-ED-MS-TFET have higher TGF
values as compared to conventional ED-TFET near the threshold
voltage as shown in Fig. 9b. Further increase in voltage causes a
drop in TGF due to the drain current acting as the dominating factor.

4. Optimisation: The proposed device uses the concepts of drain
underlapping, dual metal gate engineering and the introduction of
additional MS for improved performance. Hence, the optimised
values for drain length (Lp,), WF of controlgate2 (¢gg,) and pos-
ition of MS are needed to be analysed. Fig. 10a shows the variation
of Ig for different drain lengths, when drain length goes below
45 nm it is significant for suppression of ambipolarity without
degradation in ON current. The shorter length of the drain electrode
is also beneficial for high-frequency applications as can be seen in
Fig. 10b; shorter the L, better the RF performance. Moreover, WF
variation of CG2 also affects the ON-, OFF-state and RF perform-
ance of the proposed device.

Fig. 11a shows the WF of CG2 goes below 5.2 eV OFF state
current starts increasing and the same trend is followed by ON
current also. Similarly lower WF of CG2 causes an increment
in RF performance as can be visualised from Fig. 115 in terms of
cut-off frequency. The position of the MS needs to be optimised
for better electronic characteristics. As depicted in Fig. 12a and b,
Ipg and f; are high when the metal is placed near the source/
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channel junction, but as it moves away from the source/channel
junction both of them starts degrading, in which RF performance
is more affected.

5. Conclusion: Conventional ED-TFET suffers from the disadvan-
tages of poor DC and RF parameters and ambipolarity. To resolve
these issues, the Letter proposes a new device, ED-MS-TFET,
which combines thermionic emission and band-to-band tunnelling
by using a MS near the source/channel junction. ED-MS-TFET
has better DC and high-frequency analysis due to the injection of
excess electrons from the MS. However, the device possess OFF
state current near to MOSFET and the issue of negative conduct-
ance remains untouched. In this concern, DMG-ED-MS-TFET pos-
sesses drain underlapping and DMG, where drain underlapping is
used to suppress the ambipolarity by widening the tunnelling
width at the drain channel junction. DMG is incorporated to
reduce leakage current by using higher WF at the drain/channel
junction side. This forms a quantum well for the leaky electrons
and prevents the movement of electrons coming from ohmic junc-
tion in OFF state. Finally, DC and RF analysis of the devices show
that the performance of DMG-ED-MS-TFET in terms of GBP, ng,
Ji> fmax and TGF is much better than ED-TFET.
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