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In this work, the authors have reported the reliability issues of dual material control gate tunnel field effect transistor (DMCG-TFET) and
proposed heterogeneous gate dielectric dual metal control gate tunnel field effect transistors (HD DMCG-TFETs) in terms of interface trap
charges (ITCs). The positive and negative types of localised charges at the semiconductor/insulator interface cause degradation in the
device performance (DC/RF). In this regard, the proposed structure which includes combination of low-K and high-K dielectric improves
the immunity towards the ITCs at the interface of semiconductor/insulator with better performance. In this concern, the study has analysed
the impact of ITCs on DC and analogue/RF performances of the DMCG-TFET and HD DMCG-TFET in terms of various parameters like
electric field, energy band diagram, carrier concentration, transfer characteristics, transconductance (g,,), cutoff frequency (f;) and gain
bandwidth product. Further to this, impact on device linearity parameters is also analysed through higher order of transconductance

coefficients (g,,;), VIP2, VIP3 and IIP3.

1. Introduction: With the downsizing of device dimensions,
metal-oxide—semiconductor field-effect transistor (MOSFET)
manifests compactness, cost effectiveness and improved
high-frequency performance [1, 2]. However, MOSFET faces
some fundamental problems associated to device performance
with downscaling like high leakage current, short-channel effects,
drain induced barrier lowering and sub-threshold slope limited to
60 mV/decade, which severely degrades the performance of the
device [2—4]. Tunnel field effect transistor (TFET) has a potential
to overcome the above-mentioned problems due to its different
working principle (band-to-band tunnelling mechanism) unlike
MOSFET [4-6]. Regardless of these advantages, TFET suffers
from various problems related to low drain current, conduction in
ambipolar state and poor high-frequency performance [7-11].

For this, various structural modifications like bandgap variation
by using different doping profile in source/drain region, hetero-
material at drain/source region and pocket doping had been
considered earlier for the improvement of DC/RF performance
with suppressed ambipolar behaviour [12—-18]. Although, the
above-mentioned techniques improve DC/RF performance
with suppressed ambipolar current, they create lattice mismatch,
higher cost as well as fabrication complexity [19-22]. Hence,
the improvement in drain current and suppression in ambipolar
behaviour of the device are major concern of investigation.
Therefore, to overcome these difficulties, the dual material control
gate TFET (DMCG-TFET) with asymmetric doping in source
and drain regions is presented [23]. In this, the different values
of workfunction for tri-segmented DMCG-TFET are considered
to maintain dual work functionality of the device for
suppression of ambipolar behaviour, and to enhance the ON-state
current. The presence of lower workfunction at auxiliary gate rela-
tive to control gate reduces the band bending and lateral electric
field at the drain/channel junction which suppresses the ambipolar
behaviour. However, the presence of lower workfunction at
the tunnel gate relative to control gate increases the band
bending and tunnelling probability at the source/channel junction
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in the ON-state, which results in an enhanced value of ON
current (Ioy)-

The tunnelling rate at the junctions (source/channel) is very sen-
sitive towards electric field. However, the manifestation of interface
trap charges (ITCs, positive/negative) at the silicon/insulator inter-
face reduces the electric field at the tunnelling junction. Therefore,
it shows the lower tunnelling probability and poor analogue/RF
performance of the device. In this concern, we have proposed
a hetero-gate-dielectric DMCG-TFET which is named as HD
DMCG-TFET. HD DMCG-TFET improves the DC/RF perform-
ance as well as device reliability by reducing the effect of ITCs.

The remaining part of the Letter is organised as follows.
Section 2 explains the architecture of device and simulation
setup. Section 3 describes the results and discussion. Sections 4
finally summarises the conclusion.

2. Device structure and simulation setup: Fig. 1 shows the
cross-sectional view of conventional DMCG-TFET (Fig. la) and
HD DMCG-TFET (Fig. 1b). For both the devices, the design
parameters considered are shown in Table 1. Simulation has been
performed using Silvaco Atlas simulator in which a non-local
band-to-band tunnelling model is used to compute the tunnelling
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Fig. 1 Cross-sectional view of
a Conventional DMCG-TFET [4]
b Proposed HD DMCG-TFET
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Table 1 Device structure and simulation setup

Parameters Conventional HD
DMCG-TFET [5] DMCG-TFET
drain length (Lp) 25 nm 25 nm
source length (Lg) 25 nm 25 nm
channel length (L¢) 50 nm 50 nm

source doping (p-type) (Ns) 1.0 x 102 cm™ 1.0 x 10 cm™
channel doping (N.p,) 1.0 x 107 cm™ 1.0 x 107 em™
drain doping (n-type) (Ng) 50x10%em™  5.0x 10%cem™?

oxide thickness (%,,) 0.8 nm 0.8 nm

oxide length (Loy;/Loxa) 100 nm (SiO,) 50 nm(Si0, )/
50 nm (HfO,)
silicon thickness (%) 10 nm 10 nm
source voltage (V) ov ov
tunnelling gate length (L;) 10 nm 10 nm
control gate length (L,) 25 nm 25 nm
auxiliary gate length (L3) 15 nm 15 nm
tunnel gate workfunction (¢,) 4.0eV 4.0eV
control gate workfunction (¢,) 4.6eV 4.6 eV
auxiliary gate workfunction (¢;) 4.0eV 4.0eV

interfacial charge density (¢,) 1.0 x 10 cm™ 1.0 x 102 cm™

probability [24]. Shockley—Read-Hall recombination, bandgap
narrowing model, trap-assisted tunnelling model and Auger
recombination models are employed. Along with this, the
Wentzel-Kramer—Brillouin approximation is used to calculate the
tunnelling probability.

3. Results and discussion: In this section, DC characteristics
of both the devices are compared in terms of ITCs. The use
of hetero-dielectric (HD) increases the electric field at source/
channel junction as shown in Fig. 2b. Fig. 2b shows almost
overlapped lines to each other in comparison to Fig. 2a; it
represents more immunity of the proposed structure towards
ITCs. Figs. 3a and b describe the surface potential of both the
devices at different (positive, neutral and negative) ITCs. HD
does not cause significant improvement in surface potential for
the proposed structure, but in the channel region, we can see less
variation of surface potential due to the use of HD from the same
figure. Similarly, Figs. 3c—e depict the energy band distribution
along the length of devices for negative, neutral and positive
ITCs, respectively. The use of HD reduces the tunnelling width at
source/channel junction in case of the proposed device as shown
in Fig. 3d.

3.1. Effect of ITC over the DC performance: In addition, Figs. 3¢
and e indicate less variation in energy band diagram (EBD) for
negative and positive ITCs as compared to conventional device.
Thin tunnelling width provides higher carrier transportation from
the valence band of source to the conduction band of channel.
It results in higher ON-state current for the proposed HD
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Fig. 2 Effect of ITCs on the conventional DMCG-TFET and the proposed
HD DMCG-TFET in terms of electric field
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Fig. 3 Effect of ITCs on

a Surface potential for DMCG-TFET

b Surface potential for HD DMCG-TFET

¢ Variation in EBD for negative ITCs on both structures
d Variation in EBD without ITCs on both structures

e Variation in EBD for positive ITCs on both structures
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Fig. 4 Input characteristics in linear scale and logarithmic scale
a Input characteristics in linear scale for DMCG-TFET

b Input characteristics in linear scale for HD DMCG-TFET

¢ Input characteristics in logarithmic scale for DMCG-TFET

d Input characteristics in logarithmic scale for HD DMCG-TFET

DMCG-TFET as compared to conventional structure, which can
be compared from Figs. 4a and b. Both the figures illustrate the
comparison in terms of ITCs; HD DMCG-TFET has higher drain
current due to the use of HD [25]. Simultaneously, Figs. 4c¢ and d
show drain current in log scale with V. So, overall from Fig. 4,
we can estimate that proposed device shows higher immunity
for ITCs, and can be seen its effect on drain current and other
sub-threshold characteristics [26]. Further Figs. 5a and b indicate
variation in drain current with V., where the effect of ITCs is
higher on conventional device as compared to HD DMCG-TFET.

3.2. Effect of ITC over the analogue/RF performance: Further, we
have analysed the impact of ITCs for RF figures of merit
(FOMs). In this concern, transconductance (g,,) is defined as the
efficiency of the device to convert gate supply voltage (V) into
the drain current. Fig. 6b indicates that the proposed device
has higher g, and better ITCs performance as compared to
conventional DMCG-TFET (Fig. 6a). Transconductance
generation factor is the device efficiency which converts the DC
parameters (/4) into AC parameters (g,,). HD increases the g,,,
which makes it more robust against ITCs as shown in Figs. 6¢
and d. In case of output conductance (gy), drain current
starts dominating beyond sub-threshold region in case of the
proposed device compared to DMCG-TFET, which is reflected
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Fig. 6 Variation in g,, and device efficiency as a function of ITCs

a Variation in g,, as a function of ITCs for DMCG-TFET

b Variation in g,, as a function of ITCs for HD DMCG-TFET

¢ Variation in device efficiency as a function of ITCs for DMCG-TFET

d Variation in device efficiency as a function of ITCs for HD DMCG-TFET

in Fig. 7a. Moreover, from the same figure, we can see that
HD DMCG-TFET is unaffected from ITCs. Similarly, output
resistance also shows robust behaviour towards ITCs as shown in
Fig. 7b. Fig. 8 shows variation in Cy and Cyq with Vg for both
the devices. C, decreases with V due to the 1ncrease in
potential difference between gate and source terminals (Figs. 8a
and b) and ITCs causes no effect on C,,. Further, Figs. 8c and d
present almost same magnitude of gate to drain capacitances for
both the devices. In TFET, the total capacitance is combination
of parasitic as well as inversion capacitances [27]. The ITCs
have almost same consequences for DMCG-TFET and HD
DMCG-TFET as shown in the same figure. Another significant
high-frequency FOM is cut-off frequency (f;), and can be defined
as the operating frequency of device for which short-circuit
current gain decreases up to unit value and can be formulated as:
Ji = 8&n/2m(Cgs + Cgp). Higher g, with moderate Cyy are the
reason for improved f, of the proposed device as 111ustrated in
Figs. 9a and b. Same figure shows the immune behaviour of HD
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Fig. 7 Variation in g, and output resistance as a function of ITCs

a Variation in gy, and output resistance as a function of ITCs, variation in g
as a function of ITCs for DMCG-TFET and variation in g, as a function of
ITCs for HD DMCG-TFET

b Variation in output resistance as a function of ITCs for DMCG-TFET and
HD DMCG-TFET
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Fig. 9 Variation in f, and GBP as a function of ITCs

a Variation in f; as a function of ITCs for DMCG-TFET

b Variation in f; as a function of ITCs for HD DMCG-TFET

¢ Variation in GBP as a function of ITCs for DMCG-TFET

d Variation in GBP as a function of ITCs for HD DMCG-TFET

DMCG-TFET towards ITCs as compared to conventional
structure. Another high-frequency parameter is gain bandwidth
product (GBP), which defines the operating bandwidth of an
amplifier. Mathematical expression of GBP is approximately
same as f;. Consequently, it follows similar behaviour as f;, which
is shown in Figs. 9¢ and d.

3.3. Impact of ITCs on linearity and distortion performance:
Advanced communication high-frequency devices need less
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distortion in their operating regions. Drain current saturation,
and other sub-threshold parameters are not sufficient to analyse
the device linearity. Since g, is variable with Vg so, third-order
derivatives are used to examine the linearity of devices. The
linearity can be analysed in terms of third-order harmonic
distortion (gm3), second-order voltage intercept point (VIP2),
third-order voltage intercept point (VIP3) and third-order
intercept point (IIP3). We have considered R, = 50 () due to its
practical demand in RF systems. In this section, we have given a
detailed review of ITCs over linearity parameters. Here, Figs. 10a
and b present variation in g,; in the influence of ITCs for
DMCG-TFET and HD DMCG-TFET, respectively. The peak of
g3 indicates lower limit of nonlinearity. The use of HD does not
cause significant improvement in linearity but it reduces the effect
of ITCs as we can see from the same figure. VIP2 is extrapolated
input voltage at which first- and second-order harmonics are
equal and it should be high enough. Figs. 10c and d give idea
about the ITC resistant behaviour of the proposed device in
comparison to conventional structure. In addition to these, the
peak of VIP3 indicates the cancellation of third-order
nonlinearity; HD DMCG-TFET having higher peak and little
variation for positive and negative ITCs in comparison to
DMCG-TFET as presented in Figs. 1la and b. Similarly, the
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Table 2 Impact of ITCs on DC/RF performance

Parameters at Conventional HD DMCG-TFET
Ves = 0.5V DMCG-TFET
ITCs positive (negative) positive (negative)

1.96%1(0.47%)
1.24%4(0.79%.)

1.11%%(0.896% )
1.017%%
(0.983%.,)

1.01%%(0.986% )

input characteristics
output characteristics

output conductance 1.196%1(0.823%,)

gate to source 0.98%1(0.95%),) 1.01%1(0.997%,)
capacitance

gate to drain 1.08%71(0.935%,) 1.07%%(0.992%,)
capacitance

transconductance 1.74%1(0.54%) 1.1%1(0.93%),)

HD in the proposed device improves the IIP3, which provides
higher carrier transport and better controlling over the channel
region as shown in Figs. 11c and d. Further, the same figure
shows that HD DMCG-TFET has better performance than
DMCG-TFET in terms of trap charge behaviour. Table 2 shows
the impact of ITCs for device characteristics for conventional and
proposed device.

4. Conclusion: In all the Nanoscale devices, generally the
ITCs play an important role in deteriorating the performance
of the device in terms of DC, analogue/RF, as well as linearity/
distortion. In this manuscript, we have reported the effect of
positive/negative ITCs for both the devices. For this, we have
carried out and compared these effects in terms of DC/RF and
linearity parameters through ATLAS simulator. From the
outcome it is observed that HD DMCG-TFET shows less
variation against the ITCs and shows better immunity towards
ITCs. The HD engineering provides improved transconductance
for HD DMCG-TFET which results in better DC/RF performance
as compared to DMCG-TFET.
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