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Abstract. In this paper, we present the dependence
of source resistance sensibility on the gate bias effect
in a High Electron Mobility Transistor (HEMT) using
the Drift-Diffus (D-D) model with the SILVACO Tech-
nology Computer-Aided Design (TCAD) tool. The ob-
tained results show that the increases of gate bias ef-
fect on substrate lead to decreasing the source resis-
tance of the simulated device. The reported increase
in the effect of gate induces the increases of trans-
ferred holes concentration towards the source region
and which induce the decreases of source resistance.
The decrease of source resistance can also be made by
reducing the buffer thickness which leads to an increase
in the gate effect on the substrate. The source resis-
tance value is influenced by the Drain-Induced Barrier
Lowering (DIBL) effect where the rate of decreasing
the source resistance will be decreasing consequently
to increase the drain bias. The reduction of the source
resistance induces the increase of device sensibility for
lows values of current.
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1. Introduction

Recently, High Electron Mobility Transistor (HEMT)
or Heterojunction Field Effect Transistors are
important element for devices that operate in
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the terahertz range, and power electronics appli-
cations [I], [2] and [3]. This family of devices can
handle high power and can work efficiently at high
temperatures [4]. One of the main consequences that
induce this technological progress is the proceeding
device scaling which reached the nano-order [5] and [6],
Therefore, this it can be deployed to the terahertz
monolithic integrated circuits based on different
transistor technologies in the submillimeter-wave fre-
quency regime [7]. Also, high-speed, high breakdown
voltage transistors are required in future systems
and application where the InP-HEMTs have to find
a place, mainly where the channel material is well-
chosen [8] and [9]. Many studies and structures are
developed for this technology covering all areas and
fields of electronics [9], [10], [1I], [12], [13] and [I4],
recently it is the preferred technology for low-power
and high-speed applications due to high operating fre-
quency reaching the terahertz range [15], [16] and [17].
On the other hand, the InP-HEMTs are recommended
due to the channel properties, mainly the electronic
transport properties. In the case of fast devices the use
of Ing 53Gag 47As [18] or their derived materials such
as Ing7GapsAs [19], Ing 75GagosAs [20], and InAs is
the best solution to this objective [2I] and [22]. It is
necessary to report that not only the transistor has
to be scaled for reaching the higher frequencies, but
also the decreases of parasites effect and the use of new
materials such as substrate material [23], [24], [25], |26]
and [27]. In this paper, we present a new concept
that can significantly decrease the source resistance
which induces the increase of device frequency and
current sensibility. The proposed concept is based
on the principle of increasing the gate bias effect
on the substrate by reducing their structural energy
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or the buffer layer thickness. Consequently, a sig-
nificant increase of accumulated hole concentration
occurs under the source region, decreasing the source
resistance.

2. Device Structure

In this work, we present the performance of HEMT
with 30 nm gate length based on InAsy3Pg.7 in its
substrate. The cross-sectional view of the simulated
structure is shown in Fig. [ The structure consists
of 5,000 nm of a semi-insulating InAsg 3P 7 substrate,
which allows presenting our objective, and 300 nm in-
trinsic Ing50Alp.48As buffer layer which is necessary
to isolate the composite channel from the substrate
defects. The composite channel is formed by 5 nm
of intrinsic InAs for the core channel, 3 nm, and 2 nm
of intrinsic Ing 7Gag. 3As for the lower sub-channel and
upper sub-channel, respectively. The Schottky barrier
layer is about 11 nm, but it was reduced under the gate
to about 2 nm. This barrier is formed by the intrinsic
Ing 50Alp.48As to enhance the frequency performance.
The 30 nm InAsy 3Pg.7 substrates were used only for Si
5-doping level with 1 nm thickness (5-10'? cm™3) that
it is necessarily used to increase the sheet charge den-
sity in the composite channel that turns an increase in
the g,, and drain current. The spacer for this structure
is about 2 nm formed by Ing 52 Alg 48As. 6 nm thick InP
etch stop layer is crossed to minimize the access of resis-
tance for both regions of source and drain electrodes.
In our structure, we use a heavily doped multilayer
cap formed with three levels; the first is 5 nm thick
Ing.7Gag.3As upper layer (1-10'® cm™3), the second is
10 nm thick Ing53Gag.47As layer (110 cm™=3) and
the third is 5 nm of the intrinsic Ing 50Aly.48As layer.

(510 /em)

Buffer (300 nm) Ing5pAly 4sAs

Substrate (5000 nm) InAsy3Pg;

Fig. 1: Structure of proposed InAsg 3Pg.7 based HEMT.

The source and drain ohmic contacts were formed
using Ti/Pt/Au (25 nm/25 nm/150 nm) metal
stack and the T-gate was formed by Pt/Ti/Pt/Au
(7 nm/50 nm/50 nm/150 nm) metal stack. More-
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over, the gate used a buried 1 nm thin platinum metal
layer to reduce the short channel effects in the formed
device. It helps to effectively reduce the thickness
of the Schottky barrier layer to 1 nm, which in turn
reduces the gate-to-channel separation. It enhances
the velocity of electrons under the gate which helps
to reduce the intrinsic delay and consequently, it in-
creases the frequency performance of the device [2§].
It induces a reduction in parasitic capacitances and
resistances of the device compared to traditional
recessed metal gate technology and it significantly
reduces the kink effects in the output characteristics.
Finally, a 60 nm thick SiO, layer was used for device
passivation. With the objective to improve the device’s
performance, our structure presents 100 nm length for
heavily doped (5-10* cm™3) Ing 52Gag.4gAs in both re-
gions as a source and drain. The following parameters
were chosen: the gate length of 30 nm, the source-to-
drain separation of 630 nm and the side recess spacing
(LSIDE) of 80 nm.

3. Results and Discussion
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Fig. 2: Evolution of hole concentration under the source as
a function of gate length under V45 = 0.5 V.

Our simulation has been made with SILVACO Tech-
nology Computer-Aided Design (TCAD) at room tem-
perature. This software serves to provide the char-
acteristics of the proposed structure which takes
into consideration the effect of the materials system
used in the morphological description of the struc-
ture. The drift-diffuse model use is presented in [29].
We have chosen the gate length of 30 nm to de-
crease the short channel effect and the gate width
W =2-10 pm. According to Fig.[2for 30 nm substrate
based on InAsgy3Pg.7, the holes concentration under
the source is about 350 - 10'® em™3, 335 - 10'® cm ™3,
and 310 - 10'® em™3 for 0.5 V in gate voltage and
0.4 V, 0.6 V, 0.8 V in drain voltages, respectively.
The improvements of holes concentration with increase
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of the gate length to 300 nm are 60 %, 59 %, and 64 %
respectively. They are 560-10'® cm ™3, 535-10'® cm ™3
and 510 - 10'® cm ™3 due to increasing the field-effect
with increasing the gate length which induces the in-
crease in the affected holes concentration. Conse-
quently, it significantly increases the transferred holes
concentration from the substrate to the source. The in-
crease of drain bias leads to degrading the field-effect
for all gate lengths due to the short channel effect,
as shown in Fig. 2] The increases in gate voltage in-
duces the increase of transferred holes concentration
due to increasing the applied electric field, as shown in

Fig. 2] and Fig.
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Fig. 3: Evolution of hole concentration under the source as
a function of gate length under Vg5 = 0.6 V.
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Fig. 4: R; as a function of gate length under.

The improvement of holes concentration under
the source region improves the source resistance for
all gate lengths of the proposed structure, as shown
in Fig. @ The evolution of Rs can be divided into
two parts above and below 30 nm of the gate length.
First, with increase of the gate length, R, decreases
until 0.03 Qmm~' for L, = 500 nm. However,
in the case of Ly = 30 nm, R, is about 0.105 Q-mm~!
and presents an increase of 19 % with increasing Vy,
to 0.8 V where it reaches 0.125 Q-mm~"' due to de-
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creasing of the affected holes concentration in the sub-
strate. Consequently, the reduction value of gate bias
with increases drain bias (DIBL effect) is induced. Be-
low 30 nm the record decreasing in R, with the de-
creasing gate length is attributed to the short chan-
nel effect. The proposed structure with 30 nm gate
length, heavily doped source and drain regions, and
single Si d-doping level with Ny = 5 - 102 c¢cm~3
have exhibited g, of about 7,000 mS-mm~! for
Vas = 0.1 V, and 9,000 mS-mm~"! for Vg = 0.6 V.
This is due to the best conditions of confinement caused
by the spacer/channel barrier where it increases with
the increasing of drain bias, as shown in Fig.

The InAsP-Based HEMT
L, =30 nm, Vg = [0.1-0.6 V]; Viyep, = 0.1 V
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Fig. 5: The transconductance in the InAsg 3Pg.7 based HEMT.
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Fig. 6: The transconductance g, as a function of the
length.

gate

Similar to their behavior as a function of gate
length of 30 nm the proposed structure reaches
8,468 mS-mm™!, 8,795 mS-mm~', and 9,166 mS-mm~?!
in their transconductances gm under 0.2 V, 0.5 V, and
0.8 V of drain bias respectively. It presents 83 %, 85 %,
and 77 % of improvement, respectively. When L, is
increased to 300 nm, g¢,, become 15,580 mS-mm ™!,
16,347 mS-mm~! and 16,265 mS-mm~", as shown in

Fig. [f] The proposed structure with the gate length
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of 60 nm and 85 nm under Vyz; = 0.5 V showed better
improvement compared to other references and under
the same conditions as [31], [32] and [32]. All these
enhancements in the transconductance are attributed
to the decreases related to source resistance and reduc-
tion of short channel effect.

The simulated structure with 30 nm in gate length
exhibits 1.6 THz and 7.2 THz in F}; and F,, respec-
tively, under Vg, = 0.6 V. It showed an improvement
of 11 % and 56 % when Vy, increased to 0.8 V where
both frequencies F; and F,. reached 2.5 THz and 8 THz,
respectively, as shown in Fig. [7] and Fig. [l Similar
to the 300 nm gate length, F; and F, are 0.6 THz
and 0.14 THz for Vzs = 0.6 V and they reached
0.65 THz, 0.145 THz when Vj, increased to 0.8 V.
This high frequency for both frequency characteristics
is due to the use of InAsg 3Pg 7 as substrate material
which can significantly decreases the source resistance
which in turn increases the device transconductance.
The increase in the gate length induces a decrease in
the frequency characteristics which describe the device,
as shown in Fig. [0] It is distributed to the increase
of time transition and the distance between the source
and drain.

The InAsP-Based HEMT
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Fig. 7: Cut-off frequency F. of proposed InAsgp 3Pg.7 based
HEMT.

For all gate lengths, the proposed structure based on
the InAsg 3Pg.7 substrate with W = 2-10 pm and heav-
ily doped source and drain regions has shown the best
behavior in frequency mode compared to other refer-
ences. For 15 nm gate length, it presents 8.5 THz and
3.1 THz under Vg5 = 0.6 V for F, and F}, respectively,
as shown in Fig.[9] They showed 5 times and 27 times
greater values than in [33], where they reached 610 GHz
and 305 GHz, respectively. Similarly 20 nm gate length
showed 5.03 times and 7 times greater values of F;
and F, compared to [2§], and 5.67 times and 9 times
greater compared to [34]. F}; and F,. for the proposed
structure are 4.2 THz and 9.5 THz respectively under
Vis = 0.6 V, 834 GHz and 1,200 GHz, respectively,
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Fig. 9: F. and F: as a function of gate length for proposed
InAsg.3Pg.7 based HEMT.

under Vgs = 1V 28], and 740 GHz and 1,040 GHz, re-
spectively, under Vg, = 0.8 V [34]. For Ly = 30 nm and
the proposed structure based on InAsg 3P 7 substrate,
F, and F; reached 2.5 THz and 8 THz, respectively,
under Vg = 0.8 V, which means 4 times and 20 times
greater values than in [35] where the values of 547 GHz
and 400 GHz were reached under Vi, = 0.9 V. For
Ly, = 100 nm and the proposed structure based on
InAsg 3Pg. 7 substrate, F,. and F; reached 950 GHz and
3.4 THz, respectively, under Vy; = 0.8 V, i.e., 3 times
and 8 times greater than in [36] where they reached
249 GHz and 415 GHz, respectively, under Vs = 1.8 V.
There are several advantages of both frequencies in our
proposed structure compared to the other structures:
(1) The increases in the transconductance is produced
in the channel with the increase in the hole concentra-
tion under the source region which induces a consider-
able decrease in the source resistance. (2) The effect
of the buried thin platinum metal layer leads to de-
creaseds distance from the gate to the composite chan-
nel. (3) We get a reduction in parasitic parameters
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of the device. These frequency values for all gate
lengths are the best and the highest ever reported
among any E-mode HEMTs on any material substrate
used and for any technology. The mobility of the elec-
trons and holes in the proposed structure based on
the InAsy 3Pg.7 substrate under the gate region with
30 nm gate length reached about 24,480 cm?-V—1.S~!
and 367 cm2-V~1.S71 respectively. The drift velocity
reached 4.8-108 cm-s~! and 8.5-10% cm-s~! for the elec-
trons and holes, respectively. This enhancement in mo-
bility and velocity can justify the best frequency behav-
ior that characterizes the proposed device. It is due
to the decreases of input resistance with an increase
of the holes concentration under the source region and
the effect of the lattice strain introduced by the lat-
tice mismatch between Ing 53Gag 47As source and drain
regions and the Ing 7Gag 3As/InAs/Ing 7Gag 3As com-
posite channel layers.
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Fig. 10: Hole concentration as function of Vgs wunder

Vas = 0.8 V for InAsg.3Pg.7, InAsg.4Po.6, InAsg.5Po.5,
InAsg.6Po.4.

The calculated DIBL effect with its well-known law
<DIBL - ”‘) is about 13 mV-V =1 for the proposed
ds

structure based on InAsgp3Pg 7 substrate and 30 nm
gate length due to the high transconductance caused
by reducing the source resistance and low separation
distance between gate and 2DEG. This improvement
in the resulting decrease of DIBL can justify the im-
portance of decreasing the parasitic source resistance.
On the other hand, it proves the better structural de-
scription of the proposed structure, mainly the best
commendably of the channel without the drain bias ef-
fect (short channel). The increasing of arsenic mole
fraction in the chemical composition of the substrate
induces a significant increase in the holes concentration
transferring towards the source region due to the high
field in the substrate level produced by the gate bias.
Consequently, decreasing of the substrate energy will
be higher in the level where the field occurs. The hole
concentration increases from 5.45-10'8 cm ™3 in the case
of 30 % arsenic molar fraction under 0.6 V for the gate

(© 2021 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

bias and 0.8 V for the drain bias to 5.52 - 10'® cm ™3
and 5.69 - 108 ¢cm™3, i.e., for 50 % and 60 % of mo-
lar fraction, respectively, and under the same bias val-
ues. For all mole fractions used in this study, the in-
creases of drain bias induce the reduction of transferred
holes concentration due to the DIBL effect, as shown

in Fig. |10] and Fig.

InAsg3Pg 7
InAsy4Pos

InAsgsPos b
InAsgsPos
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Fig. 11: Hole concentration as function of V;; under
Vys = 0.8 V for InAsg.3Po.7, InAsp.4Po.6, InAsg.5Po 5,
InAsg.6Po.4-
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Fig. 12: Holes concentration as a function of V;; under the ef-
fect of buffer thickness for InAsg.3Pg.7.

The importance of increasing the field effect on
the substrate can be presented as a function of buffer
layer thickness. The obtained simulation results for
a substrate based on InAsg 3P 7 are shown in Fig. [12]
and Fig.[I3] The holes concentration increases with de-
creasing the buffer thickness due to increasing the field
effect. The hole concentration is about 4.19-10'® cm =3
for 900 nm in the thickness of the buffer layer, which
presents an improvement of 11.69 % and 35.08 %
when the buffer thickness is decreasing to 600 nm and
300 nm, respectively, so they are 4.68 - 10'® cm~3 and
5.66 - 10'® cm™3, respectively, as shown in Fig.
In the same buffer thickness, the increases of Vs in-
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creases the hole concentration in contrast to Vs where
their increase makes a decrease in the holes concentra-
tion, as shown in Fig. The registered improvement
in hole concentration under the source region makes
an important decrease in the source resistance. Conse-
quently, it affects the set characteristics that describe
the device.
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Fig. 13: Holes concentration as a function of buffer thickness
for InAsg.3Po.7.
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Fig. 14: Source resistance as a function of Vg5 under the effect
of buffer thickness and Vg, in InAsg.3Po.7.

In both Fig. [I4] and Fig. [I5} we present the source
resistance as a function of drain and gate biases un-
der the effect of buffer layer thickness. Both figures
shown that the decrease of buffer layer thickness in-
duces the decrease of source resistance due to increas-
ing the field effect on the substrate, where it will be
intense. That means the gate bias effect on the sub-
strate increase. The increases of source resistance
under high values of drain bias (Vys) is attributed
to the DIBL effect. Comparing of Fig. [I0] and Fig.
presents the source resistance sensibility as a function
of the substrate energy through the transferred holes
concentration. Also, it can be used to explain the gate
bias effect on the source resistance when increase in
the gate bias induces the decrease of source resistance,
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which can be influenced by the DIBL effect with the in-
crease of the drain bias.
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Fig. 15: Source resistance as a function of V5 under the effect
of buffer thickness and Vs in InAsg.3Po.7.

4. Conclusion

Our work consists of studying the reduction of source
resistance by increasing the gate bias effect for
a HEMT’s technology using the TCAD SILVACO tool
and Drift-Diffuse model. The main results obtained
show that the increase of gate bias effect on the sub-
strate induces the decreasing of source resistance also
in the case of reducing the substrate structural energy.
This, in turn, increases the transferred hole concentra-
tion accumulated under the source region. The source
resistance value is influenced by the DIBL effect when
the rate of decreasing the source resistance will be de-
creasing when the drain bias is increased. On the other
hand, the source resistance decreases with the use
of low buffer thickness due to the already increased gate
effect. The optimal choice of its value is an important
task for producing efficient devices. Increasing the Vy,
induces an increase of cut-off and transition frequen-
cies. The increase of the gate length induces the de-
crease of both studied frequency characteristics (cut-off
and transition) due to the increase of time transition
with the increase of the distance between the source
and drain. The increase of gate effect on the substrate
induces the increase in transferred hole concentration
to the source region. Increasing the buffer layer thick-
ness induces significant decrease in the transferred hole
concentration to the source region which can decrease
the source resistance considerably due to decreasing
the gate effect on the substrate. The using of a sub-
strate material that is characterized by low structural
energy properties leads to the enhanced hole concen-
tration transferred towards source region and, conse-
quently, to increased effect of the applied electric field
in the substrate. This causes a significant decrease in
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the input resistance of the device which improves its
frequency characteristics. The obtained low-resistance
source is presented as an advantageous characteristic
that allows producing the efficient devices, such as in
our case the HEMT’s, operating in low energy and
characterized by low input current and voltage, mainly
dedicated to the bio-engineering field.
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