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Abstract

The InAlAs/InGaAs/InP HEMT (High Electron Mobility Transistor) lattice matched to InP oflers outstandinghigh
frequency, low noise operation for low-noise amplifiers. In this work, efforts have been made to study and optimize the
device performance of 0.5 um gate length double §-doped InP-based IvsGaneAs/In-AbsAs HEMT with the help of the
variation of various parameters like 6-doping, Schottky layer thickness, spacer layer thickness and gate length. To study the
impact of various parameters we use Atlas Silvaco TCAD numerical simulation tool. We have performed characterization
studies of  two-dimensional electron gas (2DEG) in the channel layer, conduction band discontinuity (AE(),
transconductance (gy,), threshold voltage (Vi) and cut-off frequency (fr) to optimize the device performance. And hence
optimize figure of merit such as transconductance and cut-off thefrequency of the device.
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1. Introduction

InAlAs/InGaAs/GaAsIII-V Ultrafasttechnology of

MODFET (modulation doped field effect transistor)
device 1s used in MMIC (monolithic microwave integrated
circuits) forhigh-speed [1-3]. Today the GaN-based
HEMT are used for power devices with low on-state
resistance [4-7]. But in communication and various types
of equipment’s varying from electronic wafer systems to
cell phones likes radio astronomy and radar
InAlAs/InGaAs HEMT plays a key role.Numerous
technologies are nowadays based on InGaAs/InAlAs
quantum well HEMT devices[8-9]. These applications [10]
are exposed to large sheet carrier density in the2DEG
quantum well and higher transport properties of InGaAs
which 1s formed near heterointerface [11-12]. But the
limitation of the InP-based HEMT’s impacts ionization
effects, which occur in InGaAs narrow band gap channel
layer. A number of negative consequences to improve the
mmpact 1onization effects likes decreased the breakdown
voltage of on state and off state, therisein kink effects,
output conductance and lasting device degradation. Due to
higher mmpact 1onization effects in the narrow band gap
channel, conventional Im.»Ga.-zAs HEMT’s bear low
breakdown voltage.

The InAlAs/InGaAs/InP HEMT lattice matched to
InP offers outstandinglow noise, high-frequency operation
for low-noise amplifiers. In this article,works have been
done to simulate and optimize the performance of 0.5 um
gate length double o-doped InP-
based In.»Gan:As/InvAlsAs HEMT with the help of the

variation of various parameters like 8-doping, Schottky
layer thickness, spacer layer thickness and gate length. To
get the effect of numerous parameters TCAD
SilvacoAtlasnumerical simulationtool has been used. In
this simulation, various important device parameters like
the high electron density of two-dimensional electron gas
(2DEG), conduction band  discontinuity  (AE(),
transconductance (g,,), threshold voltage (Vj,)and cutoff
frequency (fr) have been obtained. Further, the effect of
parameter variation on the high electron density (2DEG),
conduction band discontinuity and optimization of the
performance of HEMT has been analyzed. These values,
then used to optimize the figure of merit such as cutoff
frequency and transconductance of the device.

2. Device Structure

The InAlAs/InGaAs HEMT device schematic cross-
section view is Fig.1. The structure of this device has
InGaAs cap layer which is heavily doped with Si at
approximately /0"/cni’, offers a good ohmic contact to the
HEMT. The cap layer not only decreases the drain and
source contact resistance of the device but also protect the
surface depletion and oxidation of the Schottky layer.
This device structure also consists a wide bandgap
Schottky layer than the channel layer material. At the
InAlAs/InGaAs heterointerface, a large conduction band
discontinuity occurs due to this the free electrons diffuse
from higher bandgapInAlAs material into lower bandgap
InGaAs channel layer and form 2DEG. Due to this a high
carrier concentration is obtained into the channel layer.
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An InAlAs thinner Schottky layer makes thepossible small
distance

Gate

InGaAs Contact Layer

Undoped In.2ALsAs layer(d;)

Figure 1:InP-based HEMT model

between the gate metal and the channel layer, which
provide high transconductance but decreases the
breakdown voltage of the device.

The spacer layer separates the 1onized donors and 2-
DEG at the heterointerface of donor layer and thechannel
layer. It also decreases Coulomb scattering of the donor
atoms due to this enhance the electron mobility of the
device. The thickness of the doping layer is the order of 3
A with a very high doping concentration of 2x1018/cm3,
supply all the electrons mto the channel layer and form
2DEG. This device consists two doping layer which serves
as the source of electrons. Because the device consists two
doping layers so it is called double 8-doped HEMT. Due
to double doping electron transfer from both side and
form 2DEG into the channel layer.

3. Physical Model of HEMT

The basic qualitatively description of HEMTs
operation 1s based on one-dimensional charge control
model and the direction of charge control model is
perpendicular to the heterointerface. The electron wave
function satisfies the Schrodinger equation while the
electric potential (band diagram) and charge distribution
follow the Poisson equation. Theoretically, by self-
consistently solving the two equationsthe charge profile
and the potential can be calculated. Based on the
assumption that the carrier transfer from the supply layer
1s confined 1n the 2DEG, across hetero-interfacethe Fermi
level is constant, and the potential well at the channel can
be approximated by a triangular well, the electron charge
(n.) stored at the interface in a modulation doped structure

1s [13]

- £ ya- _ Epp _ AEc
ns = 2 [Vg - (&b - Vp2 + . q)] (1)

where @ is barrier layer dielectric constant, q is electron
static charge, d is thesum of the thickness of thedoped
barrier d; and Undoped barrier dg, @, is the Schottky
barrier height of the gatemetal deposited on the barrier
gNqdf
2¢€

while N4 1s the donor concentration in the barrier layer,
AE is the conduction band offset between the channel
and barrier andEf; is the Fermi level with respect to the
conduction band edge in the channel layer.

The interface change in eqn-1 can be expressed in a more
general form which can be used for theplanar doped
structure as [14]:

layer,V gis the applied gate to source voltage, Vpp =

_ € Vg_Vth C
ns = qdp+ds +Ad 2
where dg and dgare the thickness of the barrier and
spacer layer respectively, Ad is the average distance
between 2DEG and interface. The threshold voltage is

glven as:

AE Efi .
Ve = ®p = = £ = Vi ®)

for modulation doped structure

for 6 doped structure.

Im, the transconductance is defined as the change in the
drain to source current divided by the change in the gate to
source voltage at certain drain to source voltage:

dlg

Im = |V 45 = constant())
dvg

It 1s the most important dc figure of merit in field effect
transistors as it demonstrates the current modulation

efliciency of the gate.

The current cut-off frequency fr is the defined as the
frequency at which current gain of a two-port network goes
to unity. It 1s the maximum frequency the device can work
for current amplification. Under the assumption that
feedback capacitance is negligible in HEMTs, fr is given

by:

F1= gne== o ©
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where Cgq is the gate (o source capacitance, Vgq, 1s the
saturation carrier velocity in the channel and Ly is the gate
length. The equation eqn-6 shows that improving
saturation velocity and down-scaling gate length are the
basic approaches to increase fr [15].

4. Results and Discussion

4.1 Simulated Conduction Band Discontinuity (Al:) and
2DEG  of InP-Based HEMT

Doubled-doped  InP-basedInAlAs/InGaAs  lattice
matched HEMT structure model is shown in Fig. 1. The
simulated band structure of the conduction band ofInP-
basedInAlAs/InGaAs HEMT due to single 6-doping and
double é-doping are shown in Fig.2-a, Fig. 2-c respectively.
The 2DEG or quantum well due to single §-doping and
double 6-doping are shown in TFig. 2-b and Fig. 2-d
respectively, which 1s formed at the interface ofInGaAs
and InAlAs due to their bandgap difference. From the
simulation results, we observe that the carrier density is
found to be very high at the wide band gap and narrower
band gap material heterointerface. Also from simulation
results very high carrier density 1s found at a distance of
55.83 nm to 105.3 nm. The electron density of this channel
layer consists approximately 1.8 x 10"/cm’ due to 1'6-
doping, 2 x 10/cmi’ due to 2"6-doping.The electron
transfer from both sides into the channel layer due to this
channel layer consist the carrier density approximately 7.8
x 10%/cm’ and 2 x 10°/cm’ respectively due to double 6-
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Figure 2:Conduction Band Energy, Carrier Concentration
and band bending due to doping concentration. (a)
Simulated Conduction Band Energy Diagram with
position and Band Banding, AE-=0.5¢V due to 18-
doping. (b) Simulated Plot of Electron Density (2DEG) Vs
position due to 1'8-doping. (c¢) Simulated Conduction
Band Energy Diagram with position and Band Banding,
AE-=0.5 eV due to 1" and 2"86-doping. (d) Simulated Plot
of Electron Density Vs position due to 1" and 2"8-doping.



Simulation Study of Various Layers and Double 8 Doping ....

JNTM(2017) A. B. Khan et al.

device

4.2 Effect of 6-Dopmg (Np) Variation

performance

o1

From the simulation results it 1s found that as the
electron concentration of 6-doped layer increases, the
carrier concentration in the channel layer also increases.In
this HEMT device, we add two silicon 8-doped layer. The
simulation result of 8-doping with electron density is shown
i Fig.4-a. Further, from simulation result, we observe that
mitially the carrier concentration (2DEG) in the channel
layer 1s raised linearly up todelta doping concentration
of4.5x10" cmi’, any further increase in delta doping
concentration, the electron density in the channel remains
almost constant. Fig.4-b shows the simulation result of the
variation of double &-doping concentration (Np) with
threshold voltage (V). However, from the simulation
result it 1s found that threshold voltage of the device 1s
shifted towards more negative as the 1* and 2"8-doping
concentrationincreases. Furthermore, the simulation result
ofé-doping concentration (Np) withtransconductance (g,,)
1s shown i Fig.4-c. From this simulation, it is found that
the d-doping
concentration increases, because drain current is increases.
Also from this
transconductance peak at high Np. Also, the effect of 6-
doping concentration (Np) on cut-off frequency (fr)is
shown in Fig.4-d. The simulation result it 1s found that the
Cut-off frequency 1s increases as the 3-doping concentration
mcreases. In this analysis, the current gain cut-off frequency
61.7 GHz is found at Zx/(*/cmi’3-doping concentration.

transconductance  Increases as the

simulation 1t 1s found that a high
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Figure 3: Effect of 6-doping (Np) Variation. (a) Variation
of 2DEG electron density with 1* and 2"8-doping (Np).
(b) Variation of threshold voltage (V;;,) with double 6-
doping (Np). (¢) Variation transconductance (g,,) with &-
doping (Np). (d) Variation of cut-off frequency (f7) with
6-doping (Np)
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4.8 Effect of Spacer Layer Thickness Variation on device
performance

The spacer layer thickness playsanimportantrole on the
device performance. A stripper spacer layer thickness rises
the total

channel layer. However, a wider spacer layer rises the

sheet carrier concentration into the InGaAs

electron mobility in the channel but, decreases the carrier
transfer efficiency in the channel. Further, the spacer layer
separates the ionized donor ions from 2DEG, decreasing
the Coulomb scattering with the donor ions and raise the
electron mobility. The variation of 2DEG electron density
in HEMT with a spacer layer thickness d; is shown in Fig.
4-a. In Fig. 4-a also shows that the effect of channel
concentration due to 1" doping and 2" doping with spacer
layer variation. The variation of spacer layer thickness also
affects the threshold voltage V;,. This variation of threshold
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voltage due to the spacer layer thickness 1s shown in Fig. 4-

b.
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Figure 4: Spacer layer thickness variation. (a) Variation of
2DEG electron density with 1* and 2" spacer layer
thickness (dy). (b) Variation of threshold voltage (V1)
with spacer layer thickness (dy).

4.4 Effect of Schottky Layer Thickness Variation on device
performance

In the HEMT device, the Schottky layer is a wide
bandgap material where the channel layer a low bandgap
material. Due to this high bandgap difference at the
InAlAs/InGaAs heterointerface, where free carrier diffuses
from higher bandgap InAlAs to lower bandgap InGaAs
material to form 2DEG, which allows higher carrier sheet
density and improve the carrier confinement into the
channel. The effect of the variation of Schottky layer
thickness on carrier concentration due to 1'6-doping is
shown in Fig. ba. In the simulation analysis, it is found that
as the Schottky layer thickness increases the carrier
concentration into the channel also increases linearly up to
a certain limit then sub-linearly and finally saturated.
However, a stripper Schottky layer decreases the distance

80

between the metal gate and channel, provide better gate
control and improves the transconductance of the device
but reduces the breakdown voltage. Also, the simulation
result of Schottky layer thickness variation with a threshold
voltage 1s shown in Fig. 5b. From this simulation result, it
1s observed that the threshold voltage of the device shifted
towards more negative with increasing the Schottky layer
thickness. Further, the effect of Schottky layer thickness
variation on transconductance is shown i Fig. 5c. From
this result, it is found that as the Schottky layer thickness
decreases the transconductance of the device increases
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Figure 5:Schottky d)
variation. (a) Variation of 2DEG electron density due to 18-
doping with Schottky layer thickness (d;). (b) Variation of
threshold voltage (V) with Schottky layer thickness (d;).
(¢)Variation transconductance (g,,) with Schottky layer
thickness (d;). (d)Variation cut-off frequencies (fr) with
Schottky layer thickness (d;)

layer thickness

because the threshold voltage decreases. Further, as the
Schottky layer thickness decreases the current gain cut-off
frequency 1s also rises. Effect of Schottky layer thickness
variation on unity gain cut-off frequency 1s shown i Fig.
5d. In this simulation analysis, 98 GHz unity gain cut-off
frequency 1s found at 5nm Schottky layer thickness.

4.5 Effect of Gate Length (Lg) Variation

The performance of HEMT enhancedwith decreases
thedimensions, especially the gate length as we considerthe
ballistic Optimization of the device
performance, like current gain cut-off frequency, can be
done by varying the gate length [16]. The effect of the
variation of threshold voltage with gate length i1s shown in
Fig. 6a. The simulation result shows that as the gate length
increases the threshold voltage of device decreases.
However, as the gate length

transport.
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Figure 6: Effect of Gate length (Ly) variation.(a) Variation
of threshold voltage (Vi) with gate length (Ly).
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(Lg)-

decreases thecurrent gain cut-off frequency is increased.
The effect of gate length on thecurrent gain cut-off
frequency of the device is shown in Fig. 6b.

5. Conclusion

The optimization of 0.5 pm gate length of InP-
basedInAlAs/InGaAs HEMT is done after varying some
parameters. These parameters are spacer layer thickness
(ds), O&-doping concentration(Np), Schottky layer
thickness (d;) and gate length(Lg)which are used to
optimize the deviceperformance. Spacer layer is used to
improve in the mobility of the channel. With the variation
6-doping, of device
characteristics like channel concentration using 8- doped

of double the enhancement

through numerous contours of sheet carrier density,
threshold voltage has been studied. The double delta
doped HEMT is providing higher 2DEG density and
highertransconductancethan single doped HEMT. Further
the device performance with Schottky layer thickness
variation 1is also observed. When the Schottky layer
thickness reduces, the threshold voltage becomes less
negative due to this the transconductance and current gain
cut-off frequency are increasing. Reduction on the device
geometry like gate length, it is observing that the device
performance is affecting.  Furthermore, the
influenceof the gate length variationoncurrent thegain cut-

also

off frequency and threshold voltage is alsoobserved. The
maximum cut-off frequencyl25 GHz is observed atbnm
Schottky layer thickness,0.1 um gate length and Inm,
spacer layer thickness.
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