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A Fast and Robust Approach for Modeling of Nanoscale
Compound Semiconductors for High Speed Digital
Applications

Anil Ahlawat*, Manoj Pandey**, and Sujata Pandey*

Abstract—An artificial neural network model for the
microwave characteristics of an InGaAs/InP hemt for
70 nm gate length has been developed. The
small-signal microwave parameters have been
evaluated to determine the transconductance and
drain-conductance. We have further investigated the
frequency characteristics of the device. The neural
network training have been done using the three layer
architecture using Levenberg-Marqaurdt Backpro
pagation algorithm. The results have been compared
with the experimental data, which shows a close

agreement and the validity of our proposed model.

Index Terms—Pseudomorphic high electron mobility
transistor, Levenberg-Marqaurdt Backpropagation
algorithm, neural network training, drain current,
gate length.

1. INTRODUCTION

Recently, pseudomorphic high electron mobility
transistors (PHEMTs) have demonstrated superior
performance at microwave and millimeter wave
frequency ranges [1]. InP HEMTs have higher gain,
higher cutoff frequency, lower source resistance, higher
maximum current densities, and higher substrate thermal
conductivity compared to GaAs-based ones [2].
Improving gain at 94 GHz requires us to decrease the gate
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length of HEMTs under 0.1 um to typically reach 70 nm
or less. Nevertheless, in order to avoid short-channel
effects, it is necessary to maintain an aspect ratio (gate
length to gate to channel distance) larger than or equal to
5 [3]. Thus, the reduction of the gate length implies the
decrease of the barrier thickness. That leads to the
increase of the gate current by a tunneling effect and to
the reduction of the current density due to the influence of
the surface states which is directly detrimental for power
performances. Pseudomorphic high electron mobility
transistors with low indium content channels and channel
lengths of 0.25-0.15 um are the workhorse of the MMIC
industry [4].

The design of active linear circuits for their applications
requires a simple and precise simulator model. Several
approaches have been followed for modeling of
semiconductor device characteristics based on the physics
of the device as well as numerical techniques. These
methods are limited in their applications because of their
extensive computational requirements or due to the lack
of accuracy and continuity in the predicted characteristics.
These models are also limited in terms of accuracy and
input parameter range over which they can be accurate.
Neural network computational modules have recently
gained recognition as a useful tool for RF and microwave
modeling and design. The neural network approach is a
new type of modeling approach where the model can be
developed by learning from detailed (accurate) data of the
RF/microwave component. After training, the neural
network becomes a fast and accurate model representing
the original component behavior [8].

In the present paper, we have developed a new artificial
neural network model for a 70 nm gate length InGaAs/InP
HEMT and for a 140 nm gate length InGaAs/GaAs
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HEMT for its microwave application. The neural network
training have been done using a three layer architecture
using Levenberg-marquardt Backpropagation algorithm.
The main parameters of our study are the drain to source
current (Iy,), transconductance (g;,)), drain conductance (gq),
and cutoff frequency (f). The modeling has been
implemented using the neural network toolbox of
MATLAB software. The data for training has been
generated using the simulator MINIMOS-NT. The results
have been compared with the experimental data and show
a close agreement and prove the validity of our model.

I1. MODELING METHODOLOGY

1. Device Structure

The performance of PHEMTs has been investigated
based on the experimental results reported by various
foundries [5-7].

The first structure under study as shown in Fig. 1
consists of AllnAs/GalnAs HEMT on InP substrate with
a T gate. An AllnAs buffer is used along with a GalnAs
lattice matched channel, a barrier layer and a
Gag 35Ing ¢sAs cap layer. The barrier layer consists of a 20
nm Al ¢sIngss as strained barrier. The source/drain
spacing is of 2 pm. The device has a T gate with a length
of 70 nm. To avoid short channel effects we have
maintained an aspect ratio equal to 5. This structure
fabricated elsewhere [5] was evaluated and implemented

for obtaining the device characteristics and small signal
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Fig. 1. Schematic cross section of the epitaxial structure of the
HEMT containing a 20-nm InP/AlInAs composite barrier.

parameters.

The second device under consideration is an
Alg2sGagrsAs/Ing3GagsAs PHEMT as GaAs substrate
with a gate length of 140 nm and 4x40 pm gate width
technology [6, 11].

2. Model Formulation

Artificial Neural Network (ANN) based methods have
been widely used for modeling various complex and
nonlinear processes viz., pattern classification, speech
recognition, and signal processing. Once developed,
these neural models can be used in place of

computationally intensive physics’EM models of
active/passive devices to speed up microwave design
[9-10].

The most popular form of ANN technology is the
multilayered perceptron (MLP) model having a
feed-forward structure as represented in Fig. 2.

Input layer Hidden layer

Output layer

Fig. 2. Three layer Neural Network model.

In our study, inputs and outputs of our PHEMT neural
model is given by

X = [V Vo, L,d, W] (1)
y= [Idsagmagd,ft] T (2)

where X represent a vector contains the external inputs to
the neural network, y represent a vector containing the
outputs from the output neurons. Vg is the drain voltage,
Vs is gate voltage, L is gate length, d is the gate to
channel distance, W is gate width, Iy is drain current, g is
tranconductance, and gq is drain conductance.
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Generally the device parameters are expressed using
the following expressions used for developing the
analytical model.

Drain-Source current (Ig) in the channel is obtained
from the current density equation

dv(x) KTd
ti = Wap () 2502 ELAD) )

where q is the electron charge, p is the mobility, n(x) is
the electron concentration in the channel, K is the
Boltzmann constant, T is the room temperature and v(x)
is the channel potential.

The small-signal parameters can be obtained from the
drain current model (developed from equation 3) of the
device.

The transconductance is evaluated by a procedure in
which small changes in the channel current due to small
changes in the gate potential with drain potential held

constant and is given as
-(5%)
gm = 6vg

the output or drain conductance recognized by the change

“)

Vds

in the drain current with a corresponding change in drain

voltage, an important parameter for microwave
application is given as
Ol
8= ( avd) (5 )

g8

an important figure of merit of a PHEMT is the
current-gain cutoff frequency approximately given by

& ©
i 27Cs

where g, is the device transconductance and C, is the gate
source capacitance and may include the drain source
capacitance and all other parasitic effects.

The present neural model revolves round the basic
device parameter on which the device characteristics and
small signal parameters depend.

The physics/EM relationship between y (output) and x

(input) of the neural model can be represented as

y =y (7

this relationship can be highly nonlinear and

multidimensional. The theoretical model for this
relationship may not be available or computationally too
intensive for online microwave design and repetitive
optimization.

We aim to develop a fast and accurate neural model for
InGaAs/InP and InGaAs/GaAs PHEMT by training a
neural network to learn the problem through a set of
training data {(x,,d,), p € Tr}, where d, represents the
measured/simulated output y for the sample input x,, and
Tr represents the index set of training data. The neural
network model for PHEMT is given by

y =y(x, w). ®

where w be a vector containing all the weight parameters
representing various interconnections in the neural
network.

The objective of training is to adjust neural network
weights w such that neural model outputs best match the
training data outputs.

For training purpose, we define an error function E(w)
as

E(w) = Z (ex(w))’ )

peTr

where g represents the q™ norm and ex(W) is the error due
to p™ sample given by

/g

N

ep(w){izym(xp, w)—dpkrf} (19)
9 =1

where dg is the k™ element of d, and y(x,,w) is the k"

output of the neural network for input sample x,,.

The objective of neural network training is to find w
such that E(w) is minimized. The output y is computed
starting with the input layer 2% = x;, then proceeding
through the hidden layers,
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Ni-1

zl=0] Y W™+, (11)
=t

yJ

and finally y, = z""".

o(.) is the neuron activation function, in our program
we have applied the tan sigmoid function between input
and hidden layer and pure linear function between hidden
and output layer for training using the ANN toolbox
available in MATLAB software.

Using the above model, we have obtained the results
small

for the aforementioned device and signal

parameters reported in the next section.

III. RESULTS AND DISCUSSION

We have developed an ANN model for the device drain
current, transconductance, drain-conductance and cut off
frequency of the InGaAs/InP and InGaAs/GaAs PHEMT
as a function of the drain and gate voltages for the first
time. To improve the versatility of the model, three more
input parameters, viz., gate length, gate to channel
distance and gate width have also been included as the
input parameters of the model. The neural network model
developed consists of three layers; with five neurons in
the input layer corresponding to the five parameters
mentioned above, thirty five neurons in the hidden layer
and four neurons in the output layer. The output
parameters are drain current, transconductance, drain
conductance and the cut off frequency. The number of

neurons in the hidden layer was optimized so as to obtain a
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Fig. 3. 14 (V) characteristics for 70-nm gate length InP PHEMT.

close agreement with the experimental results with least
possible numerical parameters of the model. The
proposed ANN model can be used to determine the device
currents at various gate voltages for the InGaAs/InP and
InGaAs/GaAs HEMTs device. This model can be used as
the interface between device modeling and circuit
simulation because ANN models are more accurate, more
flexible and much faster than the existing other models.

Fig. 3 shows the variation of drain current with drain
source voltage for different values of gate source voltage
of a 70 nm gate length device. A gradual transition is
observed as we go from linear to the saturation region,
which confirms a smooth transconductance peak as
predicted experimentally for nanoscale devices. A total
saturation of drain current is not observed as the gate
length is shortened which may be due to the flow of finite
leakage current and carrier injection into the substrate,
though we have maintained an aspect ratio (gate length to
gate to channel distance) equal to 5 to reduce the short
channel effects. As in general for all HEMT devices the
gate bias controls the two dimensional electron gas
density in the channel, the level of drain current is directly
determined from the 2-DEG density in the channel. The
results of our neural model are compared with the
experimental data and show an accuracy of 98%.

The unity gain cut off frequency that describes the
microwave application of the device is plotted as a
function of gate length in Fig. 4. A high cut off frequency
of about 230 GHz is obtained at a gate length of 70 nm.
The increase in cut off frequency is attributed by the

increase in transconductance and decrease in the total
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Fig. 4. variation of cut off frequency with gate length of InP
PHEMT.
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Fig. 6. Drain source current as a function of gate source voltage
for Lg = 140nm.

capacitance of the device. As compared in other
experimental data we see that f; increases with the
decrease in gate length.

Fig. 5 shows the current voltage characteristics using
our model obtained for a HEMT with I, = 140 nm and
4x40 pm gate width technology and compared with the
experimental data.

Fig. 6 shows the modeled and experimental transfer
characteristics of the device. 14V, curve shows the usual
trend of increase in current with the increase in gate
source voltage due to the increase in charge carriers in the
channel. The exact determination of the transfer
characteristics is important since it determines the device
transconductance.

The variation of transconductance with gate source
voltage is shown in Fig. 7. In this curve the effect of real
space transfer with increasing value of gate source voltage
and hence current spreads into the barrier and decreases g,
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Fig. 7. Variation of Device transconductance with gate source
voltage.
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Fig. 8. Current gain cut-off frequency as a function of effective
gate voltage.

The cut-off frequency is plotted as a function of gate
voltages in Fig. 8. f; generally increases with the increase
in gate voltage. Fall of f; is mainly due to the average
carrier velocity that assumes a constant value. Initially as
we increase the gate voltage, the sheet carrier
concentration increases upto the equilibrium value after
that it begins to saturate. Now, the velocity-saturated
carriers, moving in a high field region are affected by
various scattering mechanism and thereby decreasing the
cut-off frequency.

Fig. 9 shows the variation of f; with drain voltage. At
lower drain voltages normally frequency increases. But
for comparison purpose we have studied the frequency
behavior ant higher drain voltages. At higher values of
Vs, gm saturates but the capacitance increases so f; is
degraded.

The model has been tested in our laboratory for
circuits using  compound

implementing  digital

semiconductors.
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IV. CONCLUSIONS

In our proposed ANN model, we characterize the dc
and microwave performance of InGaAs/InP and
InGaAs/GaAs PHEMT. The model provides good insight
into the device structure optimization and performance
prediction. In order to predict the microwave performance
of the device, the model is used to analyze the
current-voltage characteristics, which shows excellent
agreement with the experimental data and the validity of
our model. The device has good linear and saturation
The
conductance are also measured. The model can be further

characteristics. transconductance and drain-
extended to obtain the microwave characteristics of the

device.
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