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ABSTRACT

In this paper, the optimization of heterostructure devices
using the Design of Experiments concept and advanced
Response Surface Models is presented. As an example, the
structural optimization of a pseudomorphic
Al0.2Ga0.8As/In0.2Ga0.8As/GaAs pulse doped HEMT is
discussed.
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1. INTRODUCTION

The performance of submicronic HEMT’s improves
with the reduced dimensions, especially the gate length, as
we approach the ballistic transport. For power applications
optimal performance we need to maximize the breakdown
potential, the output current, which together with the
maximization of the potential will result in increased output
power and current-gain cut-off frequency, while keeping an
acceptable linearity.

To increase the output current, the 2DEG charge density
has to be increased; for this, several possibilities are
available:

• increasing the donor concentration in the doped
plane of the barrier layer; this would definitely
result in a threshold voltage shift which might
necessitate the modification of the layer
thickness;

• increasing the conduction band discontinuity
height; this was shown not to be of much interest as
saturation starts to occur in the 2DEG charge
density;

• the use of a supplementary carrier injector for
example a doped channel or a doped buffer; the
first may be less favorable, while the second will be
subject of further investigation.

The increase in the current gain cut-off frequency could
be achieved through the scaling down of the device i.e. the
reduction of the gate length since the fci increases when the
gate length is decreased.

To investigate these different strategies we used a basic
structure for a pulse doped pseudomorphic HEMT and

considered three important input parameters: gate length
(Lg), layer thickness (L1), the doping concentration in the
doped plan of the barrier layer (Nd) and two output
parameters: the 2DEG charge density (n s) and current gain
cut-off frequency (fci).

2. OPTIMIZATION STRATEGIES

Optimizing - a technology process, a device parameter,
etc. - typically involves an optimum set of factors
(independent parameter) settings such that a number of
relevant responses (dependent parameters) meet predefined
targets. Usually this problem is solved in an iterative way
based on a sequential list of simulations and the final
conclusions are drawn upon the results of the individual
experiments.

An alternative strategy makes use of Design of
Experiments [1] methodology for planning a number of
experiments for different settings of input factors. The
simulations - process, device, and circuit - are performed
in specific points i.e. specific values for input factors for
which the simulators are run. The results of the
experiments (the values of responses) are analyzed
through the mean of Response Surface Models that
empirically describe each response of interest as a
known function of factors. There are two main
approaches for RSM construction:

2.1 Linear models

The basic assumption in deriving a linear model is:
there is a dependent variable y (response) that depends on a
set of variables x1,…xn (factors),  y = g(x1,…xn) = g(x)
where g is an unknown smoooth continuous function and
x = (x1,…xn)T. The response surface is a linear function with
respect to the parameters c = (c1,…cp)T, f(c,x), which
approximate the true unknown function:
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and ( ) ( ) ( )( )Tp,...FFf xxx 1= .The parameters cj have to be

estimated from the experimental data, most of times based
on the least square method. Hence, supposing that a number
of experiments (tk,s1k,…snk), k=1…m, m>p have been
performed, then the least square estimator is:
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under the assumption that FTF is nonsingular, where
F = (fT(s1),…fT(sm))T is the experimental or design matrix
and t=(t1,…tm)T. At an untried xj the predicted value of
response is:
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Depending on the particular form of functions Fj the
response may be a linear, quadratic, or a higher degree
polynomial form. The error ε is an independent random
error due to the measurement error and the inability of the
empirical model to fit the true response.

2.2 Stochastical models

This approach starts by considering the deterministic
response y(x) as a realization of a stochastic process. That
is, ε of (1) is replaced by another term Z(x) which is a
random process assumed to have mean 0 and covariance
σ2R(u, v) between two inputs u and v. Then, the response
itself is a stochastic process and (1) can be rewritten
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with Y, Z random processes. Supposing again that a set of
experimental points is available, there exists a correlation
matrix R  between Z’s at the design points whose entries are
R(s i, s j), 1 ≤ i,j ≤ m. Similarly, r(x) = (R(s1,x),…R(sm,x))T is
a vector of correlations between Z’s at the design points and
an untried x. The best linear unbiased predictor based on
the minimization of mean squared error is given by:
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where
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is usually called generalized least-squares estimate.
The fitting procedure can be viewed as a two stage

problem: calculation of the generalized least-squares
predictor followed by interpolation of the residuals at the
design points as if there were no regression.

The parametric feature is contained in the fact that the
covariance is captured in an analitical expression. In
particular, the authors employed a correlation function:
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with èi > 0 and 0 � pi � 2 that eventually has the property of
having n-th order derivatives, belonging to a stationary
family R(u,v)=R(u-v) and being factorisable

∏ =
= n

i ii )v,u(R),(R
1

vu . There may be alternative

parametrizations of (8), as suggested in [2]. The parameters
introduced in (8) are estimated using MLE techniques.

These RSM-models are used to find factor settings that
produce devices with desired specifications. This is in fact
the optimization step and the optimum is found as some
solutions that minimize an objective function (error
function) using specific algorithms. The objective function
can be specified in different ways [3], [4]:
a) The response values will be as close as possible to the

user-defined target values. Function is defined as the
weighted sum of the squared differences between each
response and its user defined target value:
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b) The variations of response values with respect to factor
variations will be minimized. Function is defined as the
weighted sum of the individual response sensitivities.
Each response sensitivity is defined as the sum of all
squared partial derivatives:
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And the total objective function is:
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c) Combination of a) and b):
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The DOE/RSM concept guarantees that with a
minimum number of experiments we obtain a maximum
information: detection of the important main effects, factor
interaction effects, which factors are the most important,
etc.



3. OPTIMIZATION EXAMPLE

The analyzed device structure is presented in Figure 1.
We consider only the active part of the device. This consists
of an undoped GaAs buffer layer: 500Å is sufficient since
little carrier injection takes place in the buffer. Above this
layer, we have a 140Å of undoped In0.2Ga0.8As. Following
this layer, we have a 40Å undoped Al0.2Ga0.8As spacer. This
gives a conduction band discontinuity of 0.31eV. The
doped plan is found after the spacer layer over 30Å. The
superficial Al0.2Ga0.8As layer, undoped, follows.

Figure 1: The simulated pseudomorphic
Al0.2Ga0.8As/In0.2Ga0.8As/GaAs pulse doped HEMT

Simulations of the heterostructure considered were
performed using the SIMFET III, a 2D hydrodynamic device
simulator developed at IEMN, Villeneuve D’Ascq, France and
EDIL [5, 6], while the optimization was done using
NORMAN/DEBORA optimization framework [3] developed
at IMEC, Leuven, Belgium.

Using the CCF DOE strategy a set of 15 points (see
Table 1) in which the simulations were performed results.

Sim. No. L1 [Å] Lg [µm] Nd [cm-2]
1. 100 0.1 1.000E+12
2. 330 0.1 1.000E+12
3. 100 0.3 1.000E+12
4. 330 0.3 1.000E+12
5. 100 0.1 6.000E+12
6. 330 0.1 6.000E+12
7. 100 0.3 6.000E+12
8. 330 0.3 6.000E+12
9. 100 0.2 3.500E+12
10. 330 0.2 3.500E+12
11. 215 0.1 3.500E+12
12. 215 0.3 3.500E+12
13. 215 0.2 1.000E+12
14. 215 0.2 6.000E+12
15. 215 0.2 3.500E+12

Table 1: The DOE scheme

For simplicity we shall present here the results obtained
for electron concentration in the 2DEG (n s). For RSM we
have used two approaches: first is a second-degree
polynomial approximation of response with respect to the
input factors (Figures 2 and 4) and the second is a technique
of stochastical interpolation which eliminates the residual
error corresponding to the experimental points (Figures 3
and 5).

Given the RSM we are able to obtain the optimum input
parameters for a specified set of output parameters. For
example, for ns = 1012 cm-2 the input factors are given in
Table 2 (the solution is not unique, more local minima
being detected by the optimization algorithm).

Figure 2: The RSM for ns versus L1 and Lg for
polynomial interpolation

Figure 3: The RSM for ns versus L1 and Lg for
stochastical interpolation
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Figure 4: The RSM for ns versus L1 and Nd for
polynomial interpolation

Figure 5: The RSM for ns versus L1 and Nd for
stochastical interpolation

Solution No. L1 [Å] Lg. [µm] ND [cm-2]
1 144.046 0.2494 4.423E+12
2 142.363 0.2297 4.344E+12
3 214.329 0.2500 3.461E+12

Table 2: The optimal values for the input factors for
ns=1012cm-2

Running the SIMFET III simulator using the resulted data
sets, the maximum output current (320 mA/mm) has been
obtained for the structure given by solution number 3. The
internal distribution of electron energy for this structure is
presented in Figure 6.

Figure 6: The electron energy distribution for the structure
given by solution no. 3.

CONCLUSIONS

The device design optimization using DOE technique
and advanced RSMs is a powerful method that enables to
obtain a device structure with desired specifications. By
coupling a device simulator with an optimization tool we
developed an efficient design strategy that can be used for
optimizing heterostructure devices. As an example, the
structural optimization of a pseudomorphic  Al0.2Ga0.8As/
In0.2Ga0.8As/GaAs pulse doped HEMT was presented.
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