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Abstract: - Based on a numerical model that includes accurate electrical and thermal sub-models, the energy
characteristics of double-drift silicon IMPATT diodes with a pulsed mode for 94 and 140 GHz are studied. The
optimization of the internal structure of the diode with a traditional doping profile and a complex doping profile
has been carried out. Semiconductor structures with a complex doping profile are analyzed to increase the
power level and efficiency of the IMPATT diode with a maximum level of direct current density. The
dependences of the power level, efficiency, and admittance characteristics were studied as functions of the
supply current density for optimal and almost optimal structures. The analysis of the sensitivity of the output
power to the accuracy of the technological parameters when changing the total length of the diode near the
optimal value and when redistributing individual parts between high and low doping levels is carried out.
Complex semiconductor structures can be recommended to increase runtime and reliability of high-power pulse
diodes.
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1 Introduction maximum output power and energy efficiency. In
One of the problems of high-power microwave this work, the extreme energy characteristics of Si
semiconductor electronics is the design and double-drift pulsed-mode IMPA_TT d_iOdeS for 94
construction of a generator with extraordinary GHZ .anq for 140 .GHZ are investigated. .The
energy characteristics. One of the solutions of this optimization of the 1qternal structure of the diode
problem is to use pulsed-mode operation. Pulsed- with a traditional doping profile, (Fig. 1, curve 1)
mode IMPATT diodes that are utilized in and with a complex doping profile (Fig. 1, curve 2)
microwave electronics very frequently have double- is provided, where x/x2, ..x9 are technological
drift structures similar to the continuous-mode ones. lengths.

The idea to use a special form of doping profile for
the diode semiconductor structure has been realized
in some works [1-4]. Modern semiconductor
technology provides the possibilities for the
fabrication of submicron structures with a complex
doping profile. This gives one opportunity to design
special IMPATT diode structures for pulsed-mode
operation having high feed current values. That is
very important for this operation mode because a
pulse mode can provide an extreme power value for
this type of diode and for all microwave
semiconductor devices in general.

The main goal of the present project is analysis
of the electrical and thermal processes of pulsed- ) ) ) )
mode high-power millimetric region IMPATT diode Fig. 1 Doping profile for two types of diodes:
and the internal structure optimization to obtain the 1 - typical structure, 2 - complex structure
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We have marked special points of curve 2 on the
longitudinal axis for the determination of different
technological lengths that are independent
parameters of the optimization procedure.

To investigate the physical processes and to
optimize the internal diode structure we construct
the new numerical model of the IMPATT diode in
section 2 that provide the adequate accuracy and can
reduce the total necessary computer time. The
optimization procedure more suitable for the
microwave device structure optimization is
presented in section 3. The main results of the
physical analysis and optimization are presented in
section 4. The sensitivity of the optimal diode
structure's energy characteristics with respect to
technological errors is determined too.

2 Problem Formulation

The complex diode model consists of an electrical
model that is based on the solution of the
continuous equations system (1) jointly with one-
dimensional Poisson equation and the thermal
model that is based on the solution of heat-
conductivity equation (2).
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where A is the two-dimensional Laplace operator

for the cylindrical coordinate system
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coordinate, x is the longitudinal coordinate, 7 is the
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Kelvin temperature, p is the material density, C is
the  specific  thermocapacity, k is the
thermoconductivity coefficient, and Q (x,t’,T) is

the internal heat source that, in the general case, has
a dependency on the electrical field, current density,
and temperature.

Numerical solution of the main system (1) has
been obtained by the modification of Crank-
Nicolson numerical scheme that was developed on
the basis of the work [5], and that has a some
significant properties of absolute stability as
demonstrated in [6].

Numerical solution of equation (2) is performed
by the iteration method of alternating directions.
This model is different from the ones in [7-13]
because all electrophysical parameters are functions
of the electric field and temperature at a
corresponding point of the semiconductor structure,
and because this model describes the heat source as
a function of electric field intensity inside the diode
structure. It is very important to take into account
the temperature dependency because, just for the
pulse mode, there is a high level of permanent and
alternative currents, and therefore a high-level
variation of temperature in time.

One of the principal characteristics of the
optimization procedure is the computer time for one
probe of the objective function. Since one probe of
the objective function includes the total analysis of
the IMPATT diode, it is very important to reduce
the complete diode analysis time. The complex
diode model of the above mentioned paper [5] is
based on the simultaneous use of electronic field
and thermal models. This model has great accuracy,
but is complicated too, and therefore its functioning
is too slow for the optimization problem. On the
other hand, other model of the IMPATT diode is
used in the present work. This model is more
suitable only for the optimization problem, because
this model has computer time much less than in [5].
This model utilizes the Fourier series analysis [14],
and therefore has a limitation, which is inherent in
this technique; in particular, this model can be used
for stationary process analysis only. However, this
model has a great advantage with its shorter
computer time, and at the same time, it is a
nonlinear model with sufficient accuracy. The other
source of computer time reduction is the utilization
of the high-order approximation numerical scheme
[14] for the thermal equation. These two ideas have
been successfully used to optimize the doping
profile for different types of IMPATT diodes and
the various operation modes, such as continuous and
pulsed.
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3 Optimization Method

The optimization algorithm was designed as the
combination of one of kind of direct method and the
gradient method. This is one of the modifications of
well-known algorithm, which is successfully used
for function with complicate structures. This method
is more precisely successful for the optimization of
millimetric wave devices because the objective
function of that type of device (for example, the
output power) as a function of its arguments has a
very complex behavior, similar to a one "valley" in
N-dimensional space. The objective function can be
determined as the maximum electronic power, for
example. The number of free variables for our case
is equal to 8. These are four lengths L/=x2-xI,
L2=x4-x3, L3=x7-x6, L4=x9-x8 and four levels NI,
N2, P2, PI of the diode doping profile.

We have formed the principal vector of the total
independent  variables that includes eight
components Y = {¥;,¥,, Y5> V4> Vs> Voo V75 Vg ) for
these eight parameters of the semiconductor
structure.

The optimization algorithm consists of the
following necessary steps:

1) Given as input two different approximations
of two initial points: y° and y'.

2) At these points, we start with the gradient
method, and have performed some steps. As a result,
we have two new points Y’ and Y' that are

determined by y0n+1 = y°” - §n 'VF(yon),
y"ht=yln -4 -VF(y“’), n=01,.N -1,
Y’ =y"" Y'=y" where F is the objective

function, O, is the parameter of the gradient

method.
3) We draw a line through two these points, and
perform a large step along this line. We have a new

point Yy =Y + o (YS —YH), s=1, where
« is the parameter of the line step. 4) Than we
perform a some steps from this point by the gradient

method, and obtain a new point Y
s N

y”+1 =y'"-0, -VF(yS”), s=s+1, Y=y .
Then steps 3 and 4 are repeated with the next values
of the index s (s =2, 3, ...).

The optimization process that is presented above
cannot find the global minimum of the objective
function, but only a local one. To obtain the
confidence that we have the better solution of the
optimum procedure, it is necessary to investigate N-
dimensional space with different initial points. In
that case, it is possible to investigate N-dimensional
volume in more detail. During the optimization

n
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process, it is very important to localize the subspace
of the N-dimension optimization space for more
detail analysis. The N-dimensional space volume of
the independent parameters is determined
approximately on the basis of model [14] for the
first stage of the optimization procedure. In that
case, a Fourier series approximation of principal
functions is used, and because of this approximate
model, we have a ten times acceleration. After that,
on the basis of the precise model [5], we have
analyzed the internal structure of two types of
silicon diode for 3 and 2 mm region. One of these
structures is an ordinary doping profile structure
with the constant value, and the other is a complex
one.

4 Results

The complex type of the double-drift IMPATT
diode active layer is shown in Fig. 1, curve 2. The
width of the p-n junction was given as 0.15 m and

0.12 ym for 94 GHz and for 140 GHz respectively

from the technological aspects. This type of doping
profile provides a concentration of electrical field
within the p-n junction. The higher level of the
ionization rate appears as a result of this doping
profile. The electron and hole avalanches have a
greater density and a lesser space dimension. On the
other hand, for the diode with a permanent doping
level, the following equalities are corrected: N/=N2
and P/=P2. In that case, we have only four
parameters for the optimization procedure: two
lengths L1=x4-x1, L2=x9-x6 and two doping levels
NI, P1.

4.1 94 GHz Diode

In Fig. 2 (a), (b) the characteristics of power-level
and efficiency for the constant profile diode and
complex profile diode for 94 GHz are presented as
functions of feeding current density [, for the
optimum structures and for others that are near the
optimum. Parameters of these structures are
presented in Table 1 and Table 2. Structure 4 in Fig.
2(a) has the maximum power level 436 W/ and
the optimal current density value7, =140 A/cm’. In
that case, the efficiency is equal to 11.2 % for the
maximum power point. Structure 5 has a maximum
efficiency as the function of the current 7, but for
the optimum power point this value no larger than
for structures 2, 3 and 4. Besides, for this structure it
is necessary to increase the current value until 153
kA/cm® to obtain the optimum power point and the
maximum effectiveness.
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Fig. 2 Output power P and efficiency coefficient 1
as functions of the feeding current density Iy for

optimum and near optimum structures for (a)
constant and (b) complex doping profile diode

Table 1. Internal structure parameters for the diode
with constant doping profile

n L L2 N1 P1
(10*cm) (1ot cm)] (10" em ) 1 (10" em ®)

1 0.35 0.33 1.5 1.5
2 0.35 0.33 1.65 1.68
3 0.35 0.33 1.7 1.7
4 0.35 0.33 1.9 1.9
5 0.35 0.33 2.1 2.1
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Semiconductor structures with a complex doping
profile are analyzed to improve of the power level
and efficiency of pulsed-mode IMPATT diode (Fig.
2 (b)). In that case eight parameters have been
varied: LI, L2, L3, [4, NI, N2, P2, PI. Structure 3
is the optimal one and has an efficiency of about
15% and 446 kw/cm* power level at 123 (A/anf.
Others structures are near this optimum one but
have a lower power level and efficiency. The
extension of doping level high parts (structure 1) or
increasing this level (structure 4) results to moving
the power curve to the greater current density.

Comparison of the optimal characteristics for
two different types of the structures as the constant
doping profile (curve 4, Fig. 2a) and complex
doping profile (curve 3, Fig. 2b) shows that the
maximum output power level is quasi equal for two
these optimal structures (436 kW/cm® and 446
kW/cm®), but efficiency coefficient has more
difference (11.2% and 14.4%). The most important
fact is a significant decrease of optimal value of
permanent current density for the complex doping
structure. The optimal current density value is equal
to 140 kA /cm® for the constant doping structure, but
for the complex doping structure is equal to 123
kA/cm®. Therefore the complex doping profile
structure has better energy characteristics.

4.2 140 GHz Diode

In Fig.3 (a), (b) the characteristics of power-level,
efficiency, and the real and imaginary parts of the
complex admittance of the 140 GHz diode are
presented as functions of the feeding current density
I, for the optimum structures and for others that are
near the optimum. Parameters of the constant
doping level and length values for this figure are
presented in Table 3. Structure 4 has a maximum
power level of 430 kW/cn* and an optimal current
density value of I, = 285 kA/cm’. In that case, the
efficiency is equal to 8.0 % for the maximum power
point. Structure 5 has a maximum of the negative
real admittance and efficiency (8.5 %) but has a
smaller power level because the doping level is high

Table 2. Internal structure parameters for the diode with complex doping profile

n JL1 L2 L3 L4 N1 N2 P2 P1
1 0.086 0.283 0.266 0.084 1.3 2 2 1.3
2 0.065 0.212 0.203 0.063 1.3 2 2 1.3
3 0.072 0.236 0.222 0.072 1.3 2 2 1.3
4 0.072 0.236 0.222 0.072 1.56 2.4 2.4 1.56
5 0.072 0.236 0.222 0.072 1.3 1.8 1.8 1.3
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Fig. 3 (a) Output power P and efficiency coefficient
W, (b) real G and imagine B parts of the total
admittance as functions of feeding current density
I, for optimal and near optimal structures with
constant doping profile level

Table 3. Internal structure parameters for the diode
with constant doping profile

n L1 L2 N1 P1
1o em)l(10* em)l (10" em™®) | (10" em ¥
1 0.22 0.19 3 3
2 0.24 0.19 3.5 3.5
3 0.21 0.19 3.5 4.5
4 0.21 0.19 4 4
5 0.21 0.19 4.5 4.5
6 0.21 0.19 5 5
and therefore the permanent voltage and first

harmonic amplitude voltage are smaller. Structure 6
has a maximum efficiency as the function of the

current [, but for the optimum power point, this
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value is less than for structures 4 and 5. Besides, for
this structure, it is necessary to increase the current
value to 320 kA/cm® to obtain the optimum power
point. Structures 5 and 6 have a maximum value of
the real part of the total admittance, but have a
greater doping level, and therefore a smaller value
of the permanent and variable voltage and output
power.

Semiconductor structures with a complex
doping profile are analyzed for improving the power
level and efficiency of the IMPATT diode with a
maximum level of permanent current density. In
Fig. 4 (a), (b) the dependencies of power level,
efficiency and admittance are presented as functions
of feeding current density [/, for the optimum
structure and for near optimum ones. Parameters of
these structures are presented in Table 4.
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Fig. 4 (a) Output power P and efficiency coefficient
Wt and (b) real G and imagine B parts of the total
admittance as functions of feeding current density
I, for optimal structures of complex doping profile

Table 4. Internal structure parameters for the diode with complex doping profile

n L1 L2 L3 L4 N2 P2 P
(10t em)l(10* em) )10 em)J(10* em)) (10" em )} (10" em ) (10" em ¥)| (10" em ®)

1 0.09 0.08 0.11 0.06 1.6 4.7 41 1.6
2 0.09 0.08 0.11 0.06 1.5 4.7 4.7 1.5
3 0.09 0.08 0.11 0.06 1.6 4.7 4.1 1.4
4 0.09 0.08 0.11 0.06 1.6 5.2 4.6 1.6
5 0.08 0.09 0.12 0.05 1.6 4.7 4.1 1.6
6 0.07 0.08 0.11 0.04 1.6 4.7 4.1 1.6
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Structure 1 is the optimal one. In this case, the
power level is 457 kW /cm?, and the optimal current
density value is 235 kA/cm’. Others structures are
near this optimum one but have a lower power level
and efficiency. The extension of the high doping
level parts (structures 4 and 5) results in moving the
power curve to a greater current density. These two
types of semiconductor structures have a greater
value of active admittance than the optimal one, but
have a smaller microwave voltage amplitude and
power level.

It is very important to compare the optimal
characteristics for the two different types of
structures as the constant doping profile (curve 4,
Fig. 3(a)) and the complex doping profile (curve 1,
Fig. 4(a)). A comparative analysis shows that the
maximum output power level is quasiequal for two
these optimal structures (436 iW/cm® and 452
kW /cnm?), but the efficiency coefficient has more
difference (8.5% and 10.7%), quasiequal for two
these optimal structures (436 ikW/cm® and 452
kW /cm®), but the efficiency coefficient has more
difference (8.5% and 10.7%). The most important
fact is a significant decrease of the optimal value of
the permanent current density for the complex
doping structure. For the permanent doping
structure, the optimal current density value is 285
kA /cm?, but for the complex doping structure, it is
235 kA /cm®. Therefore, the complex doping profile
structure has better energy characteristics. This
effect gives us the possibility to exploiting the diode
under easier temperature conditions and increase the
working time.

One of the important problems for the real type
of the complex doping profile diode optimization is
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the sensitivity analysis of energy characteristics for
various geometrical sizes and doping levels. The
total number of the analyzed structures is very large,
because of a large number of combinations of the 8
parameters. Some results of the investigation of an
optimal structure by changing the doping profile
levels NI, N2, P2, Pl and lengths LI, L2, L3, L4
within 20% around the optimal structure are
presented in Tables 5 and 6, respectively. Presented
examples give the possibility to evaluate correctly
the technology inaccuracy influence to the energy
characteristics deterioration. In these tables, we
present the maximum achievable output power
density, the permanent current density that
corresponds to this optimum, and the real and
imaginary parts of the complex admittance. The
diode doping profile level increase within 20% with
respect to the optimal structure leads to a small
decrease of the output power. On the other hand, the
diode doping profile level decrease leads to a great
decrease of output power. Some structures (6, 7 of
Table 5) have a real admittance module greater than
the optimal one (number 1), but because the
microwave voltage amplitude is decreased, the
output power level for these structures is smaller.
An analysis of the results that are presented in Table
6 shows that the variation of the total length L=x9-
xI around the optimal value leads to a great
deterioration of the energy characteristics (structures
8 and 9). On the other hand, the redistribution of
separate part's dimensions between the high and low
doping profile parts within 20% has not led to a
significant decreasing of the output power level and
effectiveness.

Table 5. Doping profile level variation within 20% around the optimal structure and diode output
characteristics corresponding to these structures

n N1 N2 P2 P1 P rmax L opt G B
(107 em®) (10" em™®) (10" em®) (10" em®) |(kW/em?) |(kA/em?®) [(mSm/em?) {(mSm/cm?)
1 1.6 4.7 4.1 1.6 455 235 -5.24 7.83
2 1.8 4.7 4.1 1.8 451 241 -5.36 7.51
3 2 47 41 2 451 242 -5.46 7.21
4 1.5 47 47 1.5 448 230 -5.25 7.51
5 1.4 41 41 1.4 443 227 -5.21 7.35
6 1.6 5 4.4 1.6 448 241 -5.71 8.07
7 1.6 5.2 4.6 1.6 447 251 -6.04 8.38
8 1.6 45 3.9 1.6 443 225 -4.78 8.51
9 1.6 4.2 3.7 1.6 440 227 -4.43 8.67

ISSN: 2367-8879

17

Volume 5, 2020



Alexander Zemliak et al.

International Journal of Circuits and Electronics
http://www.iaras.org/iaras/journals/ijce

Table 6. Length variation within 20% around the optimal structure and diode output characteristics
corresponding to these structures

n L1 L2 L3 L4 P max Lopt G B
(10*cm )J(10* cm )|(10™* cm Y J(10™* cm ) |(kWrem?) | (kA/em?®) | (mSm/em?) {(mSm/em?)
1 0.09 0.08 0.11 0.06 455 235 5.24 7.83
2 0.08 0.09 0.12 0.05 451 245 -5.51 7.91
3 0.07 0.1 0.13 0.04 447 253 -5.61 8.11
4 0.1 0.07 0.1 0.07 450 230 -4.97 8.11
5 0.11 0.06 0.09 0.08 445 225 -4.85 8.44
6 0.1 0.08 0.11 0.07 450 232 5.17 7.41
7 0.11 0.08 0.11 0.08 447 234 -4.91 6.81
8 0.08 0.08 0.11 0.05 441 244 -5.34 7.41
9 0.07 0.08 0.11 0.04 434 246 -5.36 7.56

5 Conclusions

Optimization of the active layer of the diode shows
that a diode with a complex alloying profile has a
6% higher level of output power and a coefficient of
efficiency 1.25-1.4 times higher than a diode with a
constant alloying profile. This suggests that the
IMPATT diode with a complex doping profile has
significantly better energy parameters compared to a
diode with a constant doping profile. This allows
you to get the maximum level of output power at a
lower value of the supply current density, which
increases the service life. An important feature of an
optimal diode structure with a complex doping
profile is the low sensitivity of the energy
characteristics to the technological errors of the
internal semiconductor structure. An important
practical result was obtained - complex structures
can be recommended to increase the service life and
reliability of powerful IMPATT pulse diodes.
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