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ABSTRACT

On the basis of an IMPATT diode complex mathematica model
and an optimization procedure, results are presented for a diode
structure anadysis and optimization suitable for a pulsed-mode 2
mm silicon diode. The complex modd includes the dectrical modd
based on continuity equations and therma modd based on the
thermoconductivity equation solution. The energy characteristics
of the semiconductor structures for high-power pulsed IMPATT
diodes with a pemanent and complex doping profile are
optimized.

Keywords: Semiconductor microwave devices, modding and
simulation, numerica methods, structure optimization.

INTRODUCTION

Pulsed-mode IMPATT diodesthat are utilized in microwave
electronics have mogt frequently double-drift sructures similar to
the continuous-mode ones. The idea to use a specid form of
doping profile for the diode semiconductor structure has been
redized in some works [1-2]. Modern semiconductor
technology provides the posshilities for the fabrication of
submicron structures with the complex doping profile. This gives
one opportunity to design specia IMPATT diode structures for
pulsed-mode operation having high feed current vdues. That is
very important for this operation mode because pulse mode can be
provided extreme power vaue for this type of diode and for dl
microwave semiconductor devicesin generd.

In this work, the extreme energy characterigtics of Si double-drift
pulsed-mode IMPATT diode for 140 GHz are investigated. The
optimization of the interna sructure of the diode with a
traditional doping profile, Figure 1, curve 1 and with a complex
doping profile Fgure 1, curve 2 is provided. We have marked
gpecid points of curve 2 on the longitudind axis for the
determination of different technologicd lengths that are
independent parameters of the optimization procedure. The
sengitivity of the optimal diode structure's energy characteristics
with respect to technological errorsis determined too.
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Figure 1:Doping profile for two types of IMPATT diodes.
1 - typicdl diode structure, 2 - complex diode structure. x1,x2,
....X9 areimportant technologicd lengths.

NUMERICAL MODELS

The complex modd [3] consigts of an eectricd modd that is
based on the solution of the continuous equation's system (1)
jointly with one dimensona Poisson eguation and the therma
model that is based on the solution of heat-conductivity
equation (2).
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r istheradid coordinate; x isthe longitudind coordinate; T is
the Kelvin temperature;, ' is the materiad dengity; C is the
specific thermocapacity; k is the thermoconductivity coefficient;
Q (x,t¢T) istheinternd hesat source thet, in generd case, hes

adependency from eectrical field, current, and temperature.

Numerical solution of the main system (1) has been obtained
by the modification of Crank-Nicolson numerical scheme that is
the basis of thework [3], and that has a dgnificant property
of absolute stability.

Numerical solution of equetion (2) is performed by the
iteration method of dternating directions [3]. This modd is
different from the ones in [4,5 because dl dectrophysica
parameters are functions of dectric fidld and temperature a a
corresponding point of semiconductor structure, and  because this
moded describes the hest source as a function of dectric field
intensity inside the diode Structure. It is very important to take
into account the temperature dependency because, just for pulse
mode, there is a high level of permanent and dternative currents,
and therefore the high leve variation of temperaturein time.

Numerical solution of the main system (1) has been obtained
by the modification of Crank-Nicolson numerical scheme that is
the basis of thework [3], and that has a significant property
of absolute stability.

One of the principa characteristics of the optimization
procedure is the computer time for one probe of objective
function. Since one probe of the objective function includes the
total analysis of IMPATT diode, it is very important to reduce
the complete diode andysis time. The complex diode modd [3] is
based on the dmultaneous using of  dectronic  fidld  and
thermdal modds. This modd has a grest accurecy, but is
complicated too, and therefore its functioning is too dow for the
optimization problem. Other mode that was proposed in work
[6] is more suitable just for optimization problem because this
mode has computer time for one probe significantly less than the
mode [3]. This modd utilizes the Fourier series andlyss, and
therefore has limitation which inherent in this technique; in
particular this mode can be used for stationary process analyss
only. This model had been used successfully for the optimization
of different typesof IMPATT diodes.

The IMPATT diode therma modd  is based on the numerical
solution of a nonlinear thermoconductivity equation (2) for
dlicon crysd, contect planes, and heat snks. It determines
ingtantaneous semiconductor structure temperature at any point
within the device for any given time moment. The therma modd
thet is described here has been utilized for the determination of
temperature didtribution in the diode structure having different
types of doping profile. We have been used the second order of
numerical approximetion scheme for the equation (2). For this
equation the alternating direction implicit method can be expressed
in compact form as;
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where i,] aregpace coordinate numbers, s is the time coordinate
number, L , is the partid numerica Laplace operator on the
direction r, L o isthe partia numerical Laplace operator on the
direction x. Two these operators are defined on the standard five
points numericd pattern. We solve the sysem (3) by the
tridiagona agorithm for the radial and longitudina directions.

OPTIMIZATION PROCEDURE

The optimization agorithm was designed as the combination
of one of kind of direct method and a gradient method. Thisis one
of the modification of well-known adgorithm, which is successfully
used for function with complicate structure. This method is more
precisely successful for the optimization of millimetric wave
devices because the objective function of that type of devices as
the function of its arguments has a very complex behavior smilar
to a one "valey" in N-dimensiona space. The objective function
can be determined as the maximum eectronic power, for example.
The number of free variables for our caseisequa to 8. These are
four lengths L1, L2, L3, L4 and four levels N1, N2, N3, N4 of
diode doping profile. We have been formed the principa vector of
variebles Y ={Y1, Yo, Y5, Yur ¥o: Yo ¥ Yt fOr  these eight
parameters of semiconductor structure.

The optimization agorithm consists of the next steps:

1. Given as input two different approximations of two initial
points: y° and y1 .

2. At these points, we dart by gradient method, and have
performed some steps. As a result, we have two new points \'A
ad Y
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where F is the objective function, dn is the parameter of the

gradient method.
3. We draw a line through two these points, and performed alarge

step dong thisline Wehaveanew point y***
ys+l:Ys+a (Ys_ Ys-l)’ S=1,
where @  isthe parameter of theline step.



4. Than we perform a some steps from this point by the gradient
method, and obtain a new point Y°.

y =yt q1>4§|F(yS”), s=s+1,

Yo =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 globa minimum of the objective function, but only aloca one.
To obtain the confidence that we have the better solution of the
optimum procedure, it is necessary to investigate N-dimensiona
space with different initial points. In that case, it is possible to
investigate N-dimensiond volume in more detal. During the
optimization process, it is very important to localize the subspace
of the N-dimension optimization space for more detail andyss.
N-dimendond space volume of independent parameters is
determined approximately on the base of modd [6] for the first
stage of optimization procedure. In that case, a Fourier series
approximation of principa functions is used and because of this
approximate modedl, we have a ten times acceleration. After that,
on the basis of the precise modd [3] we have andyzed the interna
structure of two types of silicon diode for 2 mm region. One of
these structures is an ordinary permanent doping profile structure,
and the other isacomplex one.

RESULTS

The complex type of the double-drift IMPATT diode active
layer is shown on the Figure 1, curve 2. The width of the p-n
junction was given as 0.12 nm from the technologica aspects
This type of doping profile provides a concentration of electrical
field within the p-n junction. For the diode with a permanent
doping leve the following equdities are corrected: N1=N2 and
N3=N4. In that case, we have only four parameters for the
optimization procedure: two lengths  L1=x4-x1, L2=x9-x6 and
two doping levels N1, N3.

In Fogure 2 (a b) the characterigtics of power-levd,
efficiency, and the red and imagine parts of complex admittance of
the diode are presented as functions of feeding current density |
for the optimum structures and for others that are near the
optimum.
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Figure 2: (a) Output power P and efficiency coefficient mand (b)
red G andimagine B parts of the total admittance as functions
of feeding current density | o for optimum and near optimum
Structures with permanent doping profile level.

Structure 4 has the maximum power level of 430 kw/ cn??
and an optimal current density vaue of |, = 285 kA/cn?. In
that case, the efficiency isequa to 8.0 % for the maximum power
point. Structure 5 has a maximum of the negative red admittance
and efficiency (8.5 %), but has a smdler power level because the
doping leve is high, and therefore the permanent voltage and first
harmonic amplitude voltage are smdler. Structure 6 has a
maximum efficiency as the function of the current |, but for
optimum power point, this vaue isless then for structures 4 and
5. Beddes, for this structure, it is necessary to increase the
current value until 320 KA/ cm?  to obtain the optimum power
point. Sructures 5 and 6 have the maximum vaue of the red
part of the total admittance, but have a greater doping level, and
therefore a amdler vaue of the permanent and variable voltage and
output power.

Semiconductor structures with a complex doping profile are
andyzed for improving the power levedl and efficiency of a
pussd-mode IMPATT diode with the maximum levd of
permanent current dengity. In that case, eight parameters have
been varied: L1=x2-x1, L2=x4-x3, L3=X7-x6, L4=x9x8, N1, N2,
N3, N4. In Figure 3 (a b) the dependencies of power leve,
efficiency and admittance are presented as functions of feeding
current density |, for the optimum structure and for near
optimum ones.
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Figure 3: (a) Output power P and efficiency coefficient m and
(b) red G andimagine B partsof thetotal admittance as
functions of feeding current density | o for optimum and near
optimum structures with complex doping profilelevel.

Structure 1 isthe optimal one. In this case, the power leve
is 457 kw/cm? and optima current density vadue is 235
kA /cm’?. Others structures are near this optimum one but have
more low power level and efficiency. The extension of doping level
high parts (structures 4,5) results to moving the power curve to
the greater current density. It is very important to compare the
optima characteristics for the two different types of structures as
the permanent doping profile (curve 4, Figure 2(8) ) and the
complex doping profile (curve 1, Figure 3(@) ). A comparative
andysis shows that the maximum output power level is quasiequa
for two these optimal structures (436 kw/ocm? and 452
Kw / cm?), but efficiency coefficient has more difference (8.5% and
10.7%). The most important fact is a dgnificant decresse of
optima vaue of permanent current density for the complex
doping tructure. For the permanent doping structure, the optimal
current density valueis 285 kA / cm?, but for the complex doping
sructureis 235 kA / cn?. Therefore the complex doping profile
dructure has better energy characteridics, and dlows the
possibility to exploiting the diode under easier conditions.

One of the important problem for the red type of the
complex doping profile diode optimizetion is the senghility
andysis of energy characteridtics for various geometrical sizes and
doping levels. The results of the investigation of an optima
Sructure by changing the doping profile levels N1, N2, N3, N4
and lengths L1, L2, L3, L4 within 20% around the optimd
dructure have been obtained. The diode doping profile level
increase within 20% with respect to optima structure leads to a
small decrease of output power. On the other hand the diode's

doping profile level decresse leads to a grest decrease of output
power.

Analysis of the diode structures with different lengths shows
that the verigtion of the totd length L = x9-x1 around the
optimad vaue leeds to a great deerioration of energy
characterigics. On the other hand the redigtribution of separate
part's dimensons between high and low doping profile parts
within 20% has not been led to a great decreasing of the output
power level.

CONCLUSIONS

Diode active layer optimization shows that the complex
doping profile diode hasa 6 % greater output power level and a
126 times greater efficiency coefficient with respect to the
permanent doping profile diode. The IMPATT diode with the
complex doping profile has an appreciable gain with respect to the
permanent doping profile diode. This alows the possihility to
obtain the maximum output power levd with a smdler vaue of
feed current density. The important feature of the optima diode
structure with a complex doping profile is alow sengtivity of the
energy characteritics to the technologica errors of the interna
semiconductor structure. These complex semiconductor structures
may be recommend for the increase of ared-time work period and
the reiability of power pulsed-mode IMPATT diodes.
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