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Analysis of Schottky-Barrier Millimetric
Varactor Doublers

ELIO BAVA, GIAN PAOLO BAVA, ALDO GODONE, axp GIOVANNI RIETTO

Abstract—An analysis of abrupt-junction millimetric varactor doublers
using Schottky diodes is performed and numerically implemented to evaluate
the conditions of maximum output power. This power level, thie efficiency,
and the circuit parameters have been derived as a function of the geometri-
cal and physical parameters of the junction. Physical phenomena which
allow the application of the model up to the plasma resonance frequency in
the epilayer are taken into account. Comparison of available experimental
data with the theory developed is reported.

I. INTRODUCTION

N THE LAST few years the use of Schottky-barrier

diodes with micron size junctions has widely increased.
The usefulness of these devices has been proved in differ-
ent fields such as communications, spectroscopy, and
frequency metrology.

In the millimetric region, fundamental and harmonic
Schottky diode mixers have been studied and developed
[1]-[4] with good and reliable performance. Schottky diode
varactors have also been used for harmonic generation up
to 600 GHz [5],[6] with satisfactory efficiency.

Varactor frequency multipliers have been widely studied
for applications up to the microwave region. A comprehen-
sive treatment and an ample review can be found in {7],[8];
whereas closed-form expressions for abrupt-junction diodes
are reported in [9]. However, to analyze the behavior of
varactor multipliers up to the submillimetric region, one
must consider several phenomena such as skin effect, di-
electric relaxation, and carrier inertia, which introduce
frequency-dependent parameters in the diode model. In
this way, the theoretical limitations in the performance at
increasing frequencies, taking into account the present
technology of GaAs millimetric diodes, can be evaluated.

In this paper, the design of abrupt-junction varactor
doublers with maximized output power will be discussed.
This goal is imposed by the limited power handling capa-
bility of the devices suitable for millimetric frequency
operation. Efficiency and matching problems will also be
analyzed; a comparison with the available experimental
results will be reported in the last part of the work.

II. HiGH-FREQUENCY SCHOTTKY DIODE MODEL

The traditional varactor model [7]-[9] must be modified
for operation at high frequencies to incorporate the follow-
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Fig. 1. (a) Schottky diode equivalent circuit. (b) Epitaxial diode geome-
try.
TABLEI
TyPICAL GEOMETRICAL AND PHYSICAL PARAMETERS OF
n-GaAs SCHOTTKY-BARRIER MILLIMETRIC DIODE
®,=085V? Barrier contact potential

€,=9.59%x10 " "'F/m

nT=2X10"%at/cm’

n=2X10' to 10'%at /cm’
*

Semiconductor permittivity
Substrate carrier concentration
Epilayer carrier concentration

Tmn_ =0.068 Carrier effective mass

0 )

e=1.6X10"1C Electron charge

. ref. Sze {11] Carrier mobility

h Substrate thickness

/ : epilayer thickness

2a Junction diameter

2b Substrate diameter
Epilayer resistivity

4
pT=1X10"3Q"tem™! Substrate resistivity
e

W= o Epilayer scattering frequency
Wy, ! Epilayer dielectric relaxation
&P frequency
w, Substrate scattering frequency
wy Substrate dielectric relaxation
frequency

2For GaAs, @ is widely independent of the metal used {11, p. 377].
®In the numerical computations the effect of w, can be neglected.

ing effects:

1) skin effect (mainly in the substrate);

2) dielectric relaxation (mainly in the epilayer);

3) carrier scattering both in the epilayer and in the
substrate.

These phenomena have already been taken into account
by several authors [4],[5],[10]. The assumed schematic di-
ode structure and its equivalent circuit are shown in Fig. 1,
where Z; and Z, are the epilayer and substrate imped-
ance, respectively, R; and C; are the junction resistance and
capacitance. Typical values of physical and geometrical

parameters for n-GaAs diodes are reported in Table I.
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Fig. 2. Junction capacitance versus voltage: x experimental points. (a)
C, for abrupt plane junction. (b) C, for abrupt spherical junction.

According to [4],[10], the analytical expressions for the
electrical parameters of the equivalent circuit (Fig. 1(a), are
as follows:

Z =

ep1
% 'ITaZ

u [———1 CH G

T i(w/ag)  op

if the undepleted space-charge region thickness ¢<a:

AR 2/
sub n

278 a 1 e
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+
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+i(e/e) w
V.

if b»a: R = III—T, extremely high in varactor operation

r C—_€L__ 3)
T (/) (

In (1)-(3) we have:

) substrate skin depth

1 diode ideality factor

Vi volt equavalent of temperature

I reverse saturation current

C /j0  zero bias junction capacitance
=ma*/(eegn/20p)

v voltage across the junction.

The assumed expression (3) for C requires some com-
ments when used at very high frequencies.

1) Ttis frequency independent (the problem of frequency
dependence is theoretically analyzed in [12]), and for high
doping levels this assumption is justified.

2) We consider y=4, that is an ideal, plane, abrupt
junction; this approximation is less and less accurate as the
junction diameter becomes smaller and consequently the
edge effects lead to a spherical structure behavior [13].

Experimental measurements of C, for a 2-pm diameter
diode, carried out at 403.7 GHz [14], which demonstrate
the preceding point, are shown in Fig. 2. Curve (a) refers
to the model of an ideal plane abrupt junction. Curve (&)
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Fig. 3.

refers to a spherical model with 1-pm diameter. Even if the
experimental points are better fitted by curve (b), curve
(a) also can be considered a satisfactory approximation.
Moreover the experimental value of C is in good agree-
ment with its low-frequency estimate.

The power handling capability of a varactor multiplier is
limited by the breakdown voltage V. In the already
accepted hypothesis of an abrupt plane junction we have
[11] for the avalanche breakdown:

~3/4
| v @

o B8V n
VBR-‘60<H) ( 1016

where Eg is the band energy gap in electronvolts (for GaAs

Eg=1.43eV)and nin cm 3,

1.

The frequency doubler circuit model adopted is shown
in Fig. 3 with the assumptions discussed in [9] and in
particular:

1) Z,, and Z,, are included in the impedances Z,(Z,
=R, +jX)) and Z,(Z,=R,+jX,) (Fig. 3) at the respective
frequencies;

2) Z, and Z, allow the current to flow only at the
fundamental (w,) and second-harmonic (w,=2w,) fre-
quencies, respectively.

As a consequence the varactor charge can be written

q=q0+q1sin(wlt—le)+qzsin(w2t+q)2) (5)

and (3) can be readjusted as a relation between charge and
voltage:

MILLIMETRIC VARACTOR DOUBLER ANALYSIS

_ 1
492,C5

(6)

v(q)=8—mg®, m

By using (5) and (6), the loop equations for the network
of Fig. 3 become [9]

mq, coS @, )

@y

DgCOS(q)l v(pg):w]qI(Rg—
ngin((Pl "‘Pg): —X\w,9, —2mqyq, +mq,q,sing,

m
0=R w,q, + "2“112005 Po

m .
0=~ X,w,q, + '5‘11251n P —2mgoq, (7)

where
Po =9, 29,
R,=R,+R,
R, =R/ +R,.

The limited power handling capability of millimetric
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varactors suggests the circuit design (in our model the
choice of R, R,, X|, X,) so as to maximize the output
power with the maximum capacitance swing:

Vor T @
—y " =4, <q=0,

Moreover the circuit matching implies [8],[9] ¢,=7 énd
R, =R,+R,, where R,,=mgq,/w;. These conditions, by
smg (5) (7) and (8), lead to

(8)

|90
2\/1—cos x(ql/q2—2cosx)
cos X = — L
1+\/1+32(qz/ql) 4 )
4w,R 2P, 1
Q1:_r:l‘2’42+ mwol :1; (10)

where the output power P,=3(w,q,)’R’;. In the plane
q,—q,, (9) gives the curve representing the breakdown
limit and (10) the family of constant output power curves.
Examples of similar graphical representations can be found
in [7, pp. 326 and 576]. The mathematical condition of
maximum output power is found by imposing the geomet-
rical tangency between (9) and (10).
The following fourth-degree equation is obtained:

(44K u—6(2+k yud+ (13 + 12k )u?
—2(3+4k)u+1=0

_[20,R,\?
B mqm ’

u=2cos’ x.

(1)

where

and

+ Equation (11) can be easily solved for instance by using
Newton’s iteration method. After solving (11), ¢, q,, and
Pypmax are found from (9) and (10). The other quantities of
interest in the multiplier design are obtained from (7), and
are reported in the following.

Efficiency
n= u R
- 2(1—u)® Ry
Generator internal resistance
m
R=R+22.
l
Load resistance
P
Ry=—2>
2"-’1‘12

Input and output reactances
2m
X,=
!

X,=X,/2.

(‘h'ﬂlz\/ﬂ)
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Fig. 4. Maximum output power and efficiency versus junction radius

for n-GaAs diodes.

IV. NUMERICAL RESULTS AND COMPARISON WITH
EXPERIMENTS

Following the expressions reported in the preceding sec-
tion a numerical computation of the performance of
Schottky-barrier varactor frequency doublers has been car-
ried out. The material and geometrical parameters are

‘those already given in Table 1. We have considered as

independent variables: among the geometrical dimensions
the junction radius and among the physical parameters the
epilayer doping.! The frequency range under examination
is 50-500 GHz for the input signal frequency. In the
evaluation of (1), strictly speaking the undepleted region
thickness ¢ is time dependent, but in our computation ¢ has
been assumed fixed and equal to the epilayer thickness /,,.
As a consequence a slight overestimation of the diode
losses turns out; moreover the nonlinear resistance contri-
bution to the multiplication process is neglected. -

The maximum output power P, and the efficiency 7 for a
Pt-n-GaAs junction with n=2X10'7 /cm® are shown as a
function of the radius a in Fig. 4. For increasing a (junc-
tion radius) the output power increases owing to a larger
charge excursion and the efficiency decreases (as a conse-
quence of the unfavorable resistance—capacitance partl-
tion) [9].

For small values of a the output power increases with
frequency; this is due to the dominant capacitive effect,
typical of -low values of a, enhanced for increasing
frequency. For high values of a the resistive losses increase
and, due to the frequency dependence of R,, a higher
power is obtained at lower frequencies. Asymptotically, as
a— o0, by using the expressions of the preceding section,

'For b/a and n* (Table I) standard values have been assumed.
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Fig. 5. Maximum output power (continuous lines) and efficiency (dashed
lines) versus epilayer doping for: (a) a=0.5 pm; (b) =5 pm.

we have

P 1 (Ver TP )2
Omax 29 R2 .

The influence of the epilayer doping n on the output
power and efficiency is shown in Fig. 5(a) (¢=0.5 pm) and
5(b) (=5 pm). From the figures it turns out that the
maximum of the efficiency is reached at lower values of n
when the junction radius increases. At small ¢ and high
input frequencies, the effects of the resistive losses and of
the plasma resonance give rise to a maximum of output
power versus n. '

The frequency dependence of efficiency, maximum out-
put power, load and generator resistance and tuning reac-
tances are shown in Fig. 6(a) and (b) for two different
values of the contact radius and for the same epilayer
doping as used in Fig. 4. The results reported in Fig. 6
show that it is possible to obtain rather high power levels
by increasing the junction diameter, but this is paid with a
low efficiency; moreover the practical achievement of these
conditions implies difficulties in building the matching
circuits owing to the small values of reactances and resis-
tances. ‘
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Fig. 6. Maximum output power, efficiency, input and output resistances

and reactances versus input frequency for: (a) a=0.5 pm; (b) a=10
pm.

TABLE II
COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS
FOR MILLIMETRIC VARACTOR DOUBLERS

P_(mW) %
t(ué/z)" ° | this this Reference
(GHz exper. theory exper. theory
100 18 72 12 59 5]
150 C.4 1.6 " 10 75
(61
150 0.4 1.3 10 75
150 5 6.1 3.3 60.7 [15]
100 0.28 1.2 (*) 86 present’
work

(*) the efficiency value obtained is meaningless, since
no matching has been tried on the commercial mount
used.

The results of the theoretical analysis presented in this
paper can be compared with some experimental data found
in the literature and with some measurements carried out
by the authors. Table II summarizes this comparison as
regards efficiency and output power. The discrepancies
between theoretical and experimental values can well be
attributed to the experimental difficulties in realizing the
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matching for maximum output power, additional losses in
the tuning circuits as well as to the measurement inaccu-
racies and uncertainties in the geometrical and physical
diode parameters. Moreover the assumed diode and circuit
models might not correspond accurately to the devices used
(see, for instance, Fig. 2).

V. CONCLUSIONS

A theoretical treatment of frequency doublers using
Schottky-barrier abrupt-junction varactor diodes has been
presented. The model includes physical phenomena so that
its application holds up to approximately the plasma reso-
nance frequency in the epilayer. Conditions for maximum
output power have been derived depending on the diode
parameters; also in the present case the maximum ef-
ficiency condition is not too far from the maximum output
power [7].

Beside the limitations of the circuit model used in Sec-
tion III, the analysis has been developed with the following
hypotheses: abrupt plane junction, voltage-independent ep-
ilayer resistances.

Numerical computations of output power, efficiency and
circuit parameters have been reported in Section IV for
n-GaAs Schottky diodes, neglecting external circuit losses.
Some comparisons with experimental data are reported.
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