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ABSTRACT

Large signal nonlinear device circuit modeling tools are used to design varactor
harmonic multipliers for use as millimeter and submillimeter wave local oscillator pump
sources. The results predicted by these models are in reasonable agreement with
experimental results at lower frequencies, but the agreement becomes worse as the power
level or frequency increases. We will discuss an improved varactor device model and
compare results from the new model with both conventional models and experimental
data.

I. Introduction

The Schottky barrier varactor frequency multiplier is a critical component of mil-
limeter wave and submillimeter wave receiver systems. A variety of modeling tools
are available to help in the design of the multipliers. The modeling is a combination
of linear and nonlinear analysis to find the current and voltage waveforms across the
varactor placed in the multiplier circuit. The conventional approach uses the harmonic
balance!'? or multiple reflection technique®. These techniques start with a time domain
approximation for the voltage across the device and time domain information for the
nonlinear device and frequency domain information from the linear circuit to find the
final waveforms across the device. These techniques are available in many commercial
circuit simulators!'? and in more specialized mixer programs3-5.

These techniques require an equivalent circuit to describe the varactor. Measured
or calculated information on the capacitance and current vs. voltage can be used. The
multiplier performance also depends on the series resistance of the device. This is more
difficult to obtain from low frequency measurements, so a variety of approximations
are used. These techniques have been used to design multipliers over a wide range of
frequencies. The results are encouraging at lower frequencies. However, as the frequency
or power level goes up the predicted powers and efficiencies are typically lower than
experimental results. There are several possible explanations. High frequency multiplier
circuits are small and difficult to fabricate. Skin effect and backshort loss both increase
with frequency. These losses can be taken into account in the simulation, but the required
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loss values tend to be relatively large when compared with other information about
waveguide and mount loss. The impedance presented to the device by the circuit is
sometime inferred from scale model measurements at much lower frequencies. As the
operating frequency increases mechanical tolerance limitations make it more difficult to
predict the operating conditions from scale models. Another problem is the varactor
diodes themselves. There are a limited number of varactor designs at high frequencies,
so scaling over frequency is difficult. Another problem is the equivalent circuit used to
describe the nonlinear varactor. At high frequencies or power levels, a simple lumped
element equivalent circuit can have problems representing the actual operation of the
varactor. A recent paper by Kollberg et al® described saturation effects in varactors
using a lumped element representation for the varactor with elements that depended on
the current level. That paper is the starting point for the present work.

We will discuss a varactor model in this paper that takes the device physics into
account in more detail, and then use the proposed new model to study multiplier
performance. The next section of the paper describes the details of the new model.
Section 3 will discuss the results of including the new effects on the performance of a
multiplier operating between 80 and 160 GHz. The paper will be summarized in section 4.

II. Improved Varactor Model

There are two extremes in device models; analytic or equivalent circuit models that
are used in a variety of circuit simulators like SPICE and the nonlinear models discussed
in the introduction, and more complete semiconductor models that solve for the internal
physics in more detail. These more complete models typically solve a combination
of the time dependent current continuity and Poissons’ equation to find the terminal
characteristics of the device. This type of solution is commonly used for IMPATT
diodes™® and Gunn devices®!?. Problems occur when a detailed numerical model is
connected to a nonlinear circuit simulation to study harmonic multiplication. The time
scale of the circuit simulation is some fraction of an RF period, typically picoseconds.
The time scale of the semiconductor simulation is on the order of the dielectric relaxation
time, which is femtoseconds. The computer time required to time step through an RF
cycle is much larger than in the conventional equivalent circuit case. We propose an
alternative model that includes most of the varactor physics to better understand the
operation, but can be used in a nonlinear algorithm with reasonable amounts of computer
time.

An improved varactor model can be found by first studying the operation of a typical
varactor diode using a drift-diffusion semiconductor simulation. This simulation solves
the electron current continuity equation and Poissons’ equation as a function of time and
position to describe the terminal characteristics of a varactor diode. The diode is 0.6
microns long and is doped at 3x10!¢/cm?, similar to the experimental device in section
III. The results of a two volt switching transient are shown in Fig. 1. The width of the
depletion layer increases by removing electrons from the depletion layer edge and out of
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the device. This is shown in Fig. 1a. The resulting electric field as a function of time
is shown in Fig. 1b. The voltage step at the start of the transient produces a modified
electric field inside the device. For very short times the electrons in the device can not
rearrange themselves. The effect of the voltage increase is to increase the field in the
entire device by an amount

AE = AV/width. (1)

The two volt step produces a 33 KV/cm field increase across the entire device. The
field increases in the depletion region where the electron density is small, and also in the
undepleted region where the electron density is large. Since the electron density in the
undepleted region is approximately constant the field produces an electron conduction
current of

Jn =g xnxv,(E), (2)

where

J. = electron current,

n = electron density,

vn(E) = electron velocity,

E = electric field.
The particle current in the undepleted region and the displacement current in the deple-
tion region as a function of time are shown as solid lines in Fig. 2. The first difference
between the semiconductor model and an equivalent circuit model occurs as a result
of equation 2. Most varactor models include a voltage dependent capacitance and a
constant or voltage variable series resistance. The result of a switching transient would
be an exponential decay of current with time, with a small variation due to the changing
depletion layer capacitance. However, for the results in Fig. 2, the current depends on
the electric field, and both the velocity and the current are limited to peak values by
the semiconductor physics. The electric field in the entire device is above the saturation
field at the start of the transient. Since the electron momentum relaxation time or the
time required to reach the equilibrium vilocity is much shorter than the time scale under
consideration, all the electrons are moving at the saturated velocity. The electron current
changes slowly during the first 1.5 picoseconds of the transient because of this saturation.
The electron current in Fig. 2 is caused by electrons exiting the device and increasing
the depletion layer width. This electron motion changes the electric field distribution
within the device and supports displacement current in the depletion layer. The field
profiles vs. time in Fig. 1 show the effect of the electron-redistribution. The field at
the Schottky contact becomes larger (more negative) and the field at the ohmic contact
becomes smaller (less negative) during the transient. The resulting time change in the
field produces the current vs. time information shown in Fig. 2. Fig. 2 points out a
second difference with the lumped circuit models. The total current at any point in the
device is the sum of the particle and displacement currents, and is constant with position
and varies with time. The difference between the displacement current in the depletion
region and the electron current in the undepleted region is accounted for by displacement
current in the otherwise resistive portion of the device, shown as curve c. The changing
electric field in the undepleted region supports this displacement current. The time scale
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and voltage change in Figs. 1 and 2 are similar to the picosecond time scale and several
volts RF level associated with multipliers operating above 100 GHz. The results show
the importance of the displacement current and velocity saturation. However a typical
reflection algorithm goes through many RF periods in the course of a solution and the
computer time required to combine this exact description with the nonlinear solution
quickly becomes excessive. We will discuss a simple model that includes many of these
saturation effects next.

The information from the complete semiconductor model discussed in the last
paragraph can be used as a starting point for a numerically efficient varactor model.
The model uses a combination of the depletion layer approximation and equation 2 to
describe the device. The voltage drop associated with the depletion region is

‘/dep =gX Ny x Wdep/zea (3)

where V4., = depletion layer voltage,

N4 = doping and,

Wgep, = depletion layer width.
W, at the start of a transient is dependent on the initial voltage across the device and
the built-in barrier potential, and changes as a result of electron current in the device.
When a voltage step is applied, Wyep, Viep and J, can be found by using equations 2
and 3 along with an expression for the field in the neutral region,

E = ""(‘/terminal + ‘/bi - Vdep)/xtotah (4)

where Vierminat = external voltage from the circuit,

Vi = built-n potential, and

Xtotal = Overall device epitaxial length.
These three equations can be solved as a function of time and terminal voltage to produce
the varactor current waveform. These equations have most of the characteristics of the
more complete semiconductor model, but run in a small fraction of the computer time.

The transient results predicted by these three equations are shown as dashed lines in Fig.
2.

The model described in the last paragraph is an ideal varactor. However, with a large
enough voltage swing, the device can conduct in the forward direction if the junction is
forward biased and conduct in the reverse direction if the voltage is above the breakdown
voltage. These two currents should be included in the model. The forward current can
be approximated by a thermionic emission current that depends on the voltage across
the depletion layer inside the device

In = A x A*T? exp(—Viep/KT), (5)

where A = area,
A* = Richardson’s constant, and
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T = temperature.

Under moderate voltage low frequency conditions, the depletion layer voltage is close to
the terminal voltage. As the forward voltage increases, the thermionic current increases
and a portion of the terminal voltage drops in the undepleted region. This voltage drop
limits the forward current and device capacitance, even for terminal voltages beyond
flatband. Under high frequency operation, the undepleted region must support both
the forward junction current and the junction displacement current. This will further
limit the current. The current and voltage waveforms predicted using a lumped element
varactor model in a nonlinear simulator can swing the device beyond the measured DC
breakdown voltage. Breakdown effects need to be included in the varactor model. A
detailed description of breakdown effects is given by Sze!!. The ionization current is
small for reverse bias voltages below the breakdown voltage and increases rapidly above
the breakdown voltage. The breakdown current can be modeled as a current generator
that depends on the voltage above the breakdown voltage. The ionization current will
flow through the depletion layer and be limited by the space charge resistance, (equation
12 page 214 in Sze!l)

Rspace charge = Wdzep/(2 X Ae X vsat), (6)

where
Vsat = saturated velocity in the depletion layer.
The avalanche current becomes

Iavalanche = 0if Vdep < ‘/breakdouma and (7)

= A*(‘/dep - ‘/breakdown)/Rspace charge otherwise.
This avalanche current will also flow through the undepleted region of the device and
will have the same saturation effects as the other currents under consideration. This
expression for the avalanche current neglects time delays associated with the avalanche

response time and transit time effects in the depletion layer.

A varactor model that includes the current effects in equations 2, 5 and 7 along
with the depletion layer effects in equations 3 and 4 has been written and interfaced to a
modified version of the program DIODEMX described by Maas®. The combined varactor
and nonlinear multiplier program has been used to study doubler performance.

Section III. Multiplier Performance

The varactor effects discussed in the last section have been included in a multiple
reflection multiplier program to study the performance of a doubler operating between
90 and 180 GHz. The varactor parameters and operating conditions have been chosen
to match an experimental doubler discussed by Erickson!? to allow comparison with
experimental data. The varactors have a doping of 3x10'®/cm3, two devices with an
area of 38x10~8cm? each, a series resistance of 10 ohms and a breakdown voltage of 20
volts. The solutions were found at the experimental bias points that were obtained from
Erickson'® and Raissanen!®.
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Fig. 3 shows the experimental efficiency and the predicted efficiency for a conventional
diode model. Curve (a) is the measured efficiency. The estimated output circuit loss was
1.3 dB. Curve (b) is the estimated power generated at the device with the output loss
removed. Curve (c) is the output efficiency predicted by the conventional varactor model.
The simple varactor model does a reasonable job of predicting the multiplier performance
at low power levels, but has problems for pump powers above 30 milliwatts. The various
effects discussed above can be included to better understand this difference.

The effects of current saturation can be included in the varactor program by using
equations 2, 3, 4, 5 and 7 to describe the device performance. The model requires an
expression for the velocity vs. electric field in equation 2. A simple expression for velocity
vs. field has a constant low field mobility at low electric fields and a constant saturated
velocity at higher fields. The choice of mobility and saturated velocity values will effect
the performance predictions. The simplest velocity vs. field expression is a constant
mobility with no velocity saturation effects included. Except for a modulation of the
series resistance because of a modulation of the undepleted layer width, this varactor
approximation is the same as the conventional model. The resulting efficiency vs. local
oscillator power is shown in Fig. 4 for mobilities between 3000 and 6000 cm?/Volt-sec.
Since breakdown and current saturation effects are not included, the efficiencies have the
same monotonic increase as the data in Fig. 3. Based on the device dimensions, doping
and experimental low frequency series resistance, the estimated experimental mobility
is 4000 to 4500 cm?/Volt-sec. The best approximation to the experimental data below
about 35 milliwatts pump power is the 3000 cm?/Volt-sec data, a lower than expected
result. One possible explanation is a frequency dependent series resistance due to the
change in skin depth with frequency. This difference can also be explained by including
displacement current in the varactor model.

There is displacement current flowing through the entire length of the varactor during
its operation. This bulk displacement current is a small fraction of the electron current,
but it is usually of the opposite sign. The effect of the displacement current on the
efficiency vs. pump power level is shown in Fig. 5. The efficiencies in Fig. 5 are lower
than the corresponding efficiencies in Fig. 4. A low field mobility of 4500 cm?/Volt-sec
gives a match to the experimental data, and is also reasonable when compared with the
low frequency series resistance.

The model parameters in Fig. 5 do a good job of predicting the low power performance
of the multiplier, and the choice of a low field mobility of 4500 cm?/Volt-sec is a good
match to both the RF data and the measured low frequency series resistance. However,
the model efficiency still has a monotonic increase with power level while the experimental
data efficiency decreases above about 40 milliwatts pump power. The next step is to
include velocity saturation effects in the model. Figure 6 shows the efficiency vs. pump
power for saturated velocities between 2.5x107 and 4 x107cm/sec. All the curves show
the saturation effects of the experimental data. The effect of the finite saturated velocity
is to limit the maximum conduction current through the device. This in turn limits the
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rate of change of the depletion layer with and thus the nonlinear capacitance. circuit.
Reducing the saturated velocity reduces the electric field and pump power required to
saturate the device. The saturation point for the curves in Fig. 6 varies between about
30 milliwatts for the lowest velocity(curve d) to about 60 milliwatts for the highest
velocity(curve a). A saturated velocity of 3.5x107cm/sec gives a reasonable fit to the
experimental data.

The best fit velocity in Fig. 6 is higher than the typical measured saturation velocity in
GaAs. However, the measured velocity characteristic are based on DC measurements of
long samples. Velocity saturation occurs in GaAs because of electron heating and valley
transfer. Valley transfer only occurs when the electrons obtain a minimum threshold
energy. In the varactor structure the distances are small and the field is changing rapidly.
As a check on the solution, the voltage drop in the undepleted portion of the varactor
was displayed. Although the electric field was high, the maximum voltage drop in the
undepleted region was below the valley transfer threshold in GaAs for all the cases in
Fig. 6. Thus a velocity vs. electric field based on central valley transport with a high
saturated velocity is reasonable.

The effects of undepleted region displacement current and velocity saturation account
for most of the reduction in efficiency for low and medium pump power levels. However,
the device is biased past the breakdown voltage for higher pump levels. The effect of
adding the breakdown current to the model of Fig. 6 is shown in Fig. 7. The three
dashed curves correspond to source resistances of 800, 1000 and 1200 ohms. The model
also includes the displacement current and velocity saturation effects. The device is
pumped past the breakdown voltage for pump power levels above 40 to 50 milliwatts.
The peak voltage across the device when breakdown effects are not included is about
34 volts. Including breakdown effects lowers the peak voltage to about 26 volts. The
reduced voltage swing reduces the capacitance swing and the nonlinearity of the junction
capacitance. The breakdown also adds an in- phase current to the total device current.
The combined effect is a lower efficiency at higher pump power levels.

IV. Conclusions

This paper has discussed the large signal nonlinear modeling of varactor multipliers.
Earlier multiplier models have used a lumped element voltage dependence model to
describe the varactor. This approach does not match the experimental results at higher
frequencies and power levels. This paper has described a new varactor model more closely
based on the semiconductor device operation. Three effects in the new model modify the
varactor and multiplier performance. At low pump power levels the changing electric field
in the undepleted portion of the device produces a displacement current. This current
reduces the low power efficiency. At medium pump power levels the electron velocity
begins to saturate and an additional reduction in efficiency occurs. The total voltage
drops in the undepleted region are small, so the velocity characteristics depend on the
properties of central valley electrons in the GaAs. For higher pump powers the varactor
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voltage is above the breakdown voltage and avalanche current flows. This further reduces
the efficiency. The model was tested for a range of material and device parameters and
compared with experimental data. The parameters needed to match the experimental
results are all physically reasonable.
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displacement current effects (a) corrected experimental data, (b) mobility = 3000
cm?/Volt- sec, (c) 4000, (d) 5000 and (e) 6000.
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