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from small to arbitrary injection levels. The theoretical
approach differs from that of Goedbloed and Vlaardin-
gerbroek [6] in that a phenomenological model of the
active device has been chosen which considerably sim-
plifies the mathematical derivations. As a consequence,
simple expressions could be obtained for various output
noises and noise conversion factors. It is this simplicity
that makes the model a suitable means, if more complex
synchronization schemes (mutually coupled or (sub)
harmonically synchronized oscillators, e.g.) shall be
analyzed. Moreover, the model adequately describes the
output noise of synchronized oscillators with Gunn ele-
ments. It could be extended to account for upconversion
and downconversion effects as well as for an RF-ampli-
tude-dependent intrinsic noise source.
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Microwave Characterization of Silicon BARITT
Diodes Under Large-Signal Conditions

GARY K. MONTRESS, MEMBER, IEEE, AND MADHU SUDAN GUPTA,
SENIOR MEMBER, IEEE

Abstract—Experimental measurements of the small- and large-signal
admittance of a silicon BARITT diode are reported. The structural char-
acteristics of the devices are also reported, so that the results provide a
basis for evaluating the large-signal analyses of BARITT diodes. A
lumped-element frequency-independent equivalent circuit is proposed to
represent the terminal characteristics of the device over a broad-frequency
range, and is verified by comparison with the measured admittances.
Simple approximations are given to describe the dependence of the device
admittance on the three operating point parameters: dc bias current, signal
frequency, and RF signal level.

I. INTRODUCTION

F THE VARIOUS two-terminal, active, microwave
O semiconductor diodes (e.g., IMPATT, TRAPATT,
and Gunn devices), BARITT diodes are known to have
the limitations of comparatively small power output,
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efficiency, bandwidth, and maximum usable frequency,
but they also have the advantages of lower noise and
simpler technology. One of the principal characteristics of
interest is the large-signal admittance Y, of BARITT
diodes, which dictates the design of circuits employing the
diodes, as well as determines the power and frequency
limitations of the device. This admittance, defined at the
terminals of the semiconductor chip (i.e., excluding the
effect of parasitics introduced by the diode package), is
dependent on three sets of parameters, specifying 1) the
semiconductor material properties, 2) the diode doping
and dimensions, and 3) the operating conditions, includ-
ing the dc bias current 1, , the temperature T, the signal
frequency f, and RF voltage amplitude Vgip of (an
assumed) sinusoidal terminal voltage. In this paper, only
the functional relationship Y, (/4 f, Vgg) is studied for a
given diode at a given (room) temperature, i.e., with all
other parameters fixed.

Large-signal operating characteristics of BARITT di-
odes have been theoretically studied by a number of
authors in the past, both analytically and numerically
[1]-{10], and the number of small-signal analyses pub-
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lished in the literature is even larger. The various large-
signal analyses differ from each other primarily in
assumptions made in modeling the carrier transport in the
injection and potential-barrier regions of the device. Their
results, although qualitatively similar, have significant
quantitative differences, making an experimental verifica-
tion important.

By contrast, the experimental measurements of large-
signal characteristics of BARITT devices reported in the
literature are very few [11]. Other reported measurements
usually include only the RF power output and dc-to-RF
conversion efficiency variation with the operating point
from which the device conductance can be calculated [12].
A more detailed microwave characterization of the large-
signal characteristics for BARITT devices, through admit-
tance measurements, is given here along with the details
of the design of the devices used.

The purpose of this paper is threefold. First, it presents
the results of the microwave measurements of the large-
signal admittance of silicon BARITT diodes at the termi-
nals of the semiconductor chip (i.e., excluding the packag-
ing parasitics), as a function of the operating-point param-
eters. Such results are useful for evaluating the accuracy
of theoretical analyses of large-signal operation. Second,
this paper suggests simple approximations for describing
the dependence of large-signal admittance on the three
operating point parameters: /4., f, and Vi These are
useful for constructing simple models for describing the
characteristics of various BARITT-diode circuits, such as
modulation, bandwidth, injection locking, gain compres-
sion, and saturation. Third, this paper proposes and veri-
fies an equivalent circuit with frequency-independent
lumped circuit elements to represent the device admit-
tance over the entire range for which the BARITT diodes
are an active device. Such equivalent circuits are useful
because they describe the terminal characteristics of the
device in terms of a small set of numbers rather than as
graphical or tabulated data. They are also useful as a
convenient representation of the device in computer-aided
design of circuits using the device.

Two frequency-independent circuit models have been
suggested for BARITT diodes in the past [13], {14]. Both
of these models are theoretically derived, and neither one
has been experimentally verified. The model proposed
here is considerably simpler than that of [13] and more
accurate than that of [14]. In addition, experimental
measurements are used to establish its applicability and
illustrate the determination and typical values of model
parameters.

II. Tur DEVICE AND THE MEASUREMENTS

A. The BARITT Devices

The BARITT devices under study are M-n-p™* silicon
diodes with a uniformly doped drift (n) region. They
consist of a 75-um thick p-type substrate layer of 0.003-
Q-cm resistivity, a 10-um thick n-type epitaxial layer of
4-Q-cm resistivity, and a 0.25-mm diameter aluminum
Schottky barrier formed by evaporation and annealing.
The devices are mesa-isolated by etching, passivated at

459

DEVICE STRUCTURE
Junction:

M 0.25 mm diam. mesa
P doped, <111>

Doping ~1.2x% 10%% em™3

Al Schottky Barrier
\*———— Epitaxial Layer:

+ Thickness ~ 10 um
Substrate: B doped Silicon

. 19 ~3
Doping v 10 cm

0.5 mm——> Thickness ~ 75 um

DEVICE PACKAGE

i = 0.25
h'T Iha {in mm) hl
r) = 1. h2 = 0.5
3
xr, = 0.62 h3 = 0.
hs_l_ i ry = 0. h, = 1.0
"_ ry = 1. h5 = 0.17
rg = 0.75 hg = 1.55
bonding wire diam = 0.025
DC, LF, AND THERMAL CHARACTERISTICS
120
Reach-through Voltage (at 0.1 mA}
A% r 4% v
« 80 RT "~
€ Junction Capacitance (at VRT’ 1 MHz)
9 C., % 0.52 pF
8 40 5 P
Thermal Resistance (in package)
OO 20 40 60 ej N 20 °C/wW
Vpg + Volts
RF CHARACTERISTICS AS OSCILLATOR
~
E § Frequency fo = 6.2 GHz
a% ..6 Maximum B % 12 mW
c |9 |2 0
g u e F:) Maximum n % 9.7%
2 Af
>
810 <2120 g : S Optimum £ N 6.3 CHz
x
= w
[} =
2 5F I0F 8.5 n Range of £, % 1.6 GHz
5 18 J&
3 |E |w
[¢] o] o] 10 20 30 40
Ipc MA
Fig. 1. Structural details of the packaged BARITT diodes and their

typical operating characteristics.

the exposed silicon surfaces, mounted in the standard
“pill-type” microwave packages, ultrasonically bonded by
a gold wire, coated with a silicone resin, and hermetically
sealed. Fig. 1 summarizes the relevant features of device
and package structure, as well as the significant dc and
RF characteristics. The dc I-V characteristics are
measured under nonoscillating conditions and with pulsed
biasing; under dc bias conditions, the maximum safe bias
current is approximately 50 mA. The RF measurements
are taken in a coaxial cavity, tunable by means of mov-
able slugs, with the diode mounted at one end, and at
room temperature.

B. Measurement of Device Admittance

The admittance of the packaged BARITT devices was
measured over the frequency range 4-8 GHz (encompass-
ing the frequency range in which the devices are active)
by the usual slotted-line method, but with the following
five modifications [15]. 1) The sensitivity of measurement
was enhanced by superheterodyne detection at the sliding
probe [15, p. 268], both in order to measure VSWR as
large as 100 and to be able to use very low signal levels for
small-signal measurements. 2) The power output P, of the
signal source was monitored in order to calculate the
magnitude of the RF voltage at the terminals of the diode
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Fig. 2. Lumped equivalent circuit representation for the diode
package, determined by broad-band microwave admittance measure-
ments on open- and short-circuit packages, and used for deembedding
the diode-chip admittance.

chip for large-signal measurements. 3) The spectrum of
the signal reflected from the device was monitored to
make sure that the harmonic level is negligible. 4) The
magnitude of the VSWR was found by the intermediate
value method to improve the accuracy of the high
measured values of VSWR [15, p. 266]. In this method the
VSWR is determined from the separation x, between two
points at which the detected signal is a factor (say 10)
larger than that at the minimum. 5) The sign of the
VSWR was established by comparing the sharpness of the
minimum at two successive minima of the standing-wave
pattern along the slotted line. If the device is active, the
magnitude of the real part of the impedance looking
towards the device is lower at a farther minimum due to
the attenuation along the line; as a result the minimum is
sharper, and, therefore, x, is smaller. Conversely, for a
passive device, x, is larger at a minimum which is farther
from the device.

The large-signal admittance ¥,(/y..f. Vgg) of the device
chip, as a function of RF signal frequency and voltage,
was determined from the measured admittance
Y, (1.1, P,) of the packaged device as follows. 1) The
package was characterized by an equivalent circuit con-
sisting of the five-element L~C low-pass ladder network
shown in Fig. 2. 2) The values of the five lumped elements
were determined to fit the measured admittances of short-
and open-circuited packages over 1-12 GHz [16}]. 3) Y,
was calculated from Y,, by the usual de-embedding proce-
dure using the above equivalent circuit [17). 4) The ampli-
tude of the RF voltage developed across the device was
calculated from a knowledge of ¥, and the signal power
P, incident on the diode, after accounting for power
losses in slotted-line and biasing-T. 5) Y, at any desired
Vre was determined by interpolating between the de-em-
bedded values of ¥, found in step 3) for the several
calculated RF voltages found in step 4).

III. SMALL-SIGNAL CHARACTERIZATION

A. Small-Signal Admittance of the Device

It is found that for V5<50.5 V, the measured device
admittance may be called the small-signal admittance,
because it is independent of Vg, and also the application
of an RF signal of this amplitude causes no observable
change in I,. The measured small-signal admittance
Yp (14 f) of the BARITT diode is shown as a function
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Fig. 3. Experimentally measured and deembedded small-signal admit-
tance of the BARITT diode chip. (a) At a frequency of 6.1 GHz.
(b) At a bias current of 25 mA.

of bias current in Fig. 3(a), and as a function of frequency
in Fig. 3(b). The experimental results are in qualitative
agreement with those expected from small-signal analyses
[18], while a more detailed agreement depends upon the
choice of such theoretical parameters as the location of
the potential minimum which are not independently
evaluated in measurements. The negative conductance of
the device shows a broad maximum with respect to both
bias current and frequency; the susceptance is relatively
insensitive to bias current and linearly related to
frequency.

B. Small-Signal Equivalent Circuit

The frequency dependence of Y, . is conveniently
summarized by an equivalent circuit. A frequency-inde-
pendent lumped-element equivalent circuit representation
for BARITT diodes can be found by the following simple
intuitive arguments. In equivalent circuit terms, the device
admittance can be viewed as being composed of an active
part and a parasitic part. The active part denotes a
transit-time induced negative conductance, and the mag-
nitude of negative conductance will be reduced for transit
angles above or below the optimum; such a behavior is
shown by a series G,L;C, network with a negative G,.
The parasitic part of the diode admittance is caused in
part by the depletion-region capacitance of the
punchthrough structure, represented by a capacitor C,,
and in part by the finite loss in the diode represented by a
conductance G,. This leads to the five-element lumped
equivalent circuit shown in Fig. 4(a), and referred to as
EQ5 below.

Given the measured (or otherwise obtained) device
admittance data Y,(f) over a frequency band, the equiv-
alent circuit elements can be found by fitting the circuit
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Fig. 4. Equivalent-circuit representations with frequency-independent
lumped elements for the small-signal admittance of the BARITT
diode chip. (a) Five-element circuit model EQ5. (b) Six-element
circuit model EQ6.
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Fig. 5. A comparison of the measured small-signal admittance ¥, .,
and the driving point admittance of the five- and six-element equiv-
alent-circuit models for unpackaged BARITT devices. Y}, , is plotted
for 25 mA. For model EQ5, the element values are G, = ~3.3 pmho,
L,;=13nH, C;=0.05 pF, G;,=2.3 pmho, and C,=0.48 pF. For model
EQ6, the element values G|, L,, C), and G, are the same as for EQS5,
while C,=0.61 pF, and L,=4.8 nH.

model to the data (i.e., by determining numerical values of
the circuit elements so as to obtain the best match be-
tween the driving-point admittance Y, (f) of the equiv-
alent circuit, and the given device admittance Y,(f) over
the frequency range of interest). A comparison of Y),, and
Y, fitted to it, is illustrated in Fig. 5. In this figure, Y}, is
the measured small-signal admittance of the BARITT
diode for a dc bias current of 25 mA, while Y, is the
admittance of EQS for G;= —3.3 umho, L, =13 nH, C,=
0.05 pF, G,=2.3 pmho, and C,=048 pF. The fitted
values of G, and C, are not far from the low-frequency
device conductance (at the same bias current) and deple-
tion-region capacitance shown in Fig. 1. In general, the
element values obtained by fitting will depend somewhat
on the frequency range over which the fitting is carried
out, as well as on the criterion of “match” between Y,
and Y,. The five element values listed above were
selected for best fit over the frequency band 4.8-7.6 GHz,
and the “best fit” is defined as one minimizing the
weighted mean-square difference W(G,, — Gp)*+ (B, —
B,)?, summed over the set of frequencies, with a very
large weight W =10°, to reflect the greater importance of
device conductance in actual practice.

C. Other Circuit Models

The circuit EQS5 is topologically similar to the circuit
model for the BARITT diode proposed by Okazaki er al.
[13], but has the conductance G, in place of an inductance
in their model. Attempts to fit their model to the same
experimental admittance data of Fig. 5 shows that EQ5 is
superior to their model in [13]. One of the principal
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reasons for this superior match is that the bandwidth over
which the circuit model is active is infinite for the model
of Okazaki et al., but finite for EQS5.

The comparison of the driving-point admittance of EQ5
and the measured Y}, , in Fig. 5 shows that the difference
between them is due primarily to a smaller variation of
the susceptance with frequency for the circuit model. The
accuracy of modeling can be significantly improved by
adding an inductance L, to the equivalent circuit, which
contributes to a larger frequency dependence of suscep-
tance. This leads to the model EQ6 of Fig. 4(b), with six
lumped elements. The equivalent circuit EQ6 may be
viewed as a combination of EQ5 and the equivalent
circuit model proposed in [13]. The fitted element values
of EQ6 and the corresponding driving-point admittance
are also shown in Fig. 5, with the fitting carried out over
the same frequency range and with the same criterion as
for EQS.

IV. LARGE-SIGNAL CHARACTERIZATION

Representative results of the measured and deem-
bedded large-signal admittance Y,(Iy.f, Viy) for the un-
packaged BARITT diode are summarized in Fig. 6. Fig,
6(a) shows the RF voltage dependence of the diode con-
ductance G, and susceptance B,,. In general, this depen-
dence is approximated very well by expressing G, and B;,
as a quadratic and a linear function of Vg, respectively.
For example,

Gp= ( —0.954+0.075 VﬁF) pmho
and
B, =(18.6+0.1 V) pmho

are excellent approximations for the device admittance at
25 mA and 6.2 GHz, plotted in Fig. 6(a), where Vyp is
expressed in volts.

Fig. 6(b) shows the frequency dependence of the large-
signal admittance Y, for fixed values of the RF signal
voltage V. The nature of this dependence is very similar
to that for the small-signal admittance Y}, .; as a result,
Y, for a given value of Vi can be approximated by an
equivalent-circuit model, such as EQ6 with appropriately
selected element values. This modeling, and the resulting
dependence of the element values on RF signal voltage,
are described in detail elsewhere [19].

Finally, Fig. 6(c) shows a representative example of the
dependence of Y, on I,. As a first-order approximation,
the large-signal susceptance B, is nearly independent of
bias current, while the large-signal conductance has a
broad maximum with respect to bias current, in a manner
similar to the small-signal conductance. This is also to be
expected from the equivalent circuit model, because the
bias current influences only the active part (G,L,C,) of
the device admittance, and the device susceptance is
mostly due to the parasitic part (C,).

V. SuUMMARY

The nature of the measured small- and large-signal
admittances of the BARITT diode, and their dependence
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upon the operating point parameters, are in agreement
with the predictions of theoretical analyses. The results
will serve as a basis for quantitative evaluation of large-
signal analyses. The driving-point admittance of the pro-
posed equivalent circuit model is seen to be in good
agreement with the measured small-signal BARITT-diode
admittance. The same model can be fitted to the large-
signal admittance for a specified bias current and RF
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voltage amplitude, and succinctly describes the frequency
dependence of the device admittance Y. The RF voltage
and dc bias current dependence of Y}, is well modeled by
treating the conductance as a parabolic function of both
Vrr and I, and the susceptance as a linear function of
Vrr, but independent of I,. Such approximations are
useful in describing the microwave-operating characteris-
tics of BARITT diode circuits.
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