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Abstract

Reflection measurements between 45 MHz

and 13 Ghz on a DBRTD have resulted in a
simple equivalent circuit model capable of
predicting small-signal microwave prop-
erties to within *5% of measurement. The
device capacitance-voltage characteristic
obtained is the most extensive published to
date and has been determined for the first
time using experimental data over the whole
of the test frequency range.

1 Introduction

A number of
for the resonant
appeared in the

equivalent circuit models
tunneling diode (RTD) have
literature rl - 101. Most

of these are based on the tunnel diod”e model
with additional components introduced to fit
the experimental observations. In some cases
[2,7,8] CAD software was used to extract the
intrinsic device equivalent circuit from
embedded measurements which included effects
pertaining to the test fixture. Since this
increases the number of degreek of freedom
for the fit, it may lead to a number of
different device equivalent circuit con-
figurations which are all equally capable
of generating a simulated frequency response
close to experimental observation. The
lumped circuit elements thus extracted are
not always readily identifiable with device
properties and may lead to attributing
properties to the intrinsic device which
essentially pertain to the embedding net-
work.

To date, very little progress has been
made in measurements of the device equivalent

capacitance-voltage (C(V)) characteristics
and the scant data published so far has been
based on single or restricted (low) frequency
impedance measurements, often at insuffi-
cient bias voltages.

This work attempts to show that a simple
tunnel diode equivalent circuit adequately
explains the small-signal behaviour of a
DBRTD over the frequency range 45 MHz to 13
GHz. Using accurate de-embedding techniques,
re~lec+ion m~amr~m~nts l~ad to device
equivalent circuit parameter extraction, and

in particular, C(V) is determined over
relatively the widest bias voltage range

reported so far and, for the first time,
using data over the entire test frequency
range.

2 Device structure and Dackacfinq

The resonant tunneling heterostructure
used in this work was grown on an n+ GaAs
substrate by MOCVD at Siemens Research
Laboratories and consisted of 41 A
AIO.6Ga0.4As barriers anda 50AGaAs quantum
well. Symmetrical undoped GaAs spacer layers
300 A thick clad this region andare followed

by 1000 AGaAs layers Si-doped to lX10]7cm-3.

The initial GaAs buffer layer was lpm thick

and doped to 2x10’8cm-3. A 2000 A GaAs layer

(S1: 6x1018cm-3) facilitates the formation
of ohmic contacts to the epilayer side.
Details of the layer-growth have been pub-
lished elsewhere [11].

A Ge/Au/Cr}Au ohmic contact layer was
evaporated on the epilayer face and indi-
vidual devices defined by lift-off. The
devices were mesa-isolated by wet chemical
etching using the metallisation as mask [11].
The substrate was lapped down to about 200

pm and a Ge/Au back contact evaporated.
Individual diodes were diced into

300X300~m2 chips. The device used in this

study had an active area of 20x20~m2 and
was mounted in an EIO/A package (LEW Tech-
niques, Taunton, U.K.). The top contact was

completed by means of a 12.5 pm-diameter
gold wire spanned across the package flange
and bonded in the middle onto the device

epilayer metallisation. The I–V char-

acteristic is shown in figure 1 and was
obtained by placing the packaged device in
the mount of figure 2 with bias supplied
through an HP11612A bias network. The
unstable characteristic (solid line) was
obtained by terminating the RF input port
of the bias tee with a short circuit.
Terminating this port with a 50 Q load
resulted in the stable characteristic
(dotted line). Had the magnitude of the

negative differential conductance been
significantly larger, suppression of
spurious oscillations would have presented
probl~ms [12].

3 The embeddinu network

We designed a coaxial mount (figure 2)
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Figure 1. Stable (dotted) and unstable (solid) I-V
characteristics of the MOCVD OBRTD. The dashed curve was
obtained with the packaged device in the mount of figure 2
and biaaed through an HPI1612A bi aa network, the rf input
port of which was terminated by a 50 Q load.

which mates directly with standard 3.5 mm
or sma jacks and used the EIO/A package in
order to maintain a uniform coaxial system
in our microwave measurements. The backshort
is spring-loaded and presses the package
against the centre conductor of the coaxial
line.

Determination of device microwave
properties necessitates transformation of
Sll measurements to the device terminal plane
in order to eliminate the intervening

parasitic associated with the mount-package
combination. The accuracy of the equivalent
circuit representing this combination
determines to a great extent the precision
of the modelling parameters attributed to
intrinsic device behaviour.

In determining the embedding network we
have found it sufficient to assume the
equivalent circuit shown in figure 2 to
represent the package with the following
physical significance attached to the cir-

cuit elements: L] = inductance of bond wire,

L2 = package inductance (assumed coaxial

[13,14]), C, = capacitance between chip

surface and top cap, CZ= capacitance between

pedestal and top cap.
S11 measurements between 45 MHz and 13

GHz were made on empty packages, a solid
brass dummy package and open and short
circuit packages using an HP851OB network
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Figure 2. Coaxial mount housing the EIO/A package in a 3.5
mm line and the equivalent circuit repraaenting the
package-mount parasitic; L, = 0.1S0 nH, Lz = 0.252 nH, Cl=

0.215 PF, C2= 0.0285 PF.

analyser fully calibrated at the package
plane. The purpose of these measurements was
to obtain trial estimates of the equivalent
circuit parameters and subsequently refine
these by curve-fitting first to the open
circuit and then to the short circuit data.

The measured admittance with an empty
package in the mount is approximately the

susceptance of C2. The dummy package is

approximately equivalent to a coaxial
inductance terminated by a backshort and

thus allows an estimate of L2 from the

measured impedance.
The other packages were carefully con-

structed to emulate the actual packaged
DBRTD. The open circuit package had a device
chip of the same dimensions as the actual
device soldered to the post. Since the bond
wire in the real device perturbs the field
in its vicinity, an identical wire was bonded
across the package flange and the middle
left close to but not touching the central
device area. For this configuration, the

circuit of figure 2 is reduced to Lz flanked

by Cl and Cz giving

l/(Ym-jWC2)-jWL2 = l/jwCl ( 1’)

where Ym is the admittance measured at the

package plane. C, was estimated from the

slope of (l’) and parameter values subse-
quently adjusted to obtain the best fit of

the calculated Yin(f) to the measured data.

The dummy chip mounted in the short
circuit package was Au-coated on all six
faces and was stitch-bonded as in the actual
device. This configuration emulates the real
situation more closely since the parasitic
elements are nominally identical. The com-
pleted package had a dc resistance of less

than 1 Q. L, was estimated from the known

length and diameter of the bond wire [15]
and used along with the previous estimates
as trial values in curve-fitting the para-
meters to the measured short circuit
admittance shown in figure 3. The best fit

was obtained with L, = 0.150 nH, L2 = 0.252

nH, Cl = 0.215 pF, C2 =0.0285 pF anda finite
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Figure 3. Admittance at the package plane with the short
circuit package in the coaxial mount: solid line - measured,
dotted line - calculated.
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package resistance of 0.8 S2 in series with

L1. There is good agreement between the

measured admittance and that simulated using
these values; in particular, the susceptance
plots are virtually coincident over the 45
MHz to 13 GHz test frequency range.

4 Device characterisation

S11 measurements were performed over the
frequency range 45 MHz to 13 GHz at 86
different bias voltages between -1.5 and 1.7
V with an HP851OB network analyser in
conjunction with an external voltage source

which provided bias through the analyser
bias port. The HP8510B was calibrated at the
measurement plane and the test signal power
was set to a nominal -20dBm.

The measurements were transformed
through the package-mount equivalent cir-
cuit, determined as described in section 3,

to obtain the device admittance, Yd(f)
(figure 4). We have assumed a simple model
for the DBRTD with differential resistance,

R(V) obtained from the dc I-V character-

istic, leaving the device capacitance,C(V),
to be determined from the reflection
measurements. The model parameters were
assumed to be frequency independent within
the test frequency range. The series

resistance, R.t was determined as follows.

Referring to figure 4, the device impedance,

Z~, is given by

‘(zd)
== R.+

R

1+(u)CR)2

El(zd) = –
WCR2

1+(wCR)2

(1)

(2)

C(V) may be estimated from (2) at any bias

voltage using Z~ and the known R(V). R. is

then found by substituting for C in (l). A

mean value of R.=4.4*0.SQ was obtained over

the test frequency range.
A more accurate method of determining

c(v) follows. The effect of R, on Zd iS

subtracted out to obtain an intrinsic

admittance, Yi.~~;
Y:l

tntr = Zd-R,
(3)

i.e., Yin,,(w)= G(V)+juJC(V)

where G= l/R is the differential conduct-

ance. The slope of the susceptance versus

frequency plot then gives C(V). The mean of

X{Yi.,,(W)} over the frequency range gives

another estimate of G(V).
,0 L, L, : %
t ,
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Figure4. Equivalent circuit representation of the admittance
meaaured at the reference plane A.

The percentage standard error in the

slope of S{Yin~,(~)}was found to be less than

3% with a negligible intercept at all bias
voltages. The results are shown in figures
5 and 6.

Of particular interest are the C(V)
results since these are the most extensive
published to date for a DBRT structure. The
capacitance peaks in forward and reverse
bias correspond to the respective peak
voltages. This is due to charge accumulation
in the quantum well at resonance. The

secondary peaks in C(V) at voltages near the
extremities of the bias range may be due to
a second, much more weakly-bound level in

the quantum well. The I–V characteristic
(figure 1) does not show evidence for this,

but at the corresponding voltages, the G–V
curve shows distinctive changes in dG/dV.

5 Simulation of experimental results

A convenient way of assessing the
suitability and accuracy of the small-signal
equivalent circuit model is to simulate the
measured S11 as a function of frequency using

the frequency-independent values ofR,, C(V)

and G(V) determined as described above. The
0.4 I I f
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Biasvoltage/V
Figura 5. Capacitance-voltage characteristic determined by
the analysis of reflection measurements as described in the
text.

20.0

5.0

0.0

5.0

-15.0 I I , , I , I
-2 -1 0 1 2

Biasvoltage/V

Figure 6. Differential conductance of the DBRTD. The daahed
line waa obtained by differentiating the I-V characteristic,
while the pointa represent experimental values obtained as
described in the text from the reflection measurement.
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Smith chart plots shown in figure 7 where
obtained by transforming the calculated
device admittance through the package-mount
equivalent circuit, thereby obtaining the
reflection coefficient looking into plane A
of figure 4. The maximum difference between

a. S11 at O.96V

b. Sllat 1.16V ,,” ‘.
‘,

,’ ‘!
/’ “
/

c.

45MHZ

Figure7. Smith charts showing measured (solid) and simulated
(dotted) S11 at some key bias voltages; a) 0.96v, b) 1.16v,
c) 1.41V.

experimental and simulated data was less
than 5% over all bias voltages. This is the
first small-signal study in whicha resonant
tunneling device has been characterised at
microwave frequencies at such a large number
of bias voltages and the results fitted with
high accuracy to the simple tunnel diode
model.

6 Conclusion

We have determined a small-signal
equivalent circuit model for a DBRTD over
the frequency range 45 MHz to 13 GHz. This
simple model is based on frequency-inde-
pendent parameters and accurately predicts
the small-signal properties of the device
using voltage-dependent differential con-

ductance, obtained from the de I-v
characteristic, and capacitance determined
over the entire test frequency range. We
believe that this was made possible primarily
by an accurate de-embedding technique which
was facilitated by the choice of package and
simple mount design which together allowed
S11 measurements to be made within an almost
entirely uniform 3.5 mm coaxial line.

The c-v characteristic supplies
important information on the physical pro-
cesses involved in the operation of RTD’s.
We shall comment on this aspect elsewhere.

Finally, this model has been used with
success in predicting the large-signal
device behaviour in CAD analysis using the
experimental results presented here [12].
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