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Abstract —Two planar indium phosphide Schottky diode designs have
been fabricated and analyzed for millimeter-wave detector applications up
to 150 GHz. Device structure and fabrication are discussed and small-sig-
nal equivalent circuit models are presented. The following topics are
included: the planar InP dicde structure fabricated by MeV ion implanta-
tion, dc and RF measurements, circuit model values, and 94 GHz small-sig-
nal detector performance. The zero-bias detector sensitivity at 94 GHz was
measured to be as high as 400 mV/mW, and the calculated tangential
signal sensitivity was — 56 dBm.

I. INTRODUCTION

CHOTTKY BARRIER diodes have applications in

microwave and millimeter-wave detector and mixer
circuits. InP Schottky barrier diodes have potential appli-
cation as zero-bias detectors due to the low barrier height
of metals on n-type InP. For application in monolithic
circuits a planar device structure is desired. By using
selective ion implantation, a planar structure can be formed
while maintaining the flexibility to incorporate other de-
vice structures in the same circuit. GaAs mixer diodes
fabricated by ion implantation with a maximum energy of
6 MeV have demonstrated excellent millimeter-wave per-
formance [1] but not in a planar format. In this work,
selective MeV ion implantation has been used to create
planar millimeter-wave InP Schottky barrier diodes. The
RF impedance values of these diodes are not easy to
measure directly at millimeter-wave frequencies, so it is
common to measure them at lower frequencies and extrap-
olate the results. Effort has been made here, with measured
data up to 25 GHz, to separate the diode equivalent circuit
terms so that each individual element value is quantita-
tively correct, in order to maximize the extrapolation accu-
racy.

II. DEVICE STRUCTURE AND FABRICATION

The cross section of the planar Schottky barrier diodes
to be described here is shown in Fig. 1. The diodes were
designed to function in either a mixer or a detector circuit.
For high-frequency operation a diode with low capacitance
and low series resistance is necessary [2], {13]. Typical
construction of a high-frequency device compatible with
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Fig. 1. Vertical structure of planar Schottky diode.

monolithic integration requires a thin (approximately 0.2
pm thick) n-type layer with a carrier concentration of
5%10' to 1x107 cm™* on top of a 2-3 pm thick n*
layer with a carrier concentration of 2X10'® cm™> on a
semi-insulating substrate. These devices were formed by
selective MeV Si implantation into semi-insulating InP
substrates. The implantation schedule was designed to
approximate the above carrier concentration profile and
consisted of energies of 1.1, 1.75, 2.75, 4.0, and 6.0 MeV
with fluences of 1.0, 1.2, 1.35, 1.5, and 1.5x10'* cm~2
respectively. For the purpose of masking this implantation,
a 3.5-um-thick Au film on top of a photoresist layer was
used. Using this masking technique, the mask is removed
by dissolving the underlying photoresist layer in acetone.
Implants were activated with a 15 minute close-contact
furnace anneal [3] at a temperature of 725° C. AuGe/Au
alloyed at 420° C was used to form an ohmic contact with
a contact resistance of 0.05 €-mm to the n™ layer. The
Schottky barrier metallization was Au. The surface metal-
lization patterns for the two specific diodes studied are
shown in Fig. 2. Solid lines indicate the diode with a 1x45
pm anode finger in Fig. 2 while the diode with a 1 X5 um
anode finger is shown in dashed lines. The selectively
implanted region follows the outline of the ohmic contact
metal pattern (the left side in Fig. 2) and includes the
finger region. The Schottky barrier bonding pad rests on
the semi-insulating InP substrate.

IIL

The I-V characteristics of a typical 1x45 um finger
diode and a 1x5 pm finger diode are shown in Fig. 3.
These measurements were made with automated test
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Fig. 2. Planar Schottky diode metallization pattern. (a) Solid
outline—1 X 45 pm anode finger diode. (b) Dashed outline—1 X5 pm
anode finger diode.
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Fig. 3. InP Schottky diode IV characteristics. a: 1X45 pm anode

finger; b: 1 X5 pm anode finger.

equipment and with four-probe techniques to eliminate the
effect of probe resistance on the measurement. Diode
series resistance values, RS in the circuit shown in Fig. 4,
were taken from a plot of these characteristics in the
region of high forward current [4]. The remaining equiva-
lent circuit element values not arrived at by direct calcula-
tions were deduced from S-parameter measurements from
1 to 25 GHz.

Ideality factors of the 1X5 pm and 1X45 pm finger
diodes were calculated to be 1.4 and 1.2, respec-
tively. Barrier heights, ¢,, were calculated from ¢, =
(kT/q)In(A**T?/J5), where g is the electronic charge, k
is the Boltzmann constant, T is absolute temperature, and
Js is the saturation current density. A** is the effective
Richardson constant, with A**=0.5(m*/my)A (see [13,
pp. 53-54]), where m* is the electron effective mass, m, is
the electron rest mass, and A is the Richardson constant.
For the calculated effective Richardson constant of 4.8
A/cm?/K? and from the saturation current determined
from the forward I-V characteristics, the barrier heights
were calculated to be 0.33 and 0.38 eV for the 1X5 pm
and the 1Xx45 pm finger diode, respectively.

S-parameter measurements on these diodes were made
directly on the chip [5], [6], using a Cascade Microwave
model 54 probe station with a Hewlett Packard model
8510 network analyzer. Center-to-center separation be-
tween the probe points was 150 pm. The cross marks on
Fig. 2, labeled P5 and P45, show where the centers of the
measuring probes fall for the diodes having 5 and 45 pm
long anode fingers, respectively. At discrete dc bias points
from —1.5 to +0.45 V, for each diode, S11 was measured
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Fig. 4. Equivalent circuit for InP Schottky diode.

at 2 GHz intervals from 1 to 25 GHz. Calibration for the
network analyzer and the probe was of the single-tier type,
wherein the error correction is done directly at the probe
points as recommended by Cascade. Semirigid cables were
used for phase-stable attachment to the network analyzer.
A short, an open, and a 50 € +0.1 percent resistor,
supplied by Cascade on an impedance standard substrate,
were used for probe calibration. After calibration the short,
the open, and the 50 @ resistor were rechecked to test
repeatability, and other values of resistance, such as 12.5

- and 200 €, were checked to see that the impedance looping

around the Smith chart resistance axis was small enough to
be inconsequential at the high end of the frequency range.

IV. MODELING

The equivalent circuit used in this work is shown in Fig.
4. CSW is the sidewall capacitance [7], and CF is the
capacitance between the anode and cathode metal patterns
[8]. The reflection coefficient, S11, of the diode in the 1 to
25 GHz frequency range is relatively insensitive to the
distribution of the capacitance among CF, C(V'), and
CSW. 1t is also relatively insensitive to the distribution of
resistance between RS and R(V). Therefore, although the
computer optimization of the element values to produce
the measured reflection coefficient is always possible, the
optimized element values are not necessarily correct be-
cause there are too many circuit elements to ensure a
unique result. In the work reported here, values of CF and
CSW were calculated, after which the computer optimiza-
tion program could produce values for C(V') which were
consistent in the sense that they were independent of the
magnitudes of the starting values.

It was found that the value of the inductance was very
critical when the diode was strongly forward biased. The
phase angle of the reflection coefficient there is strongly
dependent on the inductance, and it is in this region that
the angle of the reflection coefficient changes from nega-
tive (predominantly capacitive reactance) to positive (pre-
dominantly inductive reactance). Therefore, the value of L
in the circuit of Fig. 4 was set to match the reflection
coefficient of the circuit to the wide-band measured data
at strong forward bias for both diodes, producing an
optimum inductance value for each diode of 0.08 nH.

After setting the values of all of the fixed parasitic
elements in the equivalent circuit as described above, com-
puter optimization of both of the voltage variable elements
was possible. Values of the parasitic terms are given in
Table 1 and curves of the values of R(V) and C(V) are
given in Fig. 5. The shapes of the curves of R(V) are
typical of Schottky barrier diodes [9], including the peak in
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TABLE I
EQUIVALENT CIRCUIT PARASITIC ELEMENT VALUES
DIODE TYPE| CF(fF) RS(Q) L{inH) CSWIiF)
1x5 12 10 0.08 2
1x45 20 6 0.08 16
10000
L
1000}
RIV) B
OHMS
1001~
L
el -
fF
10
1 i 11 . P
~15 -10 -05 0 +0.5
Vgias (VOLTS)

Fig. 5. Equivalent circuit voltage variable element values.

resistance at negative bias and the rapid decrease in resis-
tance at forward bias.

Error bar estimates on Fig. 5 were produced in the
following way. Because of the convoluted involvement of
each piece of impedance data at each frequency with each
calculated equivalent circuit element value, it is virtually
impossible to ascertain the absolute accuracy of each of
the calculated equivalent circuit element values at each
bias point. Nevertheless, it is our estimate that the accu-
racy of the value of RS and the calculated CSW and CF
values are within 10 percent and that the complex
impedance measurement error averages about 5 percent. It
is from these error values that the error bars on Fig. 5 were
derived.

V. 94 GHz DETECTOR

The curves of Fig. 6(a) and b show the extrapolated
calculated values of the diode reflection coefficient versus
bias from zero to 150 GHz. Notice that in Fig. 6(a) there is
no value of bias for which the reflection coefficient is low
at high frequencies. This is in contrast to Fig. 6(b), which
shows that for a bias voltage of +0.3 V the reflection
coefficient magnitude is less than 0.38 from zero to 150
GHz. This corresponds to a VSWR of less than 2.2 over
that frequency range. For ultrafast rise time pulses, this
1X 5 pm diode provides an excellent broad-band detector,
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Fig. 6. Extrapolated reflection coefficient magnitude versus frequency
at various bias voltages for (a) 1 X45 pm diode and (b) 1 X5 pm diode.
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Fig. 7. Test fixture for 94 GHz detector tests—input port WR10 wave-
guide.

with unusually good match in a 50 £ system with no
external matching network.

As a result of the good broad-band capability of the
1X5 pm diode, including the 75 to 150 GHz range which
is of interest in other NRL work [10], it was checked as a
94 GHz detector with no external matching network. The
test fixture for the 94 GHz detector tests is shown in Fig.
7. A common specification of detectors includes the output
voltage into a 1 M load with zero bias. The solid curve of
Fig. 8 shows the results of that measurement on the 1X5
pm diode with it mounted in a WR-10 waveguide-to-coax-
to-microstrip transition for the 75 to 110 GHz frequency
range [11]. The transition has about 1 dB of insertion loss,
for which no correction has been made in these data; the
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Fig. 8. InP Schottky diode, 1 X5 pm, detector sensitivity: Frequency =

94 GHz; V'bias =0; Rload =1 MQ.

input power shown on Fig. 8 is that incident on the
waveguide.

The method outlined in [12] was used to produce the
calculated curve in Fig. 8, with careful attention given to
the interpretation of the terms used, as will now be de-
scribed. The final expression in [12] for voltage sensitivity,

B,, is
B,=05/[(Isar + I)(1+ R, /R, )(1+ (oG R,R, |

where I, = the diode saturation current, I,=dc bias
current, R, =1/(dl/dV’) at the bias point, R, = the load
resistance, w = radian frequency, C, = C(V') = the junction
capacitance, and R, = the diode series resistance. Looking
at the curve of R(V) in Fig. 5 for the 1 X5 um diode, it is
apparent that the value of R(¥) given there is not the
same as the R in the expression given here, since at zero
volts dc,

R, =1/(dl/dV) =1/[(q/nkT )(Isnr)] = 470 k.

Therefore, the total R(V') for the 1 X5 pm diode in Fig. 5
may be estimated to consist of the parallel combination of
R, and some leakage or surface resistance of approxi-
mately 9000 £, since the total resistance peaks at this value
in the bias voltage range where R, is very large. Under
these conditions, R, in the expression above becomes the
9000 Q value, rather than the much larger 1 MQ external
load resistance in parallel with it at dc. The expression for
B, above relates detected dc voltage to RF power entering
the diode, which is the input power minus 1 dB for
transition dissipation loss and another 1 dB for loss due to
reflection from a VSWR of 2.1 which was measured at the
waveguide flange. With these assumptions the calculated
curve in Fig. 8 shows rather good agreement with the
measured data. The voltage sensitivity of this detector
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Fig. 9. Measured detected voltage into 1K load and calculated fre-
quency sensitivity versus bias at 94 GHz.

ranges from 200 to 400 mV /mW. This compares favorably
with commercial broad-band detectors in various manu-
facturer’s catalogs having sensitivities of 20 to 750 mV /mW
for the 75 to 110 GHz range.

For applications such as a crystal video receiver, the
tangential signal sensitivity (7SS) is a useful figure of
merit for a detector diode. The 7SS of a diode, for a 1.0
MHz video bandwidth, a noise temperature ratio of ap-
proximately unity, and with negligible noise contribution
from the video amplifier, can be related to a figure of
merit, M, as follows [13]:

TSS = —(51+10log(M/60))  in dBm

and
M=p(z,)"

where Z, is the video impedance, RS + R(V'), and B is
the frequency and bias sensitive current rectification effi-
ciency,

B=B,(P /P,).

Here B, is the low-frequency current rectification effi-
ciency, equal to (a/2), where a is the voltage multiplying
term in the diode current equation:

I=1I,(e*~1)

and the term (P, /P;,) is the ratio of the power which
actually enters the active junction to the power incident on
the diode. Fig. 9 shows two curves of 94 GHz performance
versus bias voltage: one is the measured detector voltage
across 1 k€2, which would be a reasonable load for such
applications and with 0.1 mW of RF input power; the
other is the calculated ratio (P;/P;,). The similarity of
these two curves supports the validity of the model devel-
oped here. The value of a is 27.6 for the 1 X 5 pm diode,
derived from the curve of Fig. 3(b). Using this and Fig. 5,
a value of about 200 for M is deduced, leading to a
respectable value of —56 dBm for 7SS at 94 GHz.

VI. CONCLUSIONS

Planar InP Schottky diodes for millimeter-wave frequen-
cies are feasible using selective MeV ion implantation into
semi-insulating substrates. Good detector sensitivity with
extremely wide-band match is possible. Their performance
can be approximately calculated through lower microwave
frequency modeling.
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