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4H-Silicon Carbide Schottky Barrier Diodes for
Microwave Applications

Joakim Eriksson, Niklas Rorsman, and Herbert Zirath, Member, |EEE

Abstract—In this paper, physical models for vertical 4H-sil-
icon carbide (4H-SIC) Schottky diodes are used to develop a
design method, where a maximum cutoff frequency for a given
punch-through is achieved. The models presented are also used
to extract microwave simulator computer-aided design (CAD)
models for the devices. A device process was developed and
Schottky diodes were fabricated in-house. Characterization of the
devices was performed and compared to the theoretical models
with good agreement. A demonstrator singly balanced diode
mixer was simulated using the developed models. The mixer was
fabricated using thein-house developed diodes, and measurements
on the mixer show good agreement with the CAD simulations.
A conversion loss of 5.2 dB was achieved at 850 MHz, and an
excellent ITP; of 31 dBm at 850-MHz RF was measured, at
30-dBm Py . These results verify the enhanced properties of the
SiC Schottky diode compared to other nonwide bandgap diodes.

Index Terms—Device modeling, microwave mixers, Schottky
barrier diode (SBD), silicon carbide (SiC).

|. INTRODUCTION

N THE NEXT generation of mobile communication sys-

tems, multicarrier modulation schemes are used. The de-
mands on the linearity of circuits, like the frequency mixer,
are then increased. One-way of increasing the linearity is to
use high-level loca oscillator (LO) signals. It is therefore de-
sired to combine high-frequency operation with high-power (or
high-level) operation. In order to comply with such specifica-
tions, the use of devices fabricated in wide-bandgap materials
such as silicon carbide (SiC) is a viable option. SiC devices
take advantage of material properties such as a wide bandgap
(3.25eV) [1], ahigh critical field (2.5 MV/cm) [2], ahigh elec-
tron saturation velocity (2.2 - 10° cm/s) [3], and a high thermal
conductivity (4.8 W/cm/K) [4].

Most work on microwave wide-bandgap semiconductor
devices today is focused on power transistors, for instance,
[5]. However, microwave diodes are widely used for frequency
trandation in the microwave industry. One circuit that takes
advantage of the unique material properties of SIC is the
high-level diode mixer. A high-level mixer is an interesting
component in communication systems, mainly since the
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third-order intermodulation is inversely proportional to the
sixth power of the LO current [6], making circuits with very
low intermodulation distortion (IMD) possible at the cost of
high-input LO power. Handling high-power signals normally
requires an increased number of switching elements in the
mixer when using conventional GaAs or Si Schottky diodes,
making the design and fabrication complex.

In the recent decade, 4H-SiC has devel oped to be amore ma-
ture and characterized material. Schottky contacts to SIC have
been thoroughly investigated regarding their transport mecha-
nisms and barrier height. At the same time, measurements of
mobility, effective masses, and shallow donor levels have made
it possible to calculate the conductivity theoretically for agiven
doping. Investigations of the breakdown related to avalanche
multiplication gives the possibility of calculating the critica
field or breakdown voltage for a given device. Using the pub-
lished results and models (Section I11), we investigate one way
of optimizing the 4H-SIC Schottky barrier diodes (SBDs) for
maximum cutoff frequency. That is, we build an equivalent cir-
cuit for the diode based on theoretical results and measurements
of physical quantities. By comparing the theoretical and mea-
sured results (Section 1V), we are able to verify the models. By
doing this we are able to go from basic solid-state physics, via
device design, to achieve models usable in circuit design. It is
important to point out that a microwave SiIC SBD differs con-
siderably in the epitaxial-layer (device structure) design from a
high-voltage SBD for which there has been numerous publica-
tions (see, for instance, [7]).

We demonstrate the potential of designing and modeling the
SiC SBD in this way by designing and fabricating a smple
singly balanced microwave mixer circuit using two of our
diodes. This was the first SIC Schottky diode mixer published
[8], athough an SiC pn-diode mixer had been presented earlier

9.

Il. MODELING THE SBD

The structure of the vertical Schottky used in this work is
shown schematically in Fig. 1. The equivalent circuit model for
thisstructure consists of voltage-dependent elements (Fig. 2). In
the small-signal case, the parallel coupled junction conductance
¢; (V) with thejunction capacitance c; (V') in serieswith the se-
riesresistance rs (V') describesthe device [see Fig. 2(b)]. Inthe
large-signal case, the junction charge ¢2;(V') and the junction
current 1;(V') is used [see Fig. 2(a)], since the total current of
the diodeis simpleto calculate as afunction of junction voltage
from these quantities.

0018-9480/03$17.00 © 2003 IEEE
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Fig. 1. Split view of the Schottky barrier structure.
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Fig.2. (a) Small-signal circuit model and (b) large-signal circuit model for the
SBD. V isthejunction voltage.
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A. Circuit Model Elements

In this section, the equations describing the elementsin Fig. 2
are given. These equations may be used in microwave com-
puter-aided design (CAD) systems for the design of microwave
circuits.

1) Series Resistance Rg: The total series resistance of a
diode structure as in Fig. 1 is due to the resistance in four
regions; the quasi-neutral region (Rqgn), which is the nonde-
pleted region of the drift layer, the buffer region (R ue:), the
substrate region (R.y,), and the ohmic contact (R¢). It isonly
the resistance of the quasi-neutral region that is voltage-depen-
dent. By summing all four, we get the series resistance of the
vertical SBD device [11]

RS(V) = RQN(V) + Rbuﬂer + Rsub + RC~ (1)
The series resistance [see (1)] may be rewritten as

tdrift - W(V) + tetched) L 1

O drift wr?

Rs(V) = < +Rc

2

where ¢, and teicnea are the thicknesses of the drift epi layer
and the etched depth in the buffer epi layer respectively, oayit:,
Ophutier aNd 7y, are the conductances for the drift epi, buffer
epi ,and the substrate, respectively, and r is the radius of the
Schottky contact.

We have neglected the difference between the conductance
for the buffer and the substrate in the second-to-last term be-
cause the conductivities are almost equal. The depletion layer
width W (V) is given by

Ohuffer 27 Osub”

<Vbi -V - k’;T> ©)

where ¢ isthe electron charge, £, = 9.7¢¢ isthe dielectric per-
mittivity of SIC, V},; is the built-in potential, V' is the applied

voltage, kp is Boltzmann's constant, 7° is the temperature in
Kelvin, and Np, isthe donor concentration.

For frequencies below 25 GHz and adiode radius of lessthan
50 pm, there is no need for skin depth correction to the series
resistance equation, due to the greater skin depth of SiC com-
pared to other materials with higher mobility.

The series resistance is calculated using a conductivity that
depends on donor concentration, electricfield (E), temperature,
and the angle of the electron transport vectors to the ¢ axis (6).
The conductivity is given by the product of electron charge (g),
electron mobility (1.,,), and the number of free electrons (n) in
the material

U(NDv E7 T7 Q)IQ'N(NDva T7 Q)H(ND,T) (4)

Using (5) and (6), we calculate the number of free electrons »
which isused in (4).

Theeffectivedensity of states (EDOS) in the conduction band
is[12], [13]

3/2
N, =1.676-10'° L
300

0.927\%? —0.12.¢
=== — 1 5
< * <0.764) eXp( kT ) ®)
which, for T = 300 K, gives N, = 1.697 - 10'° cm—3.
We assume an n-type material, which implies that » is equal
to the number of ionized donors N} The ionization grade for

donors is found by solving the third degree equation (6) for
7‘L/ND

o ND »/Np
Np E.—Fy
1+g.5 N exp( T )
n ND,k/ND ©)
1 n E.—E,\’
—l—gc r Ny P\ ST

For the polytype 4H-SiC, there are one-half hexagona donor
sitesand one-half cubic donor sites, whichmeans N, 1, /Np =
1/2 and Np »/Np = 1/2, where Np is the total donor con-
centration. The energy difference between the conduction band
edge and the donor level for hexagonal and cubic sites are 52.1
and 91.8 meV, respectively [14], g. is the donor level degen-
eracy factor which isequal to 2 for donorsin SIC, and k5 isthe
Boltzmann constant. The percentage of ionized donors varies
with temperature and doping (Fig. 3).

The low field mobility is strongly dependent on the concen-
tration of donor atoms (Fig. 4). The Hall mobility of 4H-SiCfol-
lows the Aroramodel and has been experimentally determined

[15] as
(&) o

= 0.61,

Hmax

14+ (ND+1\4>

WHEre iy = 947 cm2/Vs, Nyer = 1.94-10" cm=3, v
a = —2.15,and Ty = 300 K.

The low field mobility is anisotropic for 4H-SiC. 14,,, 1 and
tin, || @€themobility perpendicular and parallel to the c axis, re-
spectively. The quota 1i,,, 1 /41, || has been measured to be 0.83

Hn, L =
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Fig. 4. Low field mobility versus doping for different temperatures. The
mobility is given for transport perpendicular to the ¢ axis.

[15]. The mobility for a given angle of the electron transport 6
to the ¢ axis of 4H-SiC is

2
f = /,LnJ_\/<M> cos2 0 + sin? 6. (8)

//Ln, 1

If apoint contact is assumed at a surface, the current that flows
out from this point in a half sphere with basis at the surface
has an average mobility value of i, ave = 1.0944,, 1. This av-
erage value is used to compute the spreading resistance in the
substrate.

2) Junction Charge/Junction Capacitance Model, ¢;(V)
and Q(V): The differential junction capacitance for acircular
diode is [16]

=99 _ e 9¢-Np
V) =gy =m \/ Wi =V —kpT)g)

where () is the charge in the semiconductor and ¢, = 9.7¢z¢ is
the dielectric permittivity of SiC. The charge @, (V) associated
with the junction capacitance is given in [11] by integrating (9)
with respect to the voltage

+ Qo
(10)

v
Qi(V) = —2¢jo(Vii — ksT/q) \/1  Vii—ksT/q

where ¢; is the zero-bias differential junction capacitance and
(o isan arbitrary integration constant.

The flat band barrier height ¢ and the doping of the drift
epilayer (Np) determines the built-in voltage (V4,;)

kg1 N,
Visi = G — ]Z 111<ND>-

(11)

Thesemodelsarevaidfor V < (W, —kgT/q).ForV > (Vi —
kBT/q), no simple model exists. To determine the capacitance
for this case, the transport equations hasve to be solved together
with the Poisson equation.

3) Current Density/Incremental Conductance Model, I,;(V),
g;(V): Thecurrent density using thermionic emissiontheory is
[16]

J;(V) = A*T? exp <;Z);?> <exp <77Z%> - 1) (12)

where Ax isthe Richardson constant, ¢1,,, isthe barrier height,
and ny istheideality factor. If the current transport isthermionic,
77 is equal to unity, but the ideality factor is often greater than
one, due to the tunneling current. A good SBD has an ideality
factor of less than 1.2. Equation (12) is a good approximation
for the current of aforward-biased 4H-SIC SBD [22]. The in-
cremental conductance g;(V') for acircular diodeis[11]

' _oL(V)  ,0d(V)
5\V) ==y =™ v
Inthecase of aforward-biased diodewherethetransport is dom-

inated by thermionic emission [17], ¢;(V) is

mr? AT (=) qv
P X X - | .
9i 77]<JB P k‘BT P 77/<JBT

When the diode is reverse biased, the tunneling current contri-
bution cannot be neglected. g; (V') and J; (V') arethen evaluated
using a numerical evaluation of (15). The total current in-
cluding the tunneling current is calculated using the WKB
approximation to a parabolic barrier given by the depletion
approximation [18]. Furthermore, image force lowering of the
barrier is introduced.

Weassumethat the current in the depletionregionisrelatively
low. The few carriers present will therefore not perturb the po-
tential. The use of the potential of the depletion approximation
isthen justified. The reverse current density is

J:ATX/ T(E)
0

ks
.. < 1+ exp[(—qVn — E)/kpT)]
1+ exp[(—¢V,, — ¢V — E)/kpT)

(13)

(14

) dE (15)
where
qV, = E. — Ep. (16)

Using the effective masses from [12], the Richardson constant
(A*) iscalculated to be 151 A - cm—2.K 2,
The tunneling probability has a closed-form expression [18]

* VE; +E —E
T(E)zexp[h%,/”;\;:x@m b+\/Eb

~VE; VE; - E) (17
where
Eb* = Q(Vbi — V) (18)
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Imageforcelowering (IFL) isincluded in this approximation by
modifying the barrier height at the interface [19]

Phn = P + A,

where Agy,, isthe image force lowering.
The IFL adjustment of the barrier height is

TN EpT\\"*
L <vbi—v— FBL )) (20)
8n*(es)es q

(19)

Adn = (

where ey = 6.7¢ isthe high-frequency dielectric permittivity
of the silicon carbide.

B. Breakdown \oltage

Itisoften desired to drivethe component material to itslimits,
e.g., achieve voltages as high as possiblein thereverse direction
before breakdown. The critical field (£.,.) for materials with
doping concentrations of 10'° < Np < 10'® cm~—2 is calcu-
lated using [2]

Ecr, ref
1- %Lloglo(ND/Nref)

where Ee; rer 152.49 - 10° V/em, and Nye; is 1016 cm=3. The
breakdown voltage is then given by [16]

E. = (21)

(]NDW2 ESEQ
B o =g~ (22)
I11. MICROWAVE OPTIMIZATION
The cutoff frequency is defined as
fom (23)
e 27T0j0R5

where ' isthe junction capacitance at zero biasand Eg isthe
series resistance of the device. It iswidely regarded as afigure
of merit, and it isimportant for varistor applications.

Using the equations of breakdown voltage, punch-through
voltage, series resistance, and junction capacitance, we can op-
timize the structure for maximum cutoff frequency for a given
punch-through voltage.

The drift-layer thicknessis designed to reach punch-through
(depletion of the entire drift-layer thickness) at the chosen
(selected) reverse operating voltage. The upper limit for the
doping concentration of the active (top) epilayer for thisvoltage
is determined, by calculating the breakdown voltage versus
doping (Fig. 5) from (21) and (22). If the doping is higher,
avalanche breakdown will occur before the punch-through
voltage of the drift epilayer is reached. If the doping is lower,
the punch-through voltage device will reached first. We choose
a doping concentration below the upper limit. The depletion
layer width from (3) then gives the desired thickness for the
top epilayer using the design voltage and doping concentration
(level) from above (Fig. 6).

The depletion width is used to calculate the junction capac-
itance ¢; [see (9)] and the series resistance Ks [see (2)]. The
cutoff frequency isthen calculated using (23). The exact choice
of the doping concentration for the design will later be deter-

Donor concentration [cm'3 1

Fig. 5. Breakdown voltage versus doping.

Depletion width [um]
o O o O

I
Donor concentration [cm'3 ]

Fig. 6. Depletion width versus doping. The different curves are for different
punch-through voltages.

mined by the doping that gives the highest cutoff frequency.
Different choices of doping/thickness will give different series
resistance and capacitance and, consequently, different cutoff
frequencies.

Two diagrams (Figs. 7 and 8) are given for the cutoff
frequency optimization, with radius and doping used as the
variables, respectively. A buffer thickness and doping of
0.5 pmand 8 - 10'® cm~3, respectively, and a substrate doping
of 1 - 10'° cm~—2 are assumed. In the figures, a maximum
reverse voltage of 50 V before punch-through is also assumed.
The substrate and buffer are not considered in the breakdown
calculations, since the depletion region should not extend into
these regions, and hence most of the voltage drop is over the
top drift layer.

The highest cutoff frequency isachieved for low doping and a
small radius (Figs. 7 and 8). However, depending on the radius
of the diode, the doping that gives the maximum in the cutoff
frequency varies between 2 - 10'® and 2 - 10'7 cm~—2 for radii
of 50 to 5 um (Fig. 8). For diodes that will be contacted with
bond wires, aradius of at least 10 m isrequired.

For a 10-.:m radius device, the maximum cutoff frequency is
83 GHz isgiven for adoping of 5 - 10'® cm—2. Schottky diodes
in circuits are usually used well below their cutoff frequency. If
the cut off is 10 times higher than the operating frequency of
the circuit, the model isvery good. Basically, the further the de-
viceisoperated below the cutoff frequency, the better the model
(Fig. 2) works. Using (3) (Fig. 6), the thickness of the layer
should be 1.05 ;:m. Thereverse current is calculated, using (15).
Assuming that atitanium (Ti) Schottky diodeis used with abar-
rier height of 0.88 eV and the previously determined doping, the
reverse current is calculated to be 2 ;A at areverse voltage of
50 V.

In amixer or multiplier circuit, the seriesresistanceisan im-
portant parameter since it determines the conversion loss and
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Fig. 9. Seriesresistance (Rs) as afunction of Np, r = 10um, taen =
depletion width at punch-through for a reverse junction voltage of V. Rs is
gvena V. =0VW.

limits the current. It may thus be better to lower the series re-
sistance, even if this also means reducing the cutoff frequency.
Fig. 9 shows the series resistance for a diode with a radius of
10 ;xm with different design alternatives in doping and punch-
through voltage.

In conclusion, this optimization for a 50-V punch-through,
10-1:m radius Schottky diodes give a device with a maximum
leakage current of 2 A and a cutoff frequency of 83 GHz. The
zero-voltage junction capacitance ;g is0.19 pF, ¢; min iS26 fF,
and the series resistance Rs(0 V) = 10.2 Q.

IV. EXPERIMENTAL INVESTIGATION OF THE 4H-SIC SBD

The material available at the time of diode fabrication was
not the material optimized for in the previoudly given example.
However, diodesfabricated on anonoptimal material thatissim-
ilar in structure can verify the models and principles of the de-
sign method and (aswill be presented in the following sections)
used to build a demonstrator mixer.

A. Device Structure and Processing

The SBD is described in Fig. 1. All epi-layers and the sub-
strate are n-type. The doping concentration for the drift layer,
buffer layer, and substrate is 2.8 - 107 cm—3, 8 - 10'% cm—3,
and 1.1 - 10*° cm—3, respectively. The drift layer, buffer layer,
and substrate are 0.38, 0.5, and 340 n:m thick, respectively.

The epi-layers and the Schottky contact was grown and
deposited on the Si-face of the wafer. Mesas are etched by ion
beam etching (IBE) with Ar using Ti as an etch mask, which
was removed after the etching. The sample was cleaned using
H5S0, : H2 05 (3:1) for five minutes and also by the RCA
Standard Cleans. Schottky barriers are formed by lift-off of
evaporated of Ti—Au. Prior to Schottky contact evaporation,
the sample was dipped in diluted (4%) HF for 10 s. A backside
contact was formed by Ni-evaporation and annealing at 950 °C
for 5 minin Ar:Hs (10:1) atmosphere. Finaly, the backside
was gold-plated.

B. Results

Measurements of theresistancefor several different radii give
the following curve fit equation:

Rs = 1055072 +52.2r 1 4+ 0.27 [Q]

where » is given in micrometers.

Using abackside areaof 8 x 8 mm, we can calculate the spe-
cific contact resistance pc to be 4 - 10~* ©cm—2. Thisvalueis
several magnitudes worse than what should be expected from an
optimized ohmic contact process (<10~* 2cm=2). However,
the contact resistance is small for most devices compared to the
spreading resistance for the substrate. In the theoretical predic-
tions, an optimized process with negligible R~ was assumed.
Theoretically the seriesresistance is given by (2), and inserting
measured temperature, thicknesses, and dopings gives

Rs =952r"2 +53.2r 1 [Q]
T =300K
tetched = 0.17 pm. (25)

The 1/r term isthe contribution from the substrate, and 1/72 is
contribution from the cylindrical portion of the device (Fig. 1).
Considering the used processing methods, the 1/7% term is the
most uncertain and it is very possible that etch damage may
have been induced that would render an effective teicpeq Close
to 0.31 ;m, which then would give

Rs =105.5r 2 + 532771
T =300 K
tetchied = 0.31 #m

(24)

[€]

(26)

which is very close to the measured results [see (24)].
Measurements on 11 diodes with aradius of 50 xm showed
(Fig. 10) adifferencein capacitance of lessthan 1% for different
diodes over the voltage swing of 0to —40 V. The measured V},;
was 0.97 V and N, was measured to be 2.8 - 107 cm—3. This
gives, by (11), a¢%, = 0.97+0.11 = 1.08 eV. The capacitance
scaled linearly to the diode area as predicted by theory (9), thus
yielding
Cjo = 4.6872

[fF] (27)

for the measured capacitance.
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Fig. 10. Capacitance-voltage characteristics for the reverse-biased diode.
The solid C=V' curve shown represents the average of measurements on
11 diodes with an anode radii of 50 ym. The C;, for these diodes were
approximately 11.7 pF. The dashed line is modeled data for a constant doping
of 2.82- 10" em~%, and V4,; = 0.97 V.
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Fig.11. Current-voltage characteristicsfor the forward biased diode. Theline
representsthe average current—voltage curvefor four diodes, with an anode radii
of 50 p«m. The dashed lines show modeled behavior for the device. The higher
Rs value of 8.5 (2 isdue to an added probe resistance of 7.1 2.

I-V measurementsfor voltagesfrom 0.2t0 0.6 VV gave abar-
rier height of ¢5,, = 0.88 eV. It has been noted previously by
othersthat thereisalarge difference of barrier heights extracted
from I-V and C-V measurements [17], [20].

When the I-V value (¢4.") is used, and additional lowering
by IFL (A¢ g, ) isadded to the model (19), agood agreement be-
tween measured and theoretical prediction [see (12) and (15)] is
achieved for both forward (Fig. 11) and reverse current (Fig. 12).
In addition, a four-probe measurement on the diodes was made
to accurately determine the series resistance, and it yielded the
lower value of 1.36 €2 in Fig. 11. The higher value of 8.5 {2
included the probe resistance, which was 7.1 €2. That measure-
ment was also used to extract the curve-fit equation (24). The
considerably lower barrier height for the /- measurements
compared to the C-V measurements can be explained by more
advanced models taking a statistical distribution of the barrier
height into account [21]. However, that approach, although it
is more true to the real physics of the device, will give another
fitting parameter to be determined, which is dependent on ex-
perimental values. The model we used can predict the reverse
current with fair accuracy and theforward current with excellent
agreement. The reverse current is overestimated by the model,
especialy for low voltages. The model only predicts the be-
havior in the drift layer and not the buffer layer, which is why
we seethetailsin Figs. 10 and 12 for the measured values.
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Fig. 12. Current-voltage characteristics for the reverse-biased diode. Theline
representsthe average current—voltage curvefor eight diodeswith an anode radii
of 50 pzm.The dashed lines show the modeled characteristics.
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Fig. 13. Mixer topology.

TABLE |
CAD-MODEL PARAMETERS FOR A 40 x 40 m SBD
Element | Value
Tio 0.5pA
Rs 250
Cio 2.4 pF
Vi 097V
n 1.08

V. MIXER DESIGN
A. Design and Experimental Setup

The mixer was designed at alow frequency (850 MHz) with
relatively large square diodes (40 x 40 pm) to facilitate a quick
fabrication of the circuit. The singly balanced mixer was chosen
sinceitisasimplecircuit with fewer possible error sourcescom-
pared to a more complex design with smaller diodes.

The topology of the singly balanced diode mixer circuit [11]
isshown in Fig. 13. The mixer was designed for minimum con-
versionloss (CL) using acommercia microwave CAD program
(Microwave Design System (MDS), Agilent). The diodes were
modeled using the parametersin Table|. These parameterswere
extracted from (24) and (27) (Figs. 10 and 11).

Themixer consists of two diodes (D and Ds) combined with
a90°-hybrid. The LO and RF are applied to two mutually iso-
lated ports. The diodes are connected to the other ports with
opposite polarity. The bias current is fed through two inductors
(L1 and L) working as RF chokes. The capacitor C; isused for
dc blocking and decoupling. The capacitors (C> and C3) and
inductor (L3) at the IF port is a low-pass filter and dc block.
The mixer was fabricated on a duroid-substrate mounted on a
copperplate. Chip capacitors and inductors were soldered to the
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Fig.15. ConversionlossversusLO power. Curvesaregiven for three different
RF powers. Solid lines are measurements, and dashed lines are simulations.

substrate. The diodes were diced and soldered and bonded on
an alumina-carrier. The carriers were then glued to the substrate
and wire bonded to the circuit. SMA contacts were used for the
RF, LO, IF, and dc connections.

The diodes were biased with a constant current and the mea-
surements were performed at an RF of 850 and 1280 MHz,
since these frequencies give a minimum CL and highest LO-
to IF-port isolation, respectively.

B. Results

In this section, the performance of the mixer (Fig. 14) ispre-
sented and compared to harmonic balance simulations. In the
simulations, the predefined M DS diode model was used with the
model parameters given in Table |. Because of the high power
levelsboth for the LO and the RF signal's, oversampling and ad-
ditional harmonics were used to make the simulation converge
and givereliableresults. Thisis especially important for thein-
termodulation simulations.

In Fig. 15, the CL versus LO power (Pro) measurements at
different RF powers (Prr) are given. The diode mixer operated
at abias current 5 mA, an LO frequency of 800 MHz, and an
RF frequency of 850 MHz.

The CL dependenceon diode biascurrent ({ ) was measured
(Fig. 16). The optimum I for minimum CL is 4-15 mA de-
pending on the input power. Higher I is required at higher
power levels to achieve minimum conversion loss. CL versus
RF was measured (Fig. 17) and simulated for a P, of 20 and
25 dBm. Ip was 5 mA in al resulting points, i.e., Ip was
not optimized for minimum CL. The lowest conversion lossis

T

T

Conversion Loss [dB]

5 10 15 20 25 30
Diode current [mA]

Fig. 16. Conversion loss versus hias current for Prr = 18 dBm. The fro
was 1330 MHz. Curves are given for four different LO powers. Solid lines are
measurements, and dashed lines are simulations.
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(b)

Fig. 17. CL versusRF. P is: () 20 dBm, and (b) 25 dBm, Pry is0dBm,
fir iISB0MHz, and I, is5mA. Solid lines are measurements, and dashed lines
are simulations.

achieved at 850-950 MHz (Fig. 17). The CL 3-dB bandwidth
is ~800 MHz at 950 MHz and a Pro of 25 dBm. The fre-
quency for minimum conversion is increasing with increasing
Pro. This frequency shift is partly explained by the nonop-
timum Ip. Thelowest CL wasmeasuredtobe5.2dB at an I, of
15mA, an RF of 800 MHz, and a P, of 25 dBm. For compar-
ison with other SiC-diode mixers, our mixer hasa CL of 5.5 dB
at 850 MHz, compared to 12 dB at 500 MHz in [10].

A two-tone measurement was used to determine the third-
order intercept point (ITP3). The equal-power RF input signals
are separated by 10 MHz. Special attention was paid to keep
the noise floor of the LO and RF signals at alow level, making
it possible to measure IMD for awide range of P and Pgrg.
The intermodulation of the mixer was measured for different
Ip, and I1P3 is plotted for these measurementsin Fig. 18. The
highest ITP 3 for thismixer is 31 dBm at 850 MHz and a current
of 15 mA (Fig. 19).
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Fig. 18. Third-order intermodulation input intercept point (IIP3) versus
input Pro. Curves are given for three different bias currents. Solid lines are
measurements and dashed lines are simulations.

7*’7 T T T L ‘&
F20 A
om .
ko) :

g O T o
(<] 1 A
= | -
QA0 .
© F . : : q
&_60““»",”}H.,:,,,i,i
-10 0 10 20 30
RF Power [dBm]

Fig.19. |F Power and IM 5 Power versus RF Power. LO power is30 dBm, I,
is15mA, fro is800 MHz, and frr is800 MHz. The supporting lines show the
31dBm IIP;. Solid lines are measurements and dashed lines are simulations.

V1. DiscussioN AND CONCLUSION

Models for the 4H-SIC SBD have been given. References
and given parameters can also be used to implement models for
use in a physics-based device simulator. The measured current
shows a significant deviation from the most simplistic theory,
where there is a simple relationship between the C-V (¢%..")
and -V (¢5)) barrier heights. Regions within the Schottky
diodes with different barrier height can explain this deviation,
and it must be accounted for by using measured Schottky bar-
rier heights for C—V and I-V. If thisis done, the models give
very good fits to measured results. It should also be noted that
the modelsfor thereverse current al so agreeswell with the theo-
retical predictions. Small- and large-signal models based on the
physical models have been given and are used in acommercia
CAD program. This shows the maturity of physical models and
model parameters and how far they can be taken. It isan impor-
tant step forward that we now can use physical modelsto predict
the device behavior with such accuracy that the models can be
used in a CAD circuit simulator to produce simulation results
very close to measurements.

Using the equations and relationships given in this paper, itis
aso straightforward to optimize the microwave Schottky diode
for maximum cutoff frequency with arelatively small compu-
tational effort. In this paper, we have shown, an optimization of
cutoff frequency for cases, wherethe diodeisused as avaristor,
such asin, for instance, in a mixer or limiter. However, when
designing frequency multipliers, the diode is used as a varactor

and the dynamic cutoff frequency is more appropriate [11] as
follows:

1 1 1
- - . 28
f‘d 27TRS < 017 min OJ, max ) ( )

The feasible large reverse voltage in combination with a large
voltage swing givesasmall C; .,;,, compared to other semicon-
ductor materials with the same drift layer doping. Compared to
GaAs Schottky diodes, the cutoff frequency is still low, but a
4H-SiC SBD can handle more power due to the higher critical
field and thermal conductivity. Thus, 4H-SiC SBDsmay bewell
suited for frequency multipliers and mixers where high output
power is desired. It should be noted that the above figures of
merit assume a constant series resistance. Aswe know from the
theory above, it isboth voltage-dependent and frequency-depen-
dent. Often the maximum seriesresistanceisused (at Vi = Vi)
or thevalueit has at zero volts bias. This could easily be inves-
tigated using asimilar approach as the one we have taken in this

paper.
A singly balanced SIC Schottky diode mixer was designed

and characterized with results that show the advantages of using
an SiC Schottky diode. A conversion lossof 5.2 dB and an I1P5
of 31 were measured at 850 MHz. To our knowledge, these are
the best-reported resultsfor a SiC mixer. These results show the
good progress of SIC theory and technology.
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