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A Detailed Computer Analysis of SIC And GaN
Based IMPATT Diodes Operating at Ka, V And W
Band

D. Ghosh, B. Chakrabarti, M. Mitra

Abstract:- From 1965 onwards lot of developments and simulation works have been done in the field of IMPATT diode to improve its power output,
efficiency and frequency range of operation using low band gap material like Si, GaAs, InP etc. In this paper a comprehensive study has been made on
IMPATT diodes based on high band gap materials, GaN (Wz) and SiC (4H) operating at Ka, V and W-band respectively relative to fabrication and it
has been found that SiC based IMPATT gives improved performance at low frequency bands whereas GaN based IMPATT’s show better response at
higher frequency bands. Efficiency around 23% is obtained from SiC IMPATT and about 17% for GaN IMPATT diode. In general the power frequency
relation for any device is inverse, but power decreases at a faster rate in case of SiC IMPATT than a GaN IMPATT with the increase of frequency.

Index Terms: SiC IMPATT, GaN IMPATT, RF power, Negative conductance, Ka band IMPATT diode, V band IMPATT diode and W band IMPATT

diode

1 INTRODUCTION

IMPACT avalanche transit time (IMPATT) diode are

considered to be one of the most powerful solid state sources
operating in the mm-wave and sub-mm wave frequencies.
Among all solid state devices IMPATT diodes are the most
efficient RF power generators. These two terminal active
devices have the capability to deliver high RF power even at
THz frequency range [1, 2].

Extensive analysis has already being done on low band gap
materials such as Si (IVth group element), GaAs (III-Vth)
compound semiconductors and its compound alloy
heterostructure materials. In recent years, wide band gap
semiconductors specially GaN and SiC have emerged as
promising materials for the development of high power
(watt level) IMPATT devices due to their unique physical
and electronic properties such as direct band gap structure,
high electric breakdown field and high thermal conductivity.
High breakdown voltage and high thermal conductivity are

the essential requirements for high power operation and
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good thermal stability. Moreover from the fabrication point of
view high quality GaN film can be grown on SiC substrate by
metal organic chemical vapor deposition (MOCVD) [3]. In
addition to this, significant development has also been
achieved recently in 4H-SiC growth, processing and
The feasibility of designing IMPATT

devices with wide band gap materials such as SiC, GaN and

characterization.

compounds based on it has been established. Some theoretical
as well as experimental results on SiC-based IMPATTSs are
also reported in recent literature [2].
The two common types of GaN are, Wurtzite and Zinc-blend
.Wurtzite phase GaN (Wz) based IMPATTs have found to
perform better than Zinc-blend (ZnB) GaN, in terms of
breakdown voltage, efficiency and power output at around
140 GHz [4].Among all the polytypes of SiC the availability
of good quality single crystal wafers of a (4H and 6H) SiC
makes these polytypes the important materials for electronic
devices. It has been found that 4H-SiC has substantially
higher carrier mobility compared to 6H-SiC.Further the
anisotropy of carrier mobility degrades the performance of
6H-S5iC.Moreover it is already reported that the high
frequency performance of 4H-SiC IMPATT is far better than
its 6H-SiC counterpart in terms of breakdown voltage (Vs) as
well as Prr [5].The detail analysis on the dc and small signal
properties of GaN (Wz) and SiC (4H) IMPATT diodes and
their comparative studies have not been reported so far in
recent literatures. Separate studies on the various mm-wave
frequency bands of the devices are therefore necessary to
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evaluate the device performances and suitability of the type
of materials in any specified band.

In this paper the authors have studied the performances of
GaN-based IMPATT diodes and compare the results with
SiC based IMPATT diodes
conditions at different mm-wave frequency bands (ka-band,
v-band and w-band) and stabilized the potentiality of GaN-
based devices for high frequency operation.

operating under similar

were designed following an IMPATT/MITATT mode dc
simulation scheme [6] that determines dc properties of the
diodes. The high frequency properties of the diodes were
then computed following MITTAT mode small signal
simulation scheme. The final solutions of dc simulation were
used to determine the microwave characteristics. In this
paper the small signal characteristics includes susceptance,
negative conductance and also negative resistance of the
device. Then for a known area of the diode and negative

Table 1 conductance, using the procedure described in literature [6],
Material parameters of GaN and SiC polytypes (at the RF power generated from the device was computed. For
300K). the present analysis experimental values of carrier ionization
rates , temperature dependent (300k<T<600k) values of drift
Materi.al & Wz- | Znb- 4H' 6H' velocities and mobilities of charge carriers in GaN (Wz) and
physm?ll GaN | GaN SiC SiC SiC (4H) are considered for the simulation work [8,9,10]. All
pr(])s};irctlles — 398 396 305 the r.nateriél parameters Vélues.which have been considered
gap(eV) for simulation are summarized in tablel.
R.elatlv.e 8.9 9.7 9.7 9.66 Table 2
dielectric .
constant(z,) Design parameters
Electric 20 20 30 32
breakdown (ITto (ITto o0 o .
field Ec (107 c c @ g ECE |27 %
vml) axis) axis) E: .E“ ,‘E‘ § '% & fg \gg % g
Saturated | 25 | 20 | 20 | 20 g | £ 5 5ES | £5E 5B
electron é p= 2 é\ g .S ~§ 5 O g
drift : R |l
velocity
(10°ms™) 4H- | Ka (27 - 0.16 8.8 1.3x108
Electron | 0125] 010 [ 20 | 0.006 SiC 40
mobility i, (both | (I to 9 GHz)
(m2v-1s) I c- "‘é V (40 - 0.2 5.8 2x108
and axis) ; 60
Ir'to | 0.04(Ir £ GHz)
C to c- & W (75 - 0.5 3.4 2.5x108
axis) axis) g 110
Thermal 225 | 130 | 490 | 490 = GHz)
conductivity = Wz- | Ka (27 - 0.35 5.2 1x108
K (wm k%) z GaN 40
= GHz)
> V@E0- | 054 348 | 1.2x10°
2 60
2 MATERIAL PARAMETERS & SIMULATION % GHz)
2 W (75 - 1.0 1.48 1.5x108
METHOD 110
GHz)
For analysis purpose a flat profile SDR (n* n p*) structures is
considered as shown in figure 1. The device dimensions,
doping level and current densities for both types of diodes
(Wz-GaN and 4H-SiC) are optimized at Ka, V and W
frequency bands after several computer runs. The devices
ISER © 2012
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Figure 1. Typical schematic diagram and electric filed profile for n+np+ SDR IMPATT
diode considered in the simulation experiment.

2.1 DC Analysis

The dc method has already been described in details
elsewhere [7] considered a generalized n** n p p** structure.
The author has followed the same method with the
exception of n* n p* SDR structure instead of a DDR one.
Here n* and p* are highly doped substrate and n is an
epilayer. In the dc method, the numerical computation starts
from the field maximum near the metallurgical junction. The
distribution of dc electric field and carrier currents in the
depletion layer are obtained by a double iterative simulation
method, which involves iteration over the magnitude of field
maximum (En) and its location in the depletion layer. At
each point in the depletion layer simultaneous solutions of
Poisson and carrier continuity equations are used in this
method. The field boundary conditions are given by,

E(-x1)=0 and E(+x)=0 1)

Here -x; and x; represent the edges of the depletion layer in
n and p regions, respectively.

The boundary conditions for normalized current density
P(x), are given by,

P(-x1)=(2/M, - 1) and P(x2)=(1 - 2/ M) 2

Where Mq = ]/Jns, Mp = J/Jps ;Jns and Jps are electron and hole
leakage current densities, respectively.

M, and M, are hole and electron current multiplication
factors, respectively.

P=(Jp-Jn)/], where ], = hole current density , ], = electron
current density and J total current density.

Thus the dc field and carrier current profiles are obtained by
simultaneously solving Poisson and carrier continuity
equations, when boundary conditions (1) and (2) are

satisfied. The realistic field dependence of electron and hole
ionization rates, carrier mobility and the saturated drift
velocities of electron and hole are used in the computation
for the profile of electric field and carrier currents.

The dc to mm-wave conversion efficiency is calculated from
the approximate formula,

0 (%) = (Vo x 100)/ (1 x V) ©)

Where, Vp=voltage drop across the drift region. Also Vp= Vs
- Va, where V, = voltage drop across the avalanche region,
and V3 = breakdown voltage.

V= [l E(x)dx @
Where -x; = n-side depletion layer width

And
The results of the dc analysis are then used in the small

+x2 = p-side depletion layer width

signal analysis, described briefly in the next sub-section.

2.2 Small signal analysis

The Gummel-Blue method [11] has been followed to compute
the negative conductance of the diode at different frequency
bands. The dc electric field and current profiles, which are
obtained from the D.C analysis, are fed as input data for the
small signal analysis. The real part R(x, ©) and imaginary part
X(x, ®) are obtained by splitting the diode impedance Z(x, ®)
using Gummel-Blue method and thus two different equations
are framed [6]. Then, by using modified Runga-Kutta method
the solutions of these two equations are found following a
double The
parameters like negative conductance(-G), susceptance (B),

iterative simulation scheme. small signal
impedance (Z) of the diode and the range of frequencies over
which the diode exhibits negative conductance are found
after satisfying the boundary conditions derived elsewhere

[12,13].

The diode negative resistance (-Zr) and reactance (-Zx) are
computed through numerical integration of the -R(x) and
-X(x) profiles over the active space charge layer. Thus

Zx=[l—Rdx and  -Z.=[_, —¥dx
The diode impedance Z is given by,

Z((D) = _IF_II:j_ Z{J.'_. m:l dx = -ZR +ij (5)

The diode admittance is expressed as
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Y=1/Z=-G+jB=1/(-Zz+jZs)

where, -G =-Zr/((Zr)? + (Zx)?*) and
B=Z/((Zr)* + (Zx)?) ©)

-G and B are both normalized to the area of the diode.

The Avalanche (resonance) frequency (f.) is a frequency at
which the imaginary part, susceptance (B) of the admittance
changes its nature from inductive to capacitive. The small
signal quality factor (Qp) is defined as the ratio of the
imaginary part of the admittance (at the peak frequency), i.e.

-Qp= (Bp/-Gy) @)

At a given bias current density, the peak frequency (f;) is the
frequency at which the magnitude of the negative
conductance of the diode is maximum, and the quality factor
is minimum. At f,, the maximum RF power (Pgrr) from the
device is obtained from the expression [13].The area of the
diode is considered to be 5x10' m? Under small signal
condition Vgr (the amplitude of the RF swing) is taken as
Vs/5[14,15].

3 RESULT & DISCUSSIONS

The optimized design parameters of both GaN (Wz) and SiC
(4H) SDR IMPATT diodes at different mm-wave frequency
bands are summarized in table2. The DC properties of GaN
(Wz) and SiC (4H) are presented in the table 3 and the
results of GaN (Wz) show a close resembles with the already
published work [16,17]. It is observed that the value of peak
electric field (En) at the junction is more for GaN (Wz)
diodes than SiC (4H) diodes at all the operating frequency
bands of consideration. It is interesting to observe that the
Avalanche zone is much more localized for low frequency
operation of the diodes which actually contribute to the
higher value of efficiency of the diode .The efficiency of SiC
diodes are computed as 23.28% (Ka band) , 21.34%( V band)
and 2055% (W band) respectively. Comparing the
breakdown voltage it has been observed that GaN IMPATT
diodes operate at lesser value of voltages in comparison of
their SiC counterpart at all the frequency bands.

Table 3
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Figure2: Electric field profilesof GaN SDR wnp+ IMPATT
diode at Ka-hand, V-hand and W-hand respectively.
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Figure3: Electric field profilesof SiC SDR n+npt+ IMPATT diode

atKa-hand, V-band and W-hand respectively.
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DC and small signal analysis results

Material | Design En
band (108
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Figure 4: Conductance versus Susceptance
plot of the flat doped n+np+ Wz-GaN

IMPATT diodes
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Figure 5: Conductance versus Susceptance
plot of the flat doped n+np+ 4H-SiC
IMPATT diode.
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Considering the d.c performances in term of breakdown
voltage, efficiency ect. it may be observed that SiC based
IMPATTSs perform better than GaN based IMPATTs. High
frequency analysis was carried out of the devices under
and the
corresponding results are shown in table3.The admittance

same design and operating conditions
characteristics of both types of diodes at different mm-wave
frequency bands are shown in figure 4 and 5 respectively.
The peak operating frequencies (f,) are found to be almost
same at Ka-band and V-band for both SiC and GaN diodes.
It is also observed that in W-band f, is 91 GHz for GaN and
94.5 GHz for SiC diode which shows an upward shift of 4.5
GHz. Considering the RF power, Prr value is much higher
for 4H-SiC SDR diode, at Ka-band and V band respectively
than GaN counterpart. The present study also reveals that
the RF power contributed by 4H-SiC SDR decreases
significantly with the increase in frequency of operation. The
same decreasing nature of the Prr in case of Wz-GaN SDR
diode is also observed (figure 6). In the case of Wz-GaN SDR
diode, the decreasing rate is very slower than that in SiC
diodes. It is interesting to see that at W-band GaN based
diode perform better than SiC based diode in term of RF
power generation. Considering the quality factors (Qy) it has
been seen (Table3) that Ka band diodes give better response
than other two bands that is V-band and W-band for both
types of diodes materials. In addition to this it is also
observed that GaN based diode performs superior than their

SiC counterpart at W- band in terms of Quality factor.
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Figure 6: plots of RF power versus frequency

Therefore taking into account the RF power and quality
factor, GaN based SDR IMPATT’s shows better performance
at high operating frequency bands at a particular current
density .

4 CONCLUSION

The simulation experiment demonstrates the suitability of
using SiC (4H) and GaN (Wz) for fabrication of high
frequency electronic devices. The investigation revealed
that SiC(4H) IMPATT diodes give superior performance in
terms of d.c and small signal properties at Ka-band and V-
band respectively compared to IMPATT diodes fabricated
from GaN (Wz). As the frequency of operation increases that
isat W-band GaN (Wz) IMPATT diode provides improved
performance as compared to SiC (4H) IMPATT diode. The
present analysis may be found to be extremely helpful for
the selection of high band gap material to fabricate IMPATT

diode at different mm-wave frequency bands of operation.
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