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MM-wave performance and avalanche noise
estimation of hexagonal SiC and GaN
IMPATTs for D-band applications
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The mm-wave as well as avalanche noise properties of IMPATT diode at D-band are efficiently estimated, with different poly-
types of silicon carbide (SiC) and GaN as base materials, using advanced computer simulation techniques developed by the
authors. The breakdown voltage of 4H-SiC (180 V) is more than the same for 6H-SiC, ZB- and Wz-GaN-based diode of
170,158, and 160 V, respectively. Similarly, the efficiency (14.7%) is also high in the case of 4H-SiC as compared with
6H-SiC and GaN-based diode. The study indicates that 4H-SiC IMPATT diode is capable of generating high RF power of
about 8.38 W as compared with GaN IMPATT diode due to high breakdown voltage and negative resistance for the same
frequency of operation. It is also observed that Wz-GaN exhibits better noise behavior 7.4 × 10216 V2 s than SiC (5.16 ×
10215 V2 s) for IMPATT operation at 140 GHz. A comparison between the power output and noise from both the device
reveals that Wz-GaN would be a suitable base material for high-power application of IMPATT diode with moderate noise.
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I . I N T R O D U C T I O N

Recently, there has been a steadily growing interest, among the
scientists, in developing high-power semiconductor devices
for applications in mm-wave systems [1]. The wide band
gap semiconductor materials have attracted much attention
for possible insertion in military power electronic device
applications such as high-power switching devices, high-
frequency, high-power amplifiers for electronics communi-
cation [2]. For realizing higher RF power (PRF) from an
IMPATT device, one should choose a semiconductor material
that has high value of electric field (Ec) and saturated carrier
velocity (Vs), since the PRF of an IMPATT device is pro-
portional to Ec

2Vs
2. Although the conventional IMPATT

diodes fabricated on GaAs, InP, and Si are found to be reliable,
these are limited by power and operating frequencies due to
the fundamental limitations of the material parameters. In
addition, the other properties of GaN such as large energy
band gap, high carrier saturation velocity, and relatively
small dielectric constants make them suitable for high-power,
high-frequency oscillators [3, 4]. On the other hand, silicon
carbide (SiC) is now been accepted as an attractive

semiconductor material for realization of high-power, high-
temperature, and high-frequency electronic devices because
of its favorable properties such as wide band gap, high break-
down field, high thermal conductivity, and high saturation
electron drift velocity [5]. The high-temperature tolerance
for SiC helps in device processing technology [6]. The
nature provides SiC in more than 100 poly-type structures.
The most common poly-types of SiC currently being devel-
oped for the realization of electron devices are the cubic
3C-SiC, the hexagonal 4H-SiC, and 6H-SiC crystals. It is
also well known that heat generation and dissipation in
IMPATT diodes can severely limit the performance of
IMPATT diodes. SiC is, therefore, an ideal semiconductor
for IMPATT diodes because SiC offers (i) a 10 times higher
critical field, (ii) twice the carrier saturation velocity, and
(iii) three times the thermal conductivity, in comparison
with the low band gap materials such as Si and GaAs. These
properties can lead to good-performance IMPATT diodes
for microwave and millimeter-wave applications [7].
Further, the RF power produced and the efficiency realized
in these cases fall to sufficiently small values. Recent reports
indicate realization and characterization of wide band gap
semiconductor materials made of p–n junctions (such as
SiC) which suppose to give a boost in high-power semicon-
ductor device design [8, 9]. With this motive behind, the
authors have simulated and studied the DC, small signal,
and noise behavior of a DDR (n+npp+ type) SiC-based
IMPATT diode suitable for operation at mm-wave frequency.

The wide direct band gap of GaN particularly may become
useful in short-wavelength optoelectronic device applications.
In addition, the other properties of GaN high carrier
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saturation velocity and relatively small dielectric constants
make them suitable for high-power, high-frequency oscil-
lators. GaN appears in different poly-types. The two most
common types of GaN are zinc blended and wurtzite type.
These two poly-types have different material parameters
such as different ionization rates [10], different mobility of
the charge carriers, and different velocity-field characteristics
[11, 12]. GaN is mostly grown in the wurtzite phase [13]. A
complete theoretical study of GaN-based IMPATT accounting
of both the poly-types is of interest at this point to evaluate
their potential and most promising designs in support of
ongoing and future experimental attempts [14]. The intensity
of RF power generation along the depletion zone of the junc-
tion depends on the magnitude of RF negative resistance that
can be increased manifold through high input voltage i.e. high
value of avalanche break down electric field and voltage
associated with high saturated drift velocity and thermal con-
ductivity. The mm-wave as well as noise properties of
IMPATT diode at D-band are efficiently computed, with
SiC and GaN as base materials, using our computer simu-
lation scheme. The results are quite helpful in determining
the best-suited material for IMPATT operation at mm-wave
applications.

I I . C O M P U T E R S I M U L A T I O N
M E T H O D

The authors have presented a stepwise process for analysis and
solution of device equations, optimum design consideration,
and framing of computer simulation experiment that would
be suitable for each and every situation of operation of
IMPATT diodes. The methods of analysis and the associated
computer simulation program involving DC, high frequency,
and avalanche noise analysis are generalized and realistic to
achieve high degree of accuracy. The equations involved in
these analyses are non-linear in nature and thus their solution
involves complexity. So we have first considered the diode to
be consisting of small space points. The diode active layer
width is divided into several space points with a space step
of 0.1 nm. Figure 1 represents the schematic structure of
double drift IMPATT diode with noise generating source g

and x′.

A) DC computation technique
The DC analysis is done by solving simultaneously three
non-linear device equations namely Poisson’s equation, the
carrier continuity equation, and the space charge equation
using a double-iterative field extremism-initiated DC simu-
lation program [15]. The DC electric field and current
density profiles in the depletion layer of the device are
obtained from simultaneous numerical solution of funda-
mental device equations i.e. Poisson’s equation (equation
(1)), combined carrier continuity equation in the steady
state (equation (2)), current density equations (equations
(3) and (4)), and mobile space charge equation (equation
(5)) including the effects of noise and tunneling, subject to
appropriate boundary conditions. A double-iterative, field
maximum simulation method described elsewhere [15] is
used to solve these equations and obtain the field and
current density profiles. The above-mentioned device
equations are given by:

dj x( )
dx

= q
1

ND − NA + p x( ) − n x( )
( )

, (1)

∂Jn x( )
∂x

= − ∂Jp x( )
∂x

= qGA x( ) + qGT x( ) + qg x( ), (2)

Jp x( ) = qpvp x( ) − qDP
∂p x( )
∂x

( )
, (3)

Jn x( ) = qnvn x( ) + qDn
∂n x( )
∂x

( )
, (4)

q
∂ p x( ) − n x( )
( )

∂x
= J0

an x( )
vn x( ) +

ap x( )
vp x( )

( )

− q an x( ) − ap x( )
( )

p x( ) − n x( )
( )

+ q
GT x( )

vn
+ GT x′( )

vp

( )

+ qg x( ) 1
vn

+ 1
vp

( )
+ ∂j

∂x
K. (5)

The parameter K is given by

K =
Jpmp

vp

1
vsp

− 1
vp

( )
− Jnmn

vn

1
vsn

− 1
vn

( )
. (6)

GT is the tunneling generation rate given by [15, 16]

GTn x( ) = aTj
2 x( ) exp − bT

j x( )

( )
, (7)

where

aT = q2

8p3h− 2
2m∗

Eg

( )1/2

and bT = 1
2qh−

m∗E3
g

2

( )1/2

. (8)

Material parameters such as ionization rate of electron and
hole for both the materials have been taken from the recent
experimental reports for SiC [16, 17] and GaN [10–12, 18,

Fig. 1. Schematic diagram of IMPATT Diode with noise generating source g

and x′ .
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19], respectively. The computer method framed for DC
analysis is initiated from the location of field maximum
point E0 at x ¼ x0 within the p–n junction, where ∂E/∂x ¼
0, the value of the field maximum E0 and its location x0 are
suitably chosen for the diode and then it is used to obtain
the value of the mobile space charge w(x0) at the starting
point. Then Poisson’s equation and the carrier continuity
equations are solved simultaneously through a numerical
approach [20]. Iterations over E0 and x0 are carried out till
boundary conditions are satisfied at both the edges of the
depletion layer. The space step width is taken to be very
small i.e. of the order of 0.1 nm. The depletion layer width
of the diode is obtained as W ¼ |xL| + |xR|, as shown in
Fig. 1. The avalanche layer width xA can be determined
from the condition |P(x)| ¼ 0.95 i.e. 95% growth of carrier
current. The voltage drop across different zones i.e. break-
down voltage (VB) and avalanche voltage drop (VA) are deter-
mined by integrating the electric field over the respective zone
layer. The drift voltage drop is then taken as VD ¼ VB 2 VA.
The qualitative value of diode efficiency (h) can be obtained
from the expression h ¼ VD/pVB. The data obtained from
the DC analysis are used as input for the small-signal analysis
of the diode.

B) Small-signal computation technique
The high-frequency analysis of the diode is carried out using
a small-signal simulation method developed by our group
[21]. The small-signal model takes into account the contri-
bution from each space point and effectively determines
the device parameters such as negative conductance (2G),
susceptance (B), and negative resistance (2ZR) of the
diode. The variations of these values with frequency are
also computed with the help of a double-iterative computer
program [21]. In the small-signal analysis, it is possible to
find out the spatial variation of negative resistance (R) and
reactance (X ) in the depletion layer which would provide a
clear idea regarding intensity of microwave oscillation
along different regions of the diode. The unperturbed
diode impedance Z0 (without considering diffusion
current) is separated into its real and imaginary components
(i.e. Z0 ¼ R0 + iX0) to obtain the second-order non-linear
implicit differential equation in small-signal resistance (R0)
and reactance (X0) as

∂2R0

∂x2
+ (an − ap)

∂R0

∂x
− 2rv

�v
∂X0

∂x
+ v2

�v2 − H(x)

[ ]
R0

− 2�av
�v

X0 = 2�a
�v1

, (9)

∂2X0

∂x2
+ (an − ap)

∂X0

∂x
+ 2rv

�v
∂R0

∂x
+ v2

�v2 − H(x)

[ ]
X0

+ 2�av
�v

R0 = − v

�v21
(10)

with

H x( ) = 2j
�v1

∂�a

∂E
+ qr+

�v1
∂

∂E
gTn(x) + gTp(x′)
[ ]

+ ∂

∂E
(ap − an)

∂Em

∂x
. (11)

The integrated values of resistance and reactance give ZR

and ZX using the relation

ZR =
∫w

0
R(x) dx and Zx =

∫w

0
X(x) dx. (12)

Using the values of ZR and ZX, the diode conductance (G),
susceptance (B), and the quality factor (Q) are calculated using
the relation

G = ZR

Z2
R + Z2

x

, B = −Zx

Z2
R + Z2

x

, and Q = − B
G

∣∣∣∣
∣∣∣∣. (13)

The expected RF power delivery from the diode can be
computed using the relation

PRF = VRF( )2 Gp

∣∣ ∣∣× A/2. (14)

The power density, PA, is taken as PRF/A, where “A” is area
of cross section of the device and has taken 10210 m2 for the
design frequency. VRF can be approximated as VB/2 for 50%
modulation. Gp is the device negative conductance at peak fre-
quency [22]. The programs have been modified to incorporate
diffusion/tunnel currents following methods reported else-
where by our group.

C) Simulation technique for studying the
avalanche noise
The fundamental avalanching process, involved in the
IMPATT diode operation, leads to sufficient avalanche noise
generation in the device. So noise is an important aspect of
the present study and the noise characteristics of the diode
structure are also computed using a generalized noise simu-
lation program [23–25]. The noise characteristics such as
mean square noise voltage per bandwidth (,v2 ./df) and
noise measure of the device are computed from this analysis.
The noise generation rate of the individual sources can be cal-
culated by using the equation

gN (x′) = n(x′)an(x′)vn(x′) + p(x′)ap(x′)vp(x′). (15)

The exact values of n, p, an, and ap are determined from
static analysis of the diode under avalanche breakdown con-
dition, which also gives the distribution of electric field and the
carrier concentration along the depletion layer of the diode [23].

The noise source an(x′) is located at x′ in the avalanche
region giving rise to noise electric fields (x, x′) at every point
in the depletion region of the diode. The noise electric field
(e(x, x′) ¼ eR(x, x′) + ieX(x, x′)) contribution from each
space point is calculated with the help of a double-iterative
simulation program [23], which solves the following two
second-order differential equations for the real eR(x, x′) and
imaginary eX(x, x′) part of the noise electric field at each
space point subject to the boundary conditions.

Now the following notations have been introduced:

k = 1
�v
∂

∂t
, D = ∂

∂x
, �v = vpvn

( )1/2
, �a = apvp + anvn

2�v
,

r− = vn − vp

2�v
, r+

vn + vp

2�v
.
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Using the values of n and p and applying the above nota-
tion in equation (9), one can arrive at the following equation:

{D2 − k2 + (an − ap + 2rk)D + 2�ak}Em

= 1
�v1

{(2�a− k)J + 2qr+gN }. (16)

Now under small-signal condition, a small AC electric field
ẽ is super imposed on the DC electric field Em and let ẽ be the
corresponding AC total current density.

Thus, applying small-signal condition and removing DC
parts and neglecting higher-order terms in the small-signal
part, the following equation is obtained:

D2 − k2 + (an − ap + 2rk)D + 2�ak − H
{ }

ẽ

= 1
�v1

(2�a− k)j + 2qr+gN

{ }
(17)

with

H = 2J
�v1

∂�a

∂E
+ ∂

∂E
(ap − an)

∂Em

∂x
,

separating equation (19) into real/imaginary components, we
obtain

∂2eR

∂x2
+ (an − ap)

∂eR

∂x
− 2rv

�v
∂eX
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+ v2

�v2 − H

( )
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− 2�a
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∂eR
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+ v2

�v2 − H

( )
eX

+ 2�av
�v

eR = 0. (19)

In a similar way, separating the real and imaginary parts,
the boundary conditions on eR and eX are obtained as

∂eR

∂x
− v

vp
eX = 0 and

∂eX

∂x
+ v

vp
eR = 0 at x = xR, (20)

∂eR

∂x
+ v

vn
eX = 0 and

∂eX

∂x
− v

vn
eR = 0 at x = xL. (21)

Equations (18) and (19) on eR and eX are solved simul-
taneously subject to the boundary conditions (20) and (21),

using a double-iterative computer developed on the basis of
modified Runge–Kutta method [26]. The process is repeated
by shifting the noise source to next space point progressively
till the other edge point. The noise profile generated for par-
ticular location of the noise element can be obtained from
the final solution through use of a self-converging double-
iterative computer algorithm. Similarly, noise profiles are
obtained by shifting the noise source to other points (x′)
along the depletion zone. The total noise generated in the
device can be computed through double integration (x and x′′).

The transfer impedance (ZT) of the diode is defined as the
ratio of open circuit incremental voltage to the injected
current at x′. Taking the injected current at x′ as dIN ¼

qgN(x′)A dx′ [26, 27] with A being the area of cross section,
one can obtain the real and imaginary parts of transfer impe-
dance using the relation

ZTR(x′) = VR(x′)
qgN (x′)A dx′

and ZTX (x′) = VX(x′)
qgN (x′)A dx′

. (22)

The transfer impedance, mean square noise voltage, and noise
measure are determined from the relations

ZT x′, w
( )∣∣ ∣∣2= ZTR x′

( )∣∣ ∣∣2+ ZTX x′
( )∣∣ ∣∣2

, (23)

kV2l
df

= 2q2AgN

∫
|ZT (x′, v)|2dx′, (24)

NM = kV2l|df
4KT( − ZR)

, (25)

where K is the Boltzmann constant, T is the junction tempera-
ture (taken to be 473 8K), and 2ZR is the total negative diode
resistance. The method is made free from numerical instability
and is less time consuming through incorporation of a
fast-converging logic.

I I I . R E S U L T S A N D D I S C U S S I O N S

A) Comparison of high-frequency
performances of SiC and GaN IMPATTs
Material and physical parameter of both the materials i.e. SiC
and GaN of different poly-types are presented in Table 1. The
design parameters of both SiC and GaN-based IMPATT
diodes at 140 GHz are obtained through the optimization
process. The other device properties such as breakdown
voltage, efficiency, device negative conductance, expected RF
power, mean square noise voltage per bandwidth, etc. at

Table 1. Material parameters of SiC and GaN.

Property 6H-SiC 4H-SiC ZB-GaN Wz-GaN

Band gap, Eg (eV) 3.03 3.26 3.39 3.45
Dielectric constant, 1ra 9.66 10.1 9.0 9.0
Thermal conductivity, u (W/m K) 490.0 500.0 130.0 225.0
Electron mobility, me (cm2/V s) 4000 1140 1250 1600
Hole mobility, mh (cm2/V s) 100 500 850 280
Saturated electron drift velocity, vsat (×105 m/s) 2.0 2.0 2.5 3.0
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140 GHz are presented in Table 2. The breakdown voltage
(VB) for 4H-SiC IMPATT diode is found to be 180 V as com-
pared with 170, 158, and 160 for 6H-SiC, ZB-GaN, and
Wz-GaN, respectively. Since the breakdown voltage is indica-
tive of input power of the device, the SiC and GaN are prom-
ising IMPATT diode materials for high-power operation. The
breakdown electric field has been computed to be more i.e.
3.96 × 108 V/m for Wz-GaN as compared with all materials.
Figure 2(a) shows the electric field profile for both the material
(SiC and GaN)-based DD IMPATTs. The estimated I–V plots
of the designed diodes are shown in Fig. 2(b). The variation of
negative conductance with frequency is plotted for hexagonal
SiC (Fig. 3) and both the poly-types GaN (Fig. 4) IMPATT
diode. On the other hand in ZB-GaN-based devices, the nega-
tive resistance is twice the Wz-GaN IMPATT diode. The
negative resistivity profile of both the materials (Wz- and
ZB-GaN) is shown in Fig. 5.

The negative conductance for both SiC and GaN diodes
peaks at around 140 GHz that can be regarded as optimum
frequency of operation of the diodes. The negative resistance
contribution from individual space step is computed by
taking the ratio e�/i� in every individual space step in the
final computer run. It is seen that the negative resistance
profile along the depletion zone is of double peak nature
with one peak remaining in each of the drift regions. The
peak of negative resistance together with its spread along
the active zones indicates contribution of negative resistance
by individual space step. The avalanche zones, however, in
the case of both the diodes produce positive RF resistance.
The magnitude of peak of the negative resistance profile is
higher in 4H-SiC diode than that for Wz-GaN diode. This
leads to higher RF power generation from 4H-SiC device.
These facts are reflected from Table 2 and Fig. 6, which indi-
cate that the 4H-SiC DDR shows high-power density and thus
4H-SiC may have an advantage for being chosen as a base
material for IMPATT diode. Recent study reported that
as-grown Mg doped GaN layer has p-type conductivity with a
concentration of �3 × 1019 cm23 [28, 29]. This is much
more improvement than the conventional values (1017–
1018 cm23). The highly doped p2+ cap layer is used to lower
the contact resistance that in turn improves the high-power per-
formance of IMPATTs. The authors have considered p2+

concentration �1019 cm23 and p-doping �1017 cm23, so
these are realistic considerations, as far as present experimental
observations are concerned. The authors have realistically esti-
mated the parasitic resistances in the device, following
Adlerstein’s approach, including the effects of contacts [28].
The contribution from un-depleted epitaxial layer, p, and n

ohmic contacts are taken into account. The values of series
positive resistance including ohmic contact are shown in
Table 2.

In order to draw a comparison, the authors also have
studied the properties of silicon IMPATT DDR for the same
frequency of 140 GHz. The RF power from silicon diode
remains only around 0.32 W, which is nearly lower by a
factor of around 25 than its 4H-SiC and Wz-GaN counter-
parts. The loss of power estimated owing to positive resistance
also has been shown in Table 2. However, Wz-GaN has the

Table 2. Mm-wave and noise properties of IMPATT diodes, with SiC and GaN as base materials, designed for operation at 140 GHz.

Properties 6H-SiC 4H-SiC ZB-GaN Wz-GaN

Peak electric field(Em) (108 V/m) 3.45 2.8 2.56 3.96
Break down voltage (VB) 170 180 158 160
Efficiency (h) (%) 12.0 14.7 12.9 14.2
Peak negative conductance, 2G (×107 S/m2) 1.05 2.07 0.37 2.50
Diode negative resistance at peak frequency (2ZRP) (1029 V m2) 2.4 14.7 2.68 1.20
RF power in (W) 3.79 8.38 1.15 8.0
Positive series resistance including contacts (RS) (1029 V m2) 1.0 4.7 1.26 0.50
RF power including the effects of RS (W) 2.4 7.18 0.65 5.3
Peak operating frequency (GHz) 143.0 140.0 140.0 140.0
,v2 . /df (×10215 V2 s) 2.25 5.16 4.45 0.74
Noise measure (dB) 46.0 36.1 35.5 36.8

Fig. 2. (a) Electric field profiles for SiC and GaN DD IMPATTs. (b) Estimated
I–V plots of SiC and GaN DD IMPATTs.

mm-wave performance and avalanche noise estimation 477

https://doi.org/10.1017/S1759078712000244 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078712000244


advantage of producing low noise of about 0.74 × 10215 V2 s
as compared with 4H-SiC (5.16 × 10215 V2 s) for IMPATT
operation at 140 GHz. This can be inferred from Fig. 7,
where the authors have plotted the variation of mean square
noise voltage per band width versus frequency for IMPATT
diodes based on both the poly-type SiC and GaN materials.
This graph shows the transition frequency where the plots
show peak. Based on a trade-off between the power output
and noise from the device, it reveals that Wz-GaN would be
a suitable base material for high-power application of
IMPATT diode with moderate noise.

B) Fabrication issues related to GaN- and
SiC-based IMPATTs
The computer simulation results show the importance and
superiority of both the wide band gap materials (SiC and
GaN) for high-power source at mm-wave regime. Special
efforts have been made for the material growth, doping and

Fig. 3. Variation of negative conductance with frequency for SiC IMPATT
diodes.

Fig. 4. Variation of negative conductance with frequency for GaN IMPATT
diodes.

Fig. 5. Negative resistivity profile of GaN-based IMPATT diode.

Fig. 6. Variation of RF power with frequency for SiC and GaN IMPATT
diodes.

Fig. 7. Variation of mean square noise voltage per bandwidth with frequency
for SiC and GaN IMPATT diodes.
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device processing, oscillator performance, characterization of
the device by taking the SiC and GaN as base materials for fab-
rication of the diode. Owing to the lack of experimental data
on wide band gap semiconductor-based mm-wave devices,
simulation results could not be compared. However, the
authors have proposed the practical issues related to the fab-
rication of GaN and SiC IMPATT devices.

Considerable progress in the growth of nitrides during the
last five years makes this material suitable for fabrication
of various electronic devices [13, 14]. Recent experimental
study [30] reveals the growth of high-quality GaN films on
Si substrate by MOCVD technique by using a SixNy inserting
layer. GaN p–n junction can be obtained by using the molecu-
lar beam epitaxy (MBE). In order to form a p–n junction, first,
the MBE growth process can be carried out using Si donor
impurity to form the n-type layer of GaN on an n+ substrate,
and after that, a p+-type cap layer can be grown on the n-layer
by the MBE process by doping high concentration of Mg
impurity. In order to activate p-type conductivity, high-
temperature post-growth anneal in a nitrogen atmosphere
may be required. Because Mg requires large energy for ioniz-
ation, in general, it is difficult to obtain heavily doped p+-type
GaN with Mg. Beryllium (Be) may be used to achieve p+-type
GaN because the ionization energy of Be is low (�60 meV).
Recently, Pastor et al. [31] assessed the crystal damage of
Be+-implanted GaN by UV Raman scattering and found a
correlation between implantation dose and the extent of
lattice damage caused to the target. GaN may be grown
from the vapor phase using metal-organic gases as sources
of gallium and nitrogen. For example, trimethylgallium can
be used as a gallium source, and ammonia can be used as a
nitrogen source. Growth of a GaN semiconductor may take
place in a reactor chamber on a substrate. During the
growth, the substrate may be kept at growth temperature
ranging from 800 to 11008C. Hence, in the light of the matur-
ity of the fabrication technology and the unique material
properties, GaN appears to be one of the best choices for
the development of semiconductor devices for RF power,
especially in THz region, in the coming decade for electronics
communication.

A SiC IMPATT device can be fabricated on the epiwafer by
following the process steps briefly described below [28]. In
order to assist p-type ohmic contact formation, the p+ SiC
layer can be grown on top of the n-type film by Al2+ ion
implantation. The post-implantation annealing may be per-
formed at a very high temperature in an argon atmosphere.
The power dissipation of IMPATT devices strongly depends
on the contact resistance. The samples may be cleaned by a
“piranha” solution. After rinsing in deionized water, the
samples may be dipped in dilute hydrofluoric acid solution
and dried for nearly 15 min. Through the lithographic
process, windows can be opened inside the oxide layer.
Using lithography and lift-off techniques, contact metals
(Al/Ti/Al) can then be deposited in the oxide windows by
an electron beam evaporator. In order to obtain ohmic con-
tacts, the samples may be annealed for 3–5 min in a Rapid
Thermal Anneal (RTA) furnace in nitrogen atmosphere at
around 9508C. The post-deposition annealing at high temp-
erature is generally preferred to reduce the specific contact
resistance. For an n+- type contact, a Ni layer of 200-nm
thickness may be evaporated on the backside (n+ side) of
the wafer, followed by the RTA treatment for 3 min at
9508C [32]. The choice of the metallic composition is based

on the formation of Ni2Si alloy. As mentioned in several pub-
lications [33], the higher the concentration of the Ni2Si in the
contacts is, the lower the specific contact resistance is. The
specific contact resistance can be determined from trans-
mission line measurement data. The oxide layer from the p+

side can then be removed by a buffered oxide etch.
Formation of a diode mesa using reactive ion etching (RIE):
Si–C bonds show high chemical inertness; hence, wet
etching is not efficient for reaching deep trenches. The more
appropriate dry plasma etching, RIE, may be used in separ-
ating a diode mesa. A titanium/nickel (Ti/Ni) bilayer metal
can be evaporated onto the sample. The depth and etch rate
of the mask may be determined by profilemetry measure-
ments with a Tencor Alpha Step. After finishing the fabrica-
tion process, on-wafer DC testing is performed before the
diodes are packaged. DC testing may serve as the initial
screening step of the devices, and the test results can be
used for process evaluation. The packaging should provide a
low thermal resistance between the SiC diode chip and wave-
guide mount and should be mechanically rugged and herme-
tically sealed. The device may be bonded to a pill-type
package. Several experimental attempts have been taken
for the development of SiC material for device fabrication
[34–36].

However, experiments are in progress to realize SiC- and
GaN-based high-power solid-state devices, the fabrication
techniques should mature more to realize high power
(Watts level) from those devices. Owing to the defects in epi-
layer growth of SiC and GaN devices, recombination of min-
ority carrier may take place and it increases the leakage
current and destroys the sharp nature of I–V characteristics,
which in turn reduces power and efficiency. Again the una-
vailability of native substrate in GaN devices may form
strain at the junction. This may generate a spontaneous
strain field and that may degrade the value of peak electric
breakdown field and consequently the IMPATT mode behav-
ior of the devices.

I V . C O N C L U S I O N

A detailed comparative analysis of both SiC- and GaN-based
IMPATT diode at D-band has been reported by studying the
DC, small-signal and avalanche noise analysis through the
computer simulation technique, developed by the authors. It
may be concluded that both SiC and GaN are potential
materials for high-power IMPATT application. Wide gap
associated with high breakdown voltage in both cases with tol-
erance to high operating current density would help in poss-
ible realization of high RF power. Both SiC and GaN diodes
may yield an RF power 25–30 times higher than its Si counter-
part. It is observed that for high-power operation the 4H-SiC
is a suitable base material for IMPATT diode whereas
Wz-GaN is a better material than 4H-SiC for high-power
operation with moderate noise. To the best of authors’ knowl-
edge this is the first report on the comparative analysis of
mm-wave characteristics and avalanche noise analysis of
both hexagonal-type SiC and both poly-types GaN
IMPATTs at an important window frequency of 140 GHz.
This study will be useful for practical realization of high-
power, low-noise IMPATT in the mm-wave region used for
electronics communication.
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