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Abstract In this paper the potentiality of impact ava-
lanche transit time (IMPATT) devices based on different
semiconductor materials such as GaAs, Si, InP, 4H-SiC
and Wurtzite-GaN (Wz-GaN) has been explored for oper-
ation at terahertz frequencies. Drift—diffusion model is used
to design double-drift region (DDR) IMPATTSs based on
different materials at millimeter-wave (mm-wave) and
terahertz (THz) frequencies. The performance limitations
of these devices are studied from the avalanche response
times at different mm-wave and THz frequencies. Results
show that the upper cut-off frequency limits of GaAs and
Si DDR IMPATTs are 220 GHz and 0.5 THz, respectively,
whereas the same for InP and 4H-SiC DDR IMPATTS is
1.0 THz. Wz-GaN DDR IMPATTs are found to be excel-
lent candidate for generation of RF power at THz fre-
quencies of the order of 5.0 THz with appreciable DC to
RF conversion efficiency. Further, it is observed that up to
1.0 THz, 4H-SiC DDR IMPATTs excel Wz-GaN DDR
IMPATTSs as regards their RF power outputs. Thus, the
wide bandgap semiconductors such as Wz-GaN and 4H-
SiC are highly suitable materials for DDR IMPATTs at
both mm-wave and THz frequency ranges.
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Introduction

The terahertz (THz) frequency belongs to the region of
electromagnetic spectrum in between the wavelengths
1,000 and 30 pm (i.e. 0.3—10 THz). Terahertz sources are
in great demand nowadays for various application areas
such as spectroscopy (Grischkowsky et al. 1990), bio-
sensing (Debus and Bolivar 2007), quality inspection in
various industrial branches (Yasui et al. 2005; Stoik et al.
2008; Jordens and Koch 2008), medical and pharmaceuti-
cal applications (Fitzgerald et al. 2005; Siegel 2004), THz
astronomy (Siegel 2007), etc. The inherent advantages
and potential benefits of the THz frequency regime
(0.3-10 THz) for both civilian and defense applications
have generated lot of research interest in the development
of THz components, sources and detectors. Though the
THz region has several applications, lack of suitable THz
sources has hindered the developments of THz systems.
Most of the available THz sources are complex, bulky and
not operational at room temperature except some recently
developed THz sources based on cascaded frequency
multipliers which are frequency tunable, operational at
room temperature and have excellent signal quality.
Recently reported 1.9-2.7 THz sources based on cascaded
frequency multipliers are capable of generating 10-2 uW
of power and these are useful as local oscillators for
astronomical receivers (Ward et al. 2004; Heyminck et al.
2009; Crowe et al. 2011a, b; Maestrini et al. 2012). Thus,
the power delivering capabilities of these sources are not
sufficient to use those as frequency generators in powerful
THz transmitting systems.

Among two-terminal solid-state sources impact ava-
lanche transit time (IMPATT) devices have already
emerged as high-power, high-efficiency solid-state sources
for both microwave (3-30 GHz) and millimeter-wave
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(30-300 GHz) frequency bands (Midford and Bernick
1979; Chang et al. 1977; Gray et al. 1969). Si and GaAs
IMPATTS are already established as powerful and efficient
sources at different millimeter-wave window frequencies
(Luy et al. 1987; Dalle et al. 1990; Luschas et al. 2002a, b;
Shih et al. 1983; Eisele and Haddad 1995). Eisele et al.
(1996) first experimentally demonstrated the InP-based
IMPATT operation at W-band. But so far as authors’
knowledge is concerned, the experimental results on THz
performance of InP IMPATTSs are not available in the
published literatures. But some recent theoretical study
reveals the potentiality of InP-based IMPATTs as THz
sources (Mukherjee et al. 2007, 2010). In recent years the
potentiality of wide bandgap materials (SiC, GaN) for
generation of RF power at THz frequencies has been
reported (Mukherjee and Mazumder 2007; Mukherjee et al.
2009; Panda et al. 2007, 2001; Banerjee et al. 2010). Yuan
et al. (2001) first demonstrated the 4H-SiC based p™—n—
n —n" structured IMPATT diode oscillator operating at
X-band. Later, Vassilevski et al. (2001) experimentally
obtained better RF power output from single-drift region
(SDR) pt—n-n"t 4H-SiC IMPATT diode oscillator. So far
as authors’ knowledge is concerned, experimental report on
GaN-based IMPATT sources is not reported so far in the
published literatures. This may be due to lack of mature
fabrication technology of SiC and GaN-based IMPATT
devices at mm-wave and THz frequencies.

In the present paper, the authors have studied the
millimeter-wave and THz performance of GaAs, Si, InP,
4H-SiC and Wz-GaN-based DDR IMPATTSs using an
avalanche response time-based analysis (Acharyya and
Banerjee 2012, 2013; Acharyya et al. 2012) following a
double-iterative field maximum simulation method (Roy
et al. 1979, 1985) based on Gummel-Blue model (Gummel
and Blue 1967) to obtain the upper cut-off frequencies for
IMPATT operation. The high-frequency performance of
IMPATT devices depends on the material parameters such
as carrier ionization rates (o, %), saturated drift velocities
(Ven> Vsp), etc. of the base semiconductors. The avalanche
response time of the charge carriers (electrons and holes) is
related to the avalanche multiplication process and plays an
important role in determining the high-frequency perfor-
mance of the device. Lower avalanche response time
facilitates higher frequency of operation. Thus, the ava-
lanche response times associated with GaAs, Si, InP, 4H-
SiC and Wz-GaN based DDR IMPATTS are calculated at
different mm-wave and THz frequencies to determine the
upper cut-off frequency limits of those devices. DDR
structure is preferred over SDR structure for investigation
because the presence of two drift layers (n- and p-layers) in
DDR structure leads to higher drift zone voltage at a par-
ticular frequency of operation as compared with SDR
structure in which only one drift layer is available (n- or
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p-drift layer); and this ensures higher DC to RF conversion
efficiency (1) and higher RF power output (Prg) (Sze and
Ng 2010). The simulation obtained results are compared
with the experimental results to validate the DC and high-
frequency simulation technique adopted by the authors to
study the mm-wave and THz performance of the DDR
IMPATTsS based on different semiconductors.

Material parameters and design method
Material parameters

The electric field variation of carrier ionization rates in
GaAs, Si, InP and Wz-GaN is given by

snalé) = Angenp (Z222)'] 1)

where the value of the constant m = 1 for Si, InP and
Wz-GaN and m = 2 for GaAs. The values of the ionization
coefficients A, , and B, for a wide field range in GaAs
for <100> orientation have been taken from experimental
data of Ito et al. (1978). The values of A, ;, and B, , for Si
have been taken from the experimental results reported by
Grant (1973). The ionization coefficients A,, and By,
in <100> InP have been obtained from the experimental
data of Kao and Crowell (1980) for the lower field range
(2.5 x 10" t0 5.0 x 107 V. m™") and Umebu et al. (1980)
for the higher field range (5.0 x 107 to 8.0 x 10’ V. m™h).
The same coefficients (A, , and B, ;) of Wz-GaN are taken
from recently published report of Kunihiro et al. (1999).
The field variation of carrier ionization rates in 4H-SiC is
given by

(@) = () exo (2 @)

(&) = (g) €xp [m . (3)

The values of the constants A, ;, and B, ;, for a wide field
range in 4H-SiC are taken from experimentally reported
data (Konstantinov et al. 1997). The electron and hole
drift velocity versus field characteristics of Si have an
experimental field dependence given by

bng(§) = v 1 —exp (225 @)

Vsn,sp

The values of vy, and vy, are taken from the
experimental data of Canali et al. (1971). The negative
differential mobility in the electron drift velocity versus
electric field characteristics of group III-IV semiconductors
GaAs (Kramer and Micrea 1975), InP (Kramer and Micrea
1975) and Wz-GaN (Shiyu and Wang 2008) have been
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taken into account in the computer simulation through the
expression

[ﬂné + Vsn(‘f/éc)ﬂ
Vn(i) = (5)
[1+ (/)]

which incorporates a peak in the drift velocity at low field
(&) followed by a velocity saturation at high electric field.
The hole drift velocity versus field characteristics of GaAs,
InP and Wz-GaN are same as Si as given by Eq. (4). The
field dependence of electron and hole drift velocity in 4H-
SiC are given by (Vassilevski et al. 2000):

£ 1/k
Part ] , (6)
(1 + (,un,pé/vsmsp) )

where the value of k = 1.20. All other material parameters
such as bandgap (E,), intrinsic carrier concentration (1),
effective density of states of conduction and valance bands
(Ne, N), diffusion coefficients (D, D,), mobilities (i, up)
and diffusion lengths (L, L) of charge carriers and per-
mittivity (¢;) of the semiconductor materials under con-
sideration are taken from recently published reports
(Electronic Archive 2012).

Vn.,p(é) =

Design method

The frequency of operation of an IMPATT diode essen-
tially depends on the transit time (t) of charge carriers to
cross the depletion layer of the device. IMPATT diodes
having double-drift region nt—n—p—p* structure are first
designed for a particular frequency (fy) by the transit time
formula of Sze and Ryder (1971) given by W,, = 0.37
Vensp/fa, Where W, ;, and vy, o, are the n- or p-side depletion
layer widths, saturation velocities of electrons/holes
respectively. Here n'- and p*-layers are highly doped
layers whose doping concentrations are taken to be
Npy = Npj = 10*® m—>. The background doping concen-
trations of n- and p-depletion regions (Np, N,) are initially
chosen according to the design frequency. The electric field
profile using the above doping profile is obtained from the
DC simulation described in next subsection (Roy et al.
1979). The input doping profile is adjusted so that the
electric field just punches through the depletion layers
(Wyp) for a particular value of f; and a particular biasing
current density (Jy). The high-frequency computer simu-
lation described elsewhere (Roy et al. 1985) based on
Gummel-Blue approach (Gummel and Blue 1967) is then
carried out to obtain the admittance characteristics of the
device. The peak optimum frequency (f,,) corresponding to
the peak negative conductance is determined from the
admittance characteristics. If the magnitude of f, differs
very much from fy, the value of J, is varied and the

computer simulation program is run till the value of f;, is
nearly equal to the value of f;. The bias current density is
thus fixed for the particular design frequency. Realistic
doping profile for flat profile diode has been used for the
present analysis. The doping profile at the interfaces of
epitaxy and substrate (n'n-interface) is approximated as
error function. The doping profile near the p*p-interface
has been made realistic by suitable exponential functions.
Structural and doping parameters of the designed DDR
IMPATTSs based on GaAs, Si, InP, 4H-SiC and Wz-GaN
are listed in Table 1.

Simulation technique

One-dimensional model of reverse biased nt-n-—p—p™
lateral DDR IMPATT structure, shown in Fig. 1, is used to
simulate the DC and high-frequency properties of the
device under optical illumination. The physical phenomena
take place in the semiconductor bulk along the symmetry
axis of the DDR IMPATT devices. Thus, the one-dimen-
sional model of IMPATT devices considered in this work
is justified.

DC simulation

The DC electric field and normalized current density pro-
files in the depletion layer of the device are obtained from
simultaneous numerical solution of fundamental device
equations such as Poisson’s equation, combined carrier
continuity equation, current density equations and mobile
space charge equation subject to appropriate boundary
conditions (Acharyya and Banerjee 2012). A double-iter-
ative field maximum simulation method based on Gum-
mel-Blue approach (Gummel and Blue 1967) described
elsewhere (Roy et al. 1979; Acharyya and Banerjee 2012)
is used to solve these equations and obtain the electric field
and normalized current density profiles. In the above-
mentioned simulation method, the computation starts from
the field maximum near the metallurgical junction. The
boundary conditions for the electric field ({(x)) at the
depletion layer edges are given by

&) =0 and E(x)=0 (7)

Similarly, the boundary conditions for normalized
difference of hole and electron current density, P(x) =
(Jp(x) — Jo()/Jy (where Jo = J, + J,) at the depletion

layer edges, i.e., at x = —x; and x = x, are given by
2 2
P(—x1) = (Mp - 1) and P(x;) = <l —Mn>, (8)

where M, and M,, are the electron and hole multiplication
factors whose values are infinitely large of the order

Dislase cllod dao .
KACST a,0xétlg roglel @ Springer



Appl Nanosci (2014) 4:1-14

Table 1 Structural and doping parameters

Base material SI. no. f1 (GHz) W, (nm) W, (nm) Np (x102 m™3) Na (x102 m™3) Nop, Npy (x10°° m™)

GaAs 1 60 480.0 480.0 1.000 1.000 1.000
2 94 320.0 320.0 1.600 1.600 1.000
3 140 200.0 200.0 3.500 3.500 1.000
4 220 120.0 120.0 7.500 7.500 1.000

Si 1 94 400.0 380.0 1.200 1.250 1.000
2 140 280.0 245.0 1.800 2.100 1.000
3 220 180.0 160.0 3.950 4.590 1.000
4 300 132.0 112.0 6.000 7.300 1.000
5 500 72.0 70.0 15.00 16.20 1.000

InP 1 94 350.0 350.0 1.600 1.600 1.000
2 140 250.0 250.0 2.800 2.800 1.000
3 220 150.0 151.0 5.000 5.000 1.000
4 300 110.0 111.0 6.800 6.800 1.000
5 500 70.0 70.0 13.50 13.50 1.000
6 1,000 38.0 38.0 27.00 27.00 1.000

4H-SiC 1 94 580.0 580.0 2.800 2.900 1.000
2 140 400.0 400.0 4.900 5.000 1.000
3 220 300.0 300.0 6.900 7.000 1.000
4 300 250.0 250.0 9.500 10.50 1.000
5 500 160.0 160.0 14.50 16.50 1.000
6 1,000 90.0 90.0 37.00 43.00 1.000

Wz-GaN 1 94 1,600.0 1,600.0 0.580 0.600 1.000
2 140 1,100.0 1,100.0 0.680 0.700 1.000
3 220 735.0 735.0 1.000 1.100 1.000
4 300 540.0 540.0 1.500 1.600 1.000
5 500 330.0 330.0 2.800 2.900 1.000
6 1,000 185.0 185.0 6.800 7.200 1.000
7 1,500 131.0 131.0 9.800 10.50 1.000
8 2,000 104.0 104.0 13.50 14.50 1.000
9 5,000 52.5 52.5 35.50 36.50 1.000

T T X XA,
n* no A 4 p
! ! Ve = / E(x)dx and Vy — / £(x)dx. )
X1 X4, Xo Xa, X2 i 0
-+ d———X o — !
- W, e W .

p

Fig. 1 One-dimensional model of DDR IMPATT device

of ~10° under dark or un-illuminated condition of the
device. Electric field profiles (&(x) vs. x) and normalized
current profiles (P(x) vs. x) are obtained from the DC
simulation as mentioned earlier. The breakdown voltage
(V) and the avalanche zone voltage drop (V,) are
calculated by integrating the spatial field profile ({(x) vs.
x) over the total depletion layer width (W) and by
integrating the spatial field profile over the total
avalanche layer width (x,), respectively, i.e.,
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The DC to RF conversion efficiency is calculated from
the semi quantitative formula (Scharfetter and Gummel
1969):

o 2mp VD

n(%) = — A (10)

where Vp = (Vg — V4) = voltage drop across the drift
region and m, = 1/2.

Calculation of avalanche response time

The avalanche response time of DDR IMPATTSs can be
calculated from the knowledge of static spatial distribution
of electron and hole ionization rates (o,(x) vs. x and ap(x)
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vs. x) obtained from the DC simulation, saturated drift
velocities of charge carriers (v, and vgp). If 7o, and 74, are
the avalanche response times initiated by electrons and
holes, respectively, then these are expressed as (Acharyya
and Banerjee 2012, 2013, Acharyya et al. 2012):

XA, x
1 ’
TAn = m / exXp | — / (O(n — ocp)dx dx,
7XA] 7xAl
(11)
Xa,

/ (ot — o) | - (12)

When avalanche process is initiated by a mixture of
electrons and holes then the corresponding response time
Ta 1s given by (Acharyya and Banerjee 2012, 2013,
Acharyya et al. 2012)

-1
XA,

A = Tand (1 —k) +k.exp|— / (otn — o) d]

—XA,

(13)

where the parameter k = Jp/J; and (1 — k) = Jo/Js;
Js = Jps + Jus 1s the total reverse saturation current of
the device under dark condition. The expressions for
thermally generated electron and hole reverse saturation
currents are given by

D.n? D n?
Jos = 9Lty and Jps — qLply . (14)
LnNA LpND

High-frequency simulation

The magnitude of peak field at the junction (&), the widths of
avalanche and drift zones (x, and xp; where xp = d, + dp)
and the voltage drops across these zones (V,, Vp) are
obtained from the DC simulation program. These values are
fed back as input parameters in the high-frequency simula-
tion program. The depletion layer edges of the device are
obtained from the output of DC simulation program. The
edges of the depletion layer are then taken as the starting and
end points of high-frequency simulation program. Two
second-order differential equations are framed from
Gummel-Blue model (Roy et al. 1985) by resolving the
device impedance Z(x,w) into its real part R(x,w) and
imaginary part X(x,®); where Z(x,w) = R(x,») + jX(x,w).
Two simultaneous second-order differential equations in R
and X are numerically solved using Runge—Kutta method
(Roy et al. 1985). Double-iteration over the initial choice of
the values of R and X at one edge is carried out till the
boundary conditions for R and X are satisfied at the other

edge (Acharyya and Banerjee 2012; Roy et al. 1985). The
negative specific resistance (R(x) vs. x) and specific reac-
tance (X(x) vs. x) profiles in the depletion layer of the device
are obtained from the above-mentioned solution. The device
negative resistance (Zgr) and reactance (Zx) are obtained
from the numerical integration of the respective R(x)- and
X(x)-profiles over the depletion layer width (W), i.e.,

X2 X2
Ze = / R(x)dx and Zyx — / X(x)dx. (15)
—X] —X]

The device impedance is given by Zp = Zg + jZx,
while the device admittance is Yp = ZBl = G + jB. The
negative conductance (G) and positive susceptance (B) of
the device at a particular frequency are computed from the
following expressions:

ZR

G(w)| =———— and
|G(o)] Z+ 2

—7x

|B(w)] :m~

(16)

It may be noted that both G and B are normalized with
respect to the effective junction area (A;) of the device. The
admittance characteristics, i.e., G(w) versus B(w) plots of
the device are obtained from the above analysis for
different bias current densities. The avalanche resonance
frequency (f,) at which the susceptance (B) changes its sign
from positive to negative, i.e., from inductive to capacitive
is also obtained from the admittance plots. The RF power
output Prr from the device can be obtained from the
following expression:

Pgp = %(VRF)z\Gp\Aj, (17)
where Vi is the RF voltage (Vgxg = my x Vp; where the
modulation index, my < 30 % under small-signal condi-
tion; whereas m, is taken as 25 % in the calculations pre-
sented in this paper), |Gyl is the peak magnitude of the
negative conductance at peak optimum frequency (f,) and
Aj is the effective junction area of the device (A; = m(Dy/
2)%, and D; is the effective junction diameter of the device
(assuming the circular cross-section of the device)).

In the “Results and discussion” section, the DC and high-
frequency results of DDR IMPATT devices based on dif-
ferent semiconductors are presented and discussed in detail.
The numerical simulation approach described briefly in this
section is verified by the authors by comparing the simula-
tion obtained results of Si, GaAs and InP DDR IMPATTSs
presented in this paper at different mm-wave frequencies
with published experimental reports. So far as authors’
knowledge is concerned no experimental report on 4H-SiC
and Wz-GaN DDR IMPATT:s is available in published lit-
erature within the mm-wave and THz frequency range under
consideration. That is way the simulation predicted results of
4H-SiC and Wz-GaN DDR IMPATTs could not be verified.
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Table 2 DC properties

Base material SL. no. Jo (x108 Am™2) & (x107vmh Vg (V) Va (V) 1 (%) xa (nm) xa/W (%)
GaAs 1 2.20 5.6067 28.87 17.06 13.02 376.0 40.00
2 5.60 6.0442 22.67 15.57 9.97 332.0 55.33
3 11.50 7.3067 15.78 11.41 8.82 208.0 54.74
4 24.50 9.1317 11.61 9.49 5.77 146.0 66.36
Si 1 3.40 6.0115 2427 16.21 10.58 352.0 46.32
2 5.80 6.6617 18.98 13.52 9.16 268.0 53.07
3 13.0 8.1990 13.74 10.29 7.99 170.0 53.10
4 17.2 9.3490 11.29 9.07 6.25 134.0 59.82
5 52.0 12.1760 9.06 7.75 4.59 90.0 67.16
InP 1 1.40 7.3904 28.82 14.42 15.90 230.0 33.72
2 2.90 7.9279 19.78 10.44 15.02 156.0 33.91
3 5.00 8.5904 13.30 7.48 13.93 104.0 37.01
4 7.80 8.9205 10.71 6.29 13.13 84.0 41.79
5 19.0 9.7447 7.08 4.56 11.35 56.0 46.67
6 405 10.6450 443 3.34 7.82 38.0 67.85
4H-SiC 1 4.00 35.9060 226.08 111.09 16.19 382.0 33.81
2 9.00 38.9163 158.19 79.82 15.77 252.0 3231
3 21.0 40.6251 121.47 69.46 14.62 212.0 36.55
4 51.0 42.6311 107.72 60.73 13.89 178.0 37.08
5 135.0 45.2179 86.32 53.26 12.19 152.0 50.67
6 460.0 51.7022 51.54 36.35 9.38 92.0 61.33
Wz-GaN 1 0.05 15.9820 251.61 123.12 16.25 904.0 28.43
2 0.30 16.2877 215.59 106.21 16.15 758.0 35.09
3 1.00 17.0345 155.13 81.57 15.49 560.0 39.16
4 1.50 17.8712 118.13 62.21 15.07 408.0 38.49
5 3.00 19.2765 76.34 41.42 14.56 252.0 39.38
6 10.8 21.4739 41.76 2428 13.32 134.0 40.61
7 16.0 224766 31.43 19.31 12.27 102.0 45.95
8 235 23.3778 25.21 16.13 11.46 82.0 48.81
9 30.0 26.3812 11.92 9.72 5.88 44.0 67.69

Results and discussion

The active layer widths (W,, W) and background doping
concentrations (Np, N,) of DDR IMPATT devices
(Table 1) based on different semiconductor materials have
been designed to operate at different mm-wave and tera-
hertz frequencies using simple transit time formula (Sze
and Ryder 1971) and simulated using DC (Acharyya and
Banerjee 2012; Roy et al. 1979) and high-frequency
(Acharyya and Banerjee 2012; Roy et al. 1985) simulation
techniques as described briefly in the previous section.

DC properties

Important DC parameters such as peak electric field (&),
breakdown voltage (Vp), avalanche zone voltage (V4), DC
to RF conversion efficiency (i), avalanche layer width (x4)
and ratio of avalanche zone width to total depletion layer
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width (xp/W) of the designed DDR IMPATTSs are obtained
from DC simulation and given in Table 2. Variations of &,
Vg and n with operating frequency of GaAs and Si-based
DDR IMPATTs are shown in Fig. 2. Variations of the
above parameters (£, and Vg, #) of InP, 4H-SiC and
Wz-GaN-based DDR IMPATTSs with operating frequency are
shown in Figs. 3, 4. Thus, a comparison of the DC prop-
erties of DDR IMPATTSs based on different semiconduc-
tors can be made from Table 2 and Figs. 2, 3, 4 at different
operating frequencies. Table 2 shows that peak electric
field (&,) increases while the breakdown voltage (Vg),
avalanche zone voltage (V4), DC to RF conversion effi-
ciency () and avalanche layer width (x) decrease in the
DDR IMPATTS based on different materials as the oper-
ating frequency increases. Peak electric field (&) is highest
in 4H-SiC based DDRs among all other DDR IMPATTSs
under consideration at any operating frequency; it increases
from 3.59 x 10® to 5.17 x 10®* V. m™"' as the operating
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frequency increases from 94 GHz to 1.0 THz. In Wz-GaN
based DDR IMPATTs, £, is of the same order (~108
\" mfl) but lower than 4H-SiC DDRs. Peak electric fields
(¢p) of GaAs, Si and InP-based DDR IMPATTSs are one
order lower (~ 10’ Vv mfl) as compared with 4H-SiC and
Wz-GaN based DDR IMPATTs. But among GaAs, Si and
InP-based DDR IMPATTs, the peak field is highest in InP
IMPATTSs followed by Si and GaAs IMPATTs. Figure 4
and Table 2 show that the breakdown voltage (Vg) of
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Fig. 4 Variations of DC to RF conversion efficiency and breakdown
voltage with optimum frequency of InP, 4H-SiC and Wz-GaN based
DDR IMPATTSs

Wz-GaN based DDR IMPATTS is highest among all other
semiconductor-based DDR devices up to 0.3 THz beyond
which the breakdown voltage (V) of 4H-SiC based IMP-
ATTs exceeds that of Wz-GaN based IMPATTs. It is
observed that GaAs, Si and InP-based DDRs have lower
breakdown voltage (V) than either 4H-SiC or Wz-GaN
based DDRs. It is observed from Table 2 as well as Figs. 2
and 4 that breakdown voltage (V) of InP DDR device is
highest among GaAs, Si and InP DDRs at the same oper-
ating frequencies. From the knowledge of avalanche zone
voltage (V,) and breakdown voltage (Vg), the drift zone
voltage drop (Vp = Vg — V) of the device can be cal-
culated. The ratio of drift zone voltage to breakdown
voltage (Vp/Vp) decreases in all the devices under con-
sideration as the operating frequency increases. The ratio
Vp/Vp is much higher in Wz-GaN DDRs (0.510 at 94 GHz,
0.419 at 1.0 THz) and 4H-SiC DDRs (0.509 at 94 GHz,
0.295 at 1.0 THz) as compared with GaAs DDRs (0.313 at
94 GHz, 0.183 at 220 GHz) or Si DDRs (0.332 at 94 GHz,
0.145 at 0.5 THz) and InP DDRs (0.489 at 94 GHz, 0.246
at 1.0 THz). The magnitudes of Vp/Vg in Wz-GaN, 4H-SiC
and InP DDRs are comparable up to lower mm-wave fre-
quencies. At higher frequencies the ratio Vp/Vy decreases
sharply in 4H-SiC and InP DDRs. It may be noted that the
rate of decrease of Vp/Vp with respect to frequency is much
less in Wz-GaN based DDR IMPATTSs. The ratio Vp/Vjy is
nearly same in GaAs and Si DDRs up to some limiting
frequency beyond which Vp/Vg is higher in Si DDRs.
According to the semi-quantitative formula of DC to RF
conversion efficiency (1 = (1/n1) x (Vp/V)) (Scharfetter
and Gummel 1969) the DC to RF conversion efficiency (1)
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of IMPATT devices is directly proportional to the ratio Vp/
Vg. Thus, the variation of DC to RF conversion efficiency
(1) of the devices with frequency exhibits the same nature
as that of Vp/Vj. Figure 4 and Table 2 show that the DC to
RF conversion efficiencies (1) of InP, 4H-SiC and Wz-GaN
DDRs are comparable and much greater than DC to RF
conversion efficiencies (1) of GaAs and Si DDRs as shown
in Fig. 2 and Table 2. DC to RF conversion efficiency (1)
is highest in Wz-GaN DDRs and rate of decrease of n with
respect to operating frequency (dn/df) is also much lower
(Fig. 4) in Wz-GaN DDRs than that in InP and 4H-SiC
DDRs up to 1.0 THz.

The ratio of avalanche zone width to total drift layer
width (xp/W) for all the devices under consideration
increases sharply at higher operating frequencies. Higher
xa/W indicates wider avalanche zone, which leads to higher
avalanche voltage (V) and lower drift zone voltage (Vp).
The lower the Vp/Vg, the lower the efficiency (1). Thus, the
rapid widening of avalanche region at higher operating
frequencies is the primary cause of sharp decrease of 5 at
higher operating frequencies. In case of GaA-based DDRs
xa/W is 40.0 % at 60 GHz but it rises to 66.36 % at
220 GHz which causes sharp decrease of n at 220 GHz
frequency. But in Si DDRs at 220 GHz, x,/W is 53.10 %,
but it rises to 67.16 % at 500 GHz and this leads to sharp
fall in # at higher mm-wave and THz frequencies. In case
of InP, 4H-SiC and Wz-GaN DDR devices the magnitude
of xp/W is much lower up to a frequency of 0.3 THz
(41.79 % in InP DDR, 37.08 % in 4H-SiC DDR, 38.39 %
in Wz-GaN), but it increases rapidly above 0.3 THz in InP
and 4H-SiC DDRs and becomes 67.85 and 61.83 % at
1.0 THz, respectively. This leads to very low value of
(7.82 and 9.38 % respectively) for InP and 4H-SiC DDRs
at that frequency. But in Wz-GaN DDRs, sharp rise in x5/
W is observed at frequencies above 1.0 THz whose mag-
nitude increases up to 67.69 % at 5.0 THz leading to very
low efficiency (5.58 %) of Wz-GaN DDRs at that
frequency.

Avalanche response times

Avalanche response times (t4) of the DDR IMPATTSs
based on different semiconductors are calculated by
Eq. (13). Spatial variations of ionization rates of electrons
(2,) and holes (o) for each device are obtained from the
output of the DC program and used to solve Eqgs. (11) and
(13). Transit times (t1) associated with the DDR IMPATT
devices based on GaAs, Si, InP, 4H-SiC and Wz-GaN
operating at different mm-wave and THz frequencies are
obtained from transit time formula of Sze and Ryder
(1971). The computed values of 74 and 7 of all DDR
devices under consideration are given in Table 3. Figures 5
and 6 show the variations of 754 and tr with operating
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Table 3 Avalanche response times and transit times

Base Sl. fa Ta (Sec) Tt (Sec)

material no. (GHz)

GaAs 1 60  3.660131 x 1072 1.920000 x 10~
2 94 3.328758 x 1072 1.280000 x 107!
3 140 3.113022 x 107" 0.800000 x 10~
4 220 3.041175 x 107'% 0.480000 x 10~

Si 1 94 1.940812 x 1072 1.244168 x 107"
2 140 1.667003 x 107'2 0.870917 x 10~
3 220 1.417097 x 10~'% 0.559875 x 107"
4 300 1.268324 x 107'% 0.041057 x 107"
5 500  1.191345 x 107'% 0.223950 x 107"

InP 1 94 3771131 x 1071 1.116667 x 107!
2 140 2.271644 x 107" 0.833333 x 107!
3 220 1.727141 x 107" 0.500000 x 10~
4 300 1.474539 x 107" 0.366667 x 107"
5 500 0.914383 x 10~"% 0.233333 x 107"
6 1,000  0.733187 x 107" 0.126667 x 107!

4H-SiC 1 94 2361382 x 107" 0.547169 x 107"
2 140 1.524503 x 107" 0.377358 x 107"
3 220  1.248335 x 107" 0.283018 x 107"
4 300 1.029931 x 107" 0.235849 x 107!
5 500  0.800814 x 107" 0.150943 x 10~
6 1,000  0.628814 x 107" 0.094339 x 107!

Wz-GaN 1 94 3.462981 x 107'° 1.066667 x 107"
2 140 2.729583 x 107'° 0.733333 x 107"
3 220 1.759941 x 107'® 0.490000 x 10~
4 300 1.110175 x 107'® 0.360000 x 10~
5 500  0.547288 x 107'® 0.220000 x 107"
6 1,000  0.207058 x 107'® 0.123333 x 107"
7 1,500  0.134709 x 10~'® 0.087333 x 107"
8 2,000 0.104014 x 107'° 0.069333 x 107"
9 5,000  0.099169 x 107'° 0.035000 x 107!

frequency in GaAs, Si-based DDRs and InP, 4H-SiC,
Wz-GaN based DDRs, respectively. DDR IMPATTSs based
on a particular semiconductor can be operated at higher
frequencies provided the avalanche response time (t,) is
much lower than the transit time (t1) of carriers at the
higher frequencies (Acharyya and Banerjee 2012, 2013).
Avalanche response time (7,) of the device depends on the
saturated drift velocities and ionization rates of electron
and holes (v, vy, and oy, o, respectively) of the base
semiconductor. Thus, the type of the base material deter-
mines the value of 74 at a particular frequency. Figure 5
and Table 3 show that 74 of GaAs DDRs is higher than that
of Si DDRs (at 94 GHz 15 of GaAs DDR is 1.72 times
higher than 7, of Si DDR; whereas at 220 GHz this ratio is
2.15). That is why DDR IMPATTSs based on Si can operate
at much higher frequencies (up to 0.5 THz) than those
based on GaAs (up to 220 GHz). It is observed from
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Table 3 that the values of 75 of InP, 4H-SiC and Wz-GaN
DDRs are lower than those of GaAs and Si DDRs. Further
from Fig. 6 and Table 3, it is observed that 75, of Wz-GaN
DDR IMPATTSs is much smaller than that of InP DDR
IMPATTs. At 94 GHz, 14 of Wz-GaN DDR is
9.18 x 10~* times of InP DDR and 1, of 4H-SiC DDR is
6.26 x 107> times of InP DDR at the same frequency,
whereas the same ratio of 74 of Wz-GaN DDR to 7, of InP
and 4H-SiC DDRs become 2.82 x 10~* and 8.58 x 1077,
respectively, at 1.0 THz. It therefore turns out that 75 of
Wz-GaN DDRs is the lowest of all other DDR IMPATTS
under consideration (at 94 GHz 7, of Wz-GaN DDR is
0.15 times than that of 4H-SiC DDR, whereas at 1.0 THz
this ratio becomes 0.33). Due to very small avalanche
response time (t4), of the order of ~107'6 s, Wz-GaN
DDR IMPATT device is capable of operating up to 5.0
THz, whereas the highest operating frequencies of GaAs,
Si, InP and 4H-SiC DDRs are limited to 220 GHz,
500 GHz, 1.0 THz and 1.0 THz, respectively.

High-frequency properties

The important high-frequency parameters obtained from
this analysis are optimum frequency (f,), peak negative
conductance (G,), corresponding susceptance (Bp), quality
factor or Q-factor (Q,), negative resistance (Zg) and RF
power output (Prp). Those parameters are obtained from
the high-frequency simulation of GaAs, Si, InP, 4H-SiC
and Wz-GaN DDR IMPATTs and listed in Table 4.
Admittance characteristics or high-frequency conductance-
susceptance plots of GaAs and Si DDRs are shown in
Fig. 7 while those of InP and 4H-SiC DDRs are shown in
Figs. 8 and 9, respectively, and those of Wz-GaN DDRs
are shown in Figs. 10 and 11, respectively. It is observed
from Table 4 and Figs. 7, 8, 9, 10, 11 that the magnitudes
of G, and B, increase with the increase of operating fre-
quency. Q-factor (Q, = —B,/G,) of the device determines
the growth rate of IMPATT oscillation. Lower Q-factor
close to O, ~ 1 suggests higher oscillation growth rate. It
is observed from Table 4 that the Q-factors of 4H-SiC
DDRs are lowest (Q, < 1) from 94 GHz to 1.0 THz of all
other DDRs under consideration. It is interesting to note
that Q-factor (Q,) of GaAs, Si and InP DDRs increases
with the increase of operating frequency, but Q-factor (Qp)
of Wz-GaN DDR IMPATTs decreases with the increase of
operating frequency. This fact suggests that the oscillation
growth rate improves in Wz-GaN based DDRs at higher
frequencies (up to 5.0 THz).

Negative resistances (Zg) of the devices are calculated
from Eq. (15) and given in Table 4. Table 4 shows that, the
magnitude of negative resistance (Zg) of DDR IMPATTS
based on GaAs, Si, InP, 4H-SiC and Wz-GaN decreases
with the increase of operating frequency. It is interesting to
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Fig. 6 Variations of avalanche response time and transit time with
optimum frequency of InP, 4H-SiC and Wz-GaN based DDR
IMPATTSs

observe that the magnitude of Zg is highest in 4H-SiC
based DDRs among all other devices from 94 GHz to 1.0
THz. Higher magnitude of negative resistance implies that
higher RF power output can be obtained from the 4H-SiC
based DDR IMPATT devices in comparison with GaAs, Si,
InP and Wz-GaN based DDR IMPATT devices operating
at same frequency.

RF power outputs (Prg) of the DDR IMPATT devices
under consideration at different operating frequencies are
obtained from Eq. (17) from the knowledge of breakdown
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Table 4 High-frequency properties

Base material Sl no. f, (GHz) G, (x10" Sm™?) B, (x10’ Sm™) Q, = —(B/G,) Zg (x107°Qm™) Pgrg (mW) Dj (um)
GaAs 1 60 —2.9548 3.5293 1.19 —13.9461 182847  55.0
2 94 —5.8886 7.8662 1.34 —6.0988 909.89  35.0
3 140 —10.4730 19.4641 1.86 —2.1438 400.04 25.0
4 220 —17.1452 56.7970 3.31 —0.4871 226.89  20.0
Si 1 94 —4.0002 6.5654 1.64 —6.7679 70843  35.0
2 140 —8.0772 15.4697 1.92 —2.6524 44635  25.0
3 219 —18.0334 38.7885 2.15 —0.9855 33423 200
4 302 —26.2239 80.1598 3.05 —0.3686 18459  15.0
5 500 —67.5571 222.3756 3.29 —0.1251 136.10  10.0
InP 1 94 —8.2457 6.8436 0.83 —7.1811 2059.17  35.0
2 140 —26.6945 13.7556 0.52 —2.9599 1602.12  25.0
3 220 —49.3589 47.2443 0.96 —1.0573 857.17  20.0
4 300 —78.9689 72.7609 0.92 —0.6849 50022 15.0
5 501 —278.1512 213.6971 0.77 —0.2268 34221 100
6 1,000 —598.7561 703.7719 1.17 —0.0701 72.10 5.0
4H-SiC 1 95 —1.9711 0.5574 0.28 —46.9756 30,290.98  35.0
2 140 —42152 1.3511 0.32 —21.5132 16,180.81  25.0
3 220 —9.1919 3.7236 0.41 —9.3454 13,315.09  20.0
4 300 —20.4917 8.3277 0.41 —4.1883 13,130.85  15.0
5 500 —51.1584 14.3506 0.28 —1.8121 9,355.78  10.0
6 1,000 —121.6192 46.1491 0.38 —0.7187 1,982.31 5.0
Wz-GaN 1 95 —0.1638 1.7788 10.86 —5.1361 3,117.78  35.0
2 140 —0.3953 3.7869 9.58 —2.7262 2,81841  25.0
3 220 —1.1101 9.1187 8.21 —1.3155 2,622.73  20.0
4 300 —2.3439 16.9007 7.21 —0.8051 1,806.27 15.0
5 500 —8.1282 46.6598 5.74 —0.3632 1,162.62  10.0
6 1,000 —47.1109 180.2237 3.82 —0.1358 504.16 5.0
7 1,500 —126.7654 408.2341 3.22 —0.0693 192.09 25
8 2,000 —211.6412 730.3715 3.45 —0.0366 47.54 1.2
9 5,000 —445.7865 1,045.0674 234 —0.0345 7.62 0.7

voltage (Vg), voltage modulation factor (m, = 25 %),
magnitude of peak negative conductance (G,) and effective
junction area of the device (4;). The effective junction
diameter (Dj;) is scaled down from 55 to 0.7 um as the
frequency of operation increases from 60 GHz to 5.0 THz
through a rigorous thermal analysis (Acharyya et al. 2011,
2010) in continuous-wave (CW) mode considering proper
heat sinking aspects which is sufficient to avoid the thermal
runway and burn out of the device and corresponding D;
values are given in Table 4. Variation of RF power output
(Prp) with optimum frequency of GaAs, Si, InP, 4H-SiC
and Wz-GaN-based DDR IMPATTS is shown in Fig. 12.
Figure 12 and Table 4 show that Prp decreases as the
operating frequency of the device increases. It is interesting
to observe from Fig. 12 and Table 4 that RF power output
(Prp) of GaAs and Si-based DDR IMPATTSs is almost
comparable up to 220 GHz; up to 94 GHz, GaAs DDRs
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can deliver marginally higher power output as compared
with Si DDRs, but above 94 GHz Si DDRs exceed GaAs
DDRs as regards Pgrg. It is also observed that InP-based
DDR IMPATTSs are capable of delivering higher output
power as compared with DDR IMPATTSs based on GaAs
and Si. Another advantage of InP DDR IMPATTS is that
the device can operate up to much higher frequencies (up to
1.0 THz), whereas the high-frequency performance of
GaAs and Si DDR IMPATTS are limited to 220 GHz and
0.5 THz, respectively. It is interesting to note that Wz-GaN
and 4H-SiC DDR IMPATTSs are potential candidates for
THz operation due to their higher RF power outputs at THz
frequencies. Up to 1.0 THz 4H-SiC IMPATTSs provide the
highest RF power output among all other devices under
consideration. But the genuine advantage of Wz-GaN DDR
IMPATTSs is that it can operate up to 5.0 THz with
appreciable power output.
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Validation of the simulation results

Experimentally obtained RF power output from Si DDR
IMPATT sources are 600 mW at 94 GHz (Luy et al. 1987)
and 300 mW at 140 GHz (Wollitzer et al. 1996) which are
shown in Fig. 12. Figure 12 shows that the experimental
results are in very close agreement with the simulation
results for Si DDR IMPATTs which validates the DC and
high-frequency simulation technique adopted by the
authors and used in this paper. Experimentally obtained RF
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Fig. 10 Admittance characteristics of 94, 140, 220 GHz, 0.3 THz
Wz-GaN based DDR IMPATTSs

power output from GaAs DDR IMPATT sources are
1.24 W, 270 and 100 mW at 60, 95 and 144 GHz,
respectively (Adlerstein and Chu 1984; FEisele 1989;
Tschernitz and Freyer 1995), and the same from InP DDR
IMPATT source is 55 mW at 84.8 GHz (Eisele et al. 1996).
Experimentally obtained power outputs from GaAs and InP
IMPATT sources are also shown in Fig. 12. It can be
observed from Fig. 12 that at 60 GHz the simulated and
experimental results for GaAs DDR IMPATT source are in
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Fig. 12 Variation of RF power output with optimum frequency of
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close agreement; but above 60 GHz simulation results are
predicting much higher power output as compared with the
experimentally obtained values. Similarly, at W-band
(75-110 GHz) simulation predicted RF power out is much
higher as compared with the experimentally obtained value
for InP DDR IMPATT source. Lack of mature fabrication
technology of GaAs and InP-based DDR IMPATT devices
higher mm-wave frequency bands and lack of optimized
design of the devices used for those experiments may be
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the cause of getting lower power outputs experimentally.
But so far as the authors’ knowledge is concerned, no
experimental report on 4H-SiC and Wz-GaN based DDR
IMPATT source operating at mm-wave or THz frequency
bands is available in published literatures. That is why the
simulation results of 4H-SiC and Wz-GaN based DDR
IMPATTS presented in this paper could not be compared
with experimentally obtained results.

Conclusions

Millimeter-wave and Terahertz performance of DDR
IMPATT devices based on GaAs, Si, InP, 4H-SiC and Wz-
GaN are investigated in this paper. High-frequency limi-
tations of DDR IMPATTSs based on the above-mentioned
semiconductors are studied from the avalanche response
time of the devices operating at mm-wave and THz fre-
quencies. Wz-GaN DDR IMPATTs emerge as the most
suitable material for generation of THz frequencies up to
5.0 THz due to their small avalanche response time, high
DC to RF conversion efficiency and sufficiently high RF
power output of Wz-GaN based DDRs at THz frequencies.
But up to 1.0 THz, 4H-SiC DDR IMPATTS excel Wz-GaN
DDR IMPATTSs due to their higher power output. It may
therefore be concluded that Wz-GaN and 4H-SiC are
highly suitable semiconductors for IMPATT action in both
mm-wave and THz frequency ranges with respect to power
output and efficiency. The simulation results and corre-
sponding designs would be useful for undertaking an
experimental program to fabricate the THz 4H-SiC and
Wz-GaN IMPATTSs using MBE or metallo-organic chem-
ical vapor deposition techniques.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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