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Abstract
In this paper, the large-signal characterization of 94 GHz type-
IIb semiconducting diamond based Double-Drift Region (DDR) 
Impact Avalanche Transit Time (IMPATT) has been carried out by 
using a large-signal simulation method developed by the authors 
based on non-sinusoidal voltage excitation. The simulation is 
carried out to obtain the large-signal characteristics such as large-
signal device admittance, RF power output, DC to RF conversion 
efficiency, etc of DDR diamond IMPATT device operating at 94 
GHz atmospheric window. The results show that the device is 
capable of delivering a peak RF power output of 7.01 W with 
10.18% DC to RF conversion efficiency at a bias current density 
of 6.0×108 A m-2 and voltage modulation of 60%.
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I. Introduction
The opto-electronic, mechanical and thermal properties of diamond 
having 5.48 eV bandgap and the recent development of its epitaxial 
growth technique have aroused a lot of interest to use this material for 
fabrication of high power, high frequency semiconductor devices. 
Prospects of diamond (C) based electronic devices such as Metal 
Semiconductor Field-Effect Transistor (MESFET), IMPATT diode 
and Bipolar Junction Transistor (BJT) for microwave and mm-wave 
power generation was studied by Trew et al. in 1991 [1]. Impact 
Avalanche Transit Time (IMPATT) devices are well established 
as high power, high efficiency solid-state sources at microwave 
(3-30 GHz) and millimeter-wave (30-300 GHz) frequency bands 
[2]. In the decades of seventies, Si and GaAs were mostly used as 
base materials for IMPATT diodes [3-5]. In recent years IMPATT 
diodes based on wide bandgap semiconductor materials (SiC, 
GaN) have been reported for generation of RF power at mm-wave 
and terahertz frequencies [6]. Material properties of diamond 
are also suitable for fabrication of IMPATT diodes at mm-wave 
frequencies [7-9]. In the present paper, the large-signal simulation 
based on non-sinusoidal voltage excitation model developed by 
the authors is carried out to explore the large-signal properties of 
DDR IMPATT device based on diamond designed to operate at 94 
GHz window frequency [10, 11]. The large-signal power output, 
DC to RF conversion efficiency, large-signal device admittance, 
etc of the device are obtained from the simulation.

II. Large-Signal Modeling and Simulation
One-dimensional model of reverse biased n+-n-p-p+ structure 
of DDR IMPATT device, shown in fig. 1(a) is used for large-
signal simulation since the physical phenomena take place in the 
semiconductor bulk along the symmetry axis of the mesa structure 
of the device. The fundamental time and space dependent device 
equations i.e., Poisson’s equation, continuity equations, current 

density equations involving mobile space charge are simultaneously 
solved subject to proper boundary conditions under large-signal 
condition to obtain the snap-shots of electric field (ξ(x,t)) and 
normalized current density (P(x,t) = (Jp(x,t) – Jn(x,t))/J0(t); where, 
J0(t) = Jp(x,t) + Jn(x,t)) for different bias current densities at several 
instants of time of one complete cycle of steady-state oscillation 
[10-11]. In the present simulation method, the IMPATT device is 
considered as a non-sinusoidal voltage driven source as shown 
in fig. 1(b). The input AC voltage is taken as

   (1)
The bias voltage is applied through a coupling capacitor (C) 
to study the performance of the device at a given fundamental 
frequency (f = ω/2π) with its n harmonics. The large-signal 
program is run till the limit of one complete cycle (i.e. 0 ≤ ωt ≤ 
2π) is reached. The bias current density, RF voltage amplitude and 
frequency are J0, VRF and f respectively. The terminal current 
and voltage waveforms for a complete cycle of oscillation are 
analyzed to study the RF performance of the device at different 
phase angles of one complete cycle of oscillation i.e., ωt = 0, π/2, 
π, 3π/2, 2π. The active layer widths (Wn, Wp) and background 
doping concentrations (ND, NA) of 94 GHz DDR Diamond IMPATT 
are designed for optimum performance at 94 GHz by using the 
method described in earlier paper [10]. The doping concentrations 
of n+- and p+-layers are taken as Nn+ = Np+ = 1026 m-3 in the 
simulation. Structural and doping parameters of the designed DDR 
Diamond IMPATT device are given in Table 1. The realistic field 
dependence of ionization rates (αn, αp) and drift velocities (vn, vp) 
of charge carriers and other material parameters such as bandgap 
(Eg), intrinsic carrier concentration (ni), effective density of states 
of conduction and valance bands (Nc, Nv), diffusion coefficients 
(Dn, Dp), mobilities (μn, μp) and diffusion lengths (Ln, Lp) of base 
semiconductor i.e. diamond are taken from the recently published 
experimental reports [12-14]. Junction diameter of the device 
(Dj) is taken as 35 μm for Continuous-Wave (CW) operation at 
94 GHz [3].



IJECT Vol. 4, IssuE spl - 1, Jan - MarCh 2013

w w w . i j e c t . o r g InternatIonal Journal of electronIcs & communIcatIon technology  131

 ISSN : 2230-7109 (Online)  |  ISSN : 2230-9543 (Print)

Fig. 1: (a) One-Dimensional Model of DDR IMPATT Device, (b) 
Voltage Driven IMPATT Oscillator and Associated Circuit

Table 1: Structural and Doping Parameters
fd
(GHz)

Wn
(µm)

Wp
(µm)

ND
(×1023 m-3)

NA
(×1023 m-3)

Nn+, Np+
(×1026 m-3)

Dj 
(µm)

94 0.780 0.720 0.460 0.530 1.000 35.0

III. Results and Discussion
Bias current density (J0) is varied from 3.0×108 to 6.0×108 A m-2 
to study the static and large-signal characteristics of the device. 
Fig. 2 shows the static (i.e. when mx = 0) electric field profiles 
of DDR diamond IMPATT for different bias current densities. It 
is observed from fig. 2 that the electric field profiles are getting 
distorted due to the mobile space charge effect at higher bias 
current densities [15]. The normalized current density profiles, 
i.e. P(x)-profiles of the device at different bias current densities 
are shown in fig. 3. It is worthwhile to note that the P(x)-profile 
of the device smears out with the increase of bias current density. 
This indicates the sharp expansion of avalanche zone width (xA) 
and consequent decrease in DC to RF conversion efficiency at 
higher bias current densities.

Fig. 2: Static Electric Field Profiles of 94 GHz DDR Diamond 
IMPATT for Different Bias Current Densities

Fig. 3: Static P(x)-Profiles of 94 GHz DDR Diamond IMPATT 
for Different Bias Current Densities

Variations of peak negative conductance (Gp) and corresponding 
susceptance (Bp) with RF voltage considering the voltage 
modulation factor (mx) from 5 to 70% for different bias current 
densities are shown in fig. 4. The magnitude of Gp (|Gp|) decreases 
with the RF voltage (VRF) for a particular bias current density and 
increases with the increase of bias current density for a particular 
RF voltage (VRF). On the other hand |Bp| also decreases with the 
RF voltage (VRF) for a particular bias current density and with 
increase of bias current density for a particular RF voltage (VRF). 
Fig. 5 shows the variations of optimum frequency (fp) for peak 
negative conductance (Gp) and avalanche resonance frequency (fa: 
frequency at which device conductance just becomes negative) with 
RF voltage for different bias current densities. Both the optimum 
frequency (fp) and avalanche resonance frequency (fa) of the device 
decrease with the increase of RF voltage for a particular bias 
current density. But it is interesting to observe from fig. 5, that the 
rate of decrease of optimum frequency with respect to RF voltage 
(i.e. dfp/dVRF) is much sharper as compared to that of avalanche 
resonance frequency (i.e. dfa/dVRF) for a particular bias current 
density. On the other hand both the optimum frequency (fp) and 
avalanche resonance frequency (fa) of the device increases with 
the increase of bias current density for a particular RF voltage.

Fig. 4: Variations of Peak Negative Conductance and Corresponding 
Susceptance of 94 GHz DDR Diamond IMPATT with RF Voltage 
at Different Bias Current Densities

Fig. 5: Variations of Avalanche Resonance Frequency and 
Optimum Frequency of 94 GHz DDR Diamond IMPATT with 
RF Voltage at Different Bias Current Densities

Fig. 6 shows the variations of RF power output (PRF = 
(1/2)×VRF

2×|Gp|×Aj; where Aj = π(Dj/2)2) and large-signal DC to 
RF conversion efficiency (ηL = PRF/PDC; where PDC = VB×J0×Aj) 
with RF voltage for different bias current densities. It is interesting 
to observe that the RF power output increases initially with the 
increase of voltage modulation (mx) attaining a peak at a value of 
mx = 60% and then the same decreases for all current densities. 
The variations of large-signal efficiency (ηL) with RF voltage for 
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all bias current densities are similar to that of PRF with RF voltage. 
The results clearly indicate that the voltage modulation should 
be kept below 60% to obtain the optimum performance from the 
device. On the other hand RF power output (PRF) of the device 
increases while large-signal DC to RF conversion efficiency 
(ηL) decreases with the increase of bias current density (J0) for a 
particular voltage modulation factor (mx). The maximum power 
output of 7.01 W with 10.18% DC to RF conversion efficiency 
is obtained from the device at a bias current density of 6.0×108 
A m-2 and voltage modulation of 60%.

Fig. 8: Variations of RF Power Output and Large-Signal DC to 
RF Conversion Efficiency of 94 GHz DDR Diamond IMPATT 
with RF Voltage at Different Bias Current Densities

IV. Conclusion
The large-signal properties of diamond based DDR IMPATT 
device has been studied for mm-wave power generation at 94 
GHz window frequency. Simulation results establish that diamond 
is an excellent base material for IMPATT devices at mm-wave 
frequencies.
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