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Noise performance of different structures of Si ∼ Si1−𝑥 Ge𝑥 anisotype heterojunction double-drift region (DDR) mixed tunneling
and avalanche transit time (MITATT) devices has been studied. The devices are designed for operation at millimeter-wave Wband frequencies. A simulation model has been developed to study the noise spectral density and noise measure of the device.
Two different mole fractions 𝑥 = 0.1 and 𝑥 = 0.3 of Ge and corresponding four types of device structure are considered for
the simulation. The results show that the 𝑛 − Si0.7 Ge0.3 ∼ 𝑃-Si heterojunction DDR structure of MITATT device excels all other
structures as regards noise spectral density (0.82 × 10−16 V2 sec) and noise measure (33.09 dB) as well as millimeter-wave properties
such as DC-to-RF conversion efficiency (20.15%) and CW power output (773.29 mW).

1. Introduction
Impact avalanche transit time (IMPATT) devices are noisy
devices having an average noise level of 30–40 dB [1–4]. The
noise in IMPATT devices arises mainly from random nature
of carrier generation by impact ionization and avalanche
multiplication phenomena. The intrinsic avalanche noise in
IMPATT device depends mainly on the carrier ionization
rates in the base semiconductor material [5]. The group IVIV compound semiconductor, Si1−𝑥 Ge𝑥 has been used as an
important base material for both optoelectronic and microelectronic devices [6–9]. Si1−𝑥 Ge𝑥 is a bandgap engineered
material whose material properties depend on the Ge mole
fraction (𝑥) [10].
Mixed tunneling avalanche transit time (MITATT) device
is an important member of avalanche transit time (ATT)
device family operating at higher millimeter-wave frequencies [11–23]. In 1958 W. T. Read [11] in his very early paper
predicted that band-to-band tunneling phenomenon might
limit the DC-to-RF conversion efficiency of the IMPATT
diodes at high frequencies. Kwok and Haddad [12] reported
the effect of tunneling on the negative conductance of the
device. They considered that instantaneous carrier generation

process through tunneling is equivalent to that of a fielddependent carrier source. This concept gave birth to new
modes of IMPATT device, namely, MITATT and tunnel transit time (TUNNETT) modes. Nishizawa et al. [13] described
the design and principle of the pulse oscillation characteristics of GaAs TUNNETT diodes. Elta and Haddad [14, 15]
analyzed the high frequency performance of IMPATT diode
by using a modified Read-type equation and considering
dead space correction for impact ionization for the charge
carriers. They proposed that the above mentioned three
different modes (pure IMPATT, MITATT, and TUNNETT
modes) of operation of IMPATT depend on the width
of avalanche region. Luy and Kuehnf [16] found that the
device efficiency decreases due to tunnel generated carriers.
A generalized computer simulation method for MITATT
mode based on the model proposed by Roy et al. [17, 18]
was later reported [19]. Elta [20] and Kane [21] showed
that the performance of IMPATT devices deteriorates due
to tunneling-induced phase distortion. Eisele and Haddad
[22] also carried out experimental work on TUNNETT
mode operation of IMPATT diodes grown on diamond
heat sink. They reported highest RF conversion efficiency
of TUNNETT devices. According to [23], special designs of
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Figure 1: One-dimensional schematics of the Si ∼ Si1−𝑥 Ge𝑥 anisotype heterojunction DDR MITATT devices.

MITATT devices can provide higher efficiency, higher output
power, and lower noise as compared to normal IMPATT
diodes. The effect of tunneling on the high frequency properties of DDR Si IMPATTs operating at millimeter-wave and
terahertz frequencies was studied and reported by Acharyya
et al. in their earlier paper [24, 25] which showed that the
critical background doping concentration and operating frequency above which tunneling effect becomes predominant
are 5.0 × 1023 m−3 and 260 GHz, respectively. The millimeterwave performance of IMPATTs operating in MITATT mode
was studied by Acharyya et al. from the shift of avalanche
transit time (ATT) phase delay and reported in [26]. The
reported results show that with increasing frequency the shift
of ATT phase delay increases which explains the physical
reason behind the deterioration of millimeter-wave performance of the device at higher frequencies. Since tunneling is
a noiseless phenomenon, it is expected that the noise level in
MITATTs will be lower than that in IMPATTs. Furthermore,
it is reported [27] that heterojunction IMPATTs have lower
noise level than their homojunction counterparts. All these
facts have inspired the authors to study the noise performance
of four types of Si ∼ Si1−𝑥 Ge𝑥 anisotype heterojunction
DDR structures of MITATT devices at W band. In this study,
only two different mole fractions of Ge, 𝑥 = 0.1 and 𝑥 =
0.3, are considered. The performance of different structures
of heterojunction DDR MITATTs is compared with their
homojunction counterpart based on Si operating at the same
frequency band.

2. Simulation Method to Study
the Noise Properties
One-dimensional model of reverse biased Si ∼ Si1−𝑥 Ge𝑥
DDR MITATT device shown in Figure 1 is considered for
noise analysis. The DC electric field and current density
profiles in the depletion layer of the device are obtained
from simultaneous numerical solution of fundamental device
equations, that is, Poisson’s equation, combined carrier continuity equation in the steady state, current density equations,
and mobile space charge equation subject to appropriate
boundary conditions as discussed in detail in the earlier
papers by the authors of [24–26]. A double-iterative simulation method described elsewhere [17] is used to solve these
equations and to obtain the electric field and current density
profiles. The boundary conditions for the electric field at the

Similarly, the boundary conditions for normalized current
density 𝑃(𝑥) = (𝐽𝑝 (𝑥) − 𝐽𝑛 (𝑥))/𝐽0 (where the total current
density 𝐽0 = 𝐽𝑛 (𝑥) + 𝐽𝑝 (𝑥), where 𝐽𝑛 (𝑥) and 𝐽𝑝 (𝑥) are the
electron and hole current densities, respectively, at the space
point 𝑥) at the depletion layer edges are given by
𝑃 (0) = (

2
− 1) ,
𝑀𝑝 (0)

𝑃 (𝑊) = (1 −

2
),
𝑀𝑛 (𝑊)
(2)

where 𝑀𝑛 (𝑊) and 𝑀𝑝 (0) are, respectively, the electron and
hole multiplication factors at the depletion layer edges whose
values are of the order of 106 under dark or unilluminated
condition of the device.
The magnitude of peak field at the junction (𝜉𝑝 ), breakdown voltage (𝑉𝐵 ), the widths of avalanche and drift zones
(𝑥𝐴 and 𝑥𝐷, where 𝑥𝐷 = 𝑑𝑛 + 𝑑𝑝 ), and the voltage drops across
these zones (𝑉𝐴 , 𝑉𝐷 = 𝑉𝐵 − 𝑉𝐴) are obtained from doubleiterative DC simulation program. These values are fed back
as input parameters in the small-signal simulation program
to obtain the admittance properties of the device such as
avalanche resonance frequency (𝑓𝑎 ), optimum frequency
(𝑓𝑝 ), negative conductance (𝐺(𝜔)), and corresponding susceptance (𝐵(𝜔)) as functions of frequency. Two secondorder differential equations are framed by resolving the diode
impedance 𝑍(𝑥, 𝜔) into its real part 𝑅(𝑥, 𝜔) and imaginary
part 𝑋(𝑥, 𝜔) [18, 19, 24, 25, 28–31]. Here, 𝑍(𝑥, 𝜔) = 𝑅(𝑥, 𝜔) +
𝑗 𝑋(𝑥, 𝜔), where 𝑅(𝑥, 𝜔) and 𝑋(𝑥, 𝜔) are, respectively, the
negative specific resistance and specific reactance at the space
point 𝑥, for angular frequency of 𝜔 (frequency 𝑓 = 2𝜋/𝜔).
A double-iterative simulation over the initial choice of the
values of 𝑅 and 𝑋 described in details in [18] is used to solve
simultaneously the two above said second order differential
equations subject to appropriate boundary conditions at the
depletion layer edges. The spatial profiles of negative specific
resistance and specific reactance (i.e., 𝑅(𝑥, 𝜔) versus 𝑥 and
𝑋(𝑥, 𝜔) versus 𝑥) for a particular frequency are obtained
from the above solution within the depletion layer of the
device. The device negative resistance (𝑍𝑅 (𝜔)) and reactance
(𝑍𝑋 (𝜔)) are obtained from the numerical integration of the
𝑅(𝑥, 𝜔) and 𝑋(𝑥, 𝜔) profiles over the space-charge layer width
(𝑊). Thus,
𝑊

𝑍𝑅 (𝜔) = ∫ 𝑅 (𝑥, 𝜔) 𝑑𝑥,
0

𝑊

𝑍𝑋 (𝜔) = ∫ 𝑋 (𝑥, 𝜔) 𝑑𝑥.
0

(3)

The impedance of the device is given by 𝑍𝐷(𝜔) = 𝑍𝑅 (𝜔) +
𝑗 𝑍𝑋 (𝜔) and the device admittance is 𝑌𝐷(𝜔) = 1/𝑍𝐷(𝜔) =
𝐺(𝜔) + 𝑗 𝐵(𝜔). The negative conductance and corresponding
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susceptance at different frequencies are computed from the
following expressions:
|𝐺 (𝜔)| =
|𝐵 (𝜔)| =

𝑍𝑅 (𝜔)

(𝑍𝑅 (𝜔)2 + 𝑍𝑋 (𝜔)2 )
−𝑍𝑋 (𝜔)
2

2

(𝑍𝑅 (𝜔) + 𝑍𝑋 (𝜔) )

,
(4)
.

The random nature of the impact ionization process is
the main source of noise in avalanche transit time (ATT)
devices. This random impact ionization process gives rise to
fluctuations in the DC current and DC electric field which
appear as small-signal components to their DC values even
in the absence of voltage variation across the device. Open
circuit condition without any variation of applied voltage
is considered for the noise analysis of IMPATT/MITATT
device. Starting from the small-signal AC field due to noise
𝑒(𝑥, 𝑥 ) = 𝑒𝑟 (𝑥, 𝑥 ) + 𝑗 𝑒𝑖 (𝑥, 𝑥 ), two second-order differential
equations are framed corresponding to the real (𝑒𝑟 (𝑥, 𝑥 ))
and imaginary (𝑒𝑖 (𝑥, 𝑥 )) parts of the noise electric field
𝑒(𝑥, 𝑥 ). This field is assumed to be due to a noise source 𝛾(𝑥 )
located at space point 𝑥 within the depletion region of the
device [32–34]. The numerical solution of two simultaneous
differential equations involving the real and imaginary parts
of noise electric field 𝑒(𝑥, 𝑥 ) is carried out by using a
double-iterative technique, and Runge-Kutta method subject
to the satisfaction of appropriate boundary conditions at the
depletion layer edges [32–34]. The noise source 𝛾(𝑥 ) is first
considered to be located at one edge of the depletion region.
The noise source is then shifted to the next space point and
the procedure is repeated until the entire depletion region is
covered and the other edge of the depletion layer is reached.
Numerical integration of noise electric field 𝑒(𝑥, 𝑥 ) over the
entire depletion layer provides the terminal voltage 𝑉𝑇 (𝑥 )
produced by noise source, that is,
𝑊

𝑉𝑇 (𝑥 ) = ∫ 𝑒 (𝑥, 𝑥 ) 𝑑𝑥.
0

(5)

The transfer impedance of the device is defined as


𝑍𝑇 (𝑥 ) =

𝑉𝑇 (𝑥 )
𝐼𝑁 (𝑥 )

,

(6)

where 𝐼𝑁(𝑥 ) is the average current generated in the interval
𝑑𝑥 due to 𝛾(𝑥 ) located at 𝑥 . The mean-square noise voltage
is obtained from
2

⟨V𝑛2 ⟩ = 2𝑞2 ⋅ 𝑑𝑓 ⋅ 𝐴 ∫ 𝑍𝑇 (𝑥 ) 𝛾 (𝑥 ) 𝑑𝑥 .

(7)

Mean-square noise voltage per bandwidth is called noise
spectral density (⟨V𝑛2 ⟩/𝑑𝑓 V2 sec). The noise performance of
the device can be known from a parameter called the noise
measure (NM) defined as
NM =

⟨V𝑛2 ⟩/𝑑𝑓
,
4𝐾𝐵 𝑇 (−𝑍𝑅 − 𝑅𝑆 )

(8)

where 𝐾𝐵 is the Boltzmann constant (𝐾𝐵 = 1.38 × 10−23 J K−1 ),
𝑇 is the absolute temperature, 𝑍𝑅 is the device negative
resistance, and 𝑅𝑆 is the positive parasitic series resistance
associated with the device.

3. Material Parameters and Design
The realistic field dependence of ionization rates (𝛼𝑛 , 𝛼𝑝 ) and
drift velocities (V𝑛 , V𝑝 ) of Si and Si1−𝑥 Ge𝑥 (𝑥 = 0.1 and 𝑥 =
0.3) at realistic junction temperature of 500 K are taken from
the recently published experimental reports [35–40]. Other
material parameters of Si and Si1−𝑥 Ge𝑥 (𝑥 = 0.1 and 𝑥 = 0.3)
such as 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
(𝐿 𝑛 , 𝐿 𝑝 ) of charge carriers, and permittivity (𝜀𝑠 ) are taken
from the published data given in [10]. The active layer widths
(𝑊𝑛 , 𝑊𝑝 ) and doping concentrations (𝑁𝐷, 𝑁𝐴) of all different
structures of MITATTs under consideration are designed
following a width modulated design method suggested for
MITATT devices in [23] for operation at 94 GHz atmospheric
window frequency. The doping concentrations of the 𝑛+ - and
𝑝+ -layers (𝑁𝑛+ , 𝑁𝑝+ ) are taken to be in the order of 1025
for W-band operation. The designed doping and structural
parameters are listed in Table 1.

4. Results and Discussion
The authors have used a double-iterative simulation method
[18, 19, 24, 25, 28–31] to study the static and high-frequency
properties of homojunction (N-Si ∼ 𝑃-Si) and heterojunction (𝑁-Si ∼ 𝑝-Si0.9 Ge0.1 , N-Si ∼ 𝑝-Si0.7 Ge0.3 , n-Si0.9 Ge0.1 ∼
𝑃-Si and n-Si0.7 Ge0.3 ∼ 𝑃-Si) DDR IMPATTs operating
at 94 GHz atmospheric window. Peak tunneling generation
rate (𝑞𝐺Tp ), peak avalanche generation rate (𝑞𝐺Ap ), and
ratio of 𝐺Tp to 𝐺Ap (𝐺Tp /𝐺Ap (%)) of all the devices under
consideration are listed in Table 2. The ratio 𝐺Tp /𝐺Ap (%)
is very high (31.69%) in Si homojunction DDR IMPATT.
Thus, the phase distortion associated with tunneling results
in deterioration of RF performance of the Si homojunction
device and the device operates in MITATT mode. But the
same (𝐺Tp /𝐺Ap (%)) is very small around 0.06%–0.29% in
the Si ∼ Si1−𝑥 Ge𝑥 heterojunction DDRs, which indicates
that those devices operate in pure IMPATT mode (without
considerable amount of band-to-band tunneling) at 94 GHz.
The simulated DC parameters such as peak electric
field (𝜉𝑝 ), breakdown voltage (𝑉𝐵 ), avalanche voltage (𝑉𝐴 ),
avalanche layer width (𝑥𝐴), ratio of avalanche layer width to
total depletion layer width (𝑥𝐴 /𝑊 (%), where W = 𝑊𝑛 + 𝑊𝑝 )
and DC-to-RF conversion efficiency (𝜂) of all the devices at
the respective bias current densities (𝐽0 ) are given in Table 3.
Figure 2 shows the electric field profiles of those devices. It
is evident from Figure 2 and Table 3 that the heterojunction
DDRs require lower field at breakdown as compared to their
Si homojunction counterpart. Breakdown voltage (𝑉𝐵 ) is
obtained by numerical integration of electric field profile over
the depletion layer width (i.e., from 𝑥 = 0 to 𝑥 = 𝑊).
The simulated values of breakdown voltage of heterojunction
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Table 1: Design parameters.

Structures∗
NSPS
NSpSG1
NSpSG2
nSGPS1
nSGPS2

𝑊𝑛 (𝜇m)
0.40
0.34
0.34
0.32
0.34

𝑊𝑝 (𝜇m)
0.38
0.32
0.30
0.32
0.32

𝑁𝐷 (×1023 m−3 )
1.20
0.85
0.85
0.78
0.85

𝑁𝐴 (×1023 m−3 )
1.25
0.85
1.00
0.90
0.90

𝑁𝑛+ (×1025 m−3 )
5.0
5.0
5.0
5.0
5.0

𝑁𝑝+ (×1025 m−3 )
2.7
2.7
2.7
2.7
2.7

𝐷𝑗 (𝜇m)†
35.0
35.0
35.0
35.0
35.0

∗

NSPS: 𝑁-Si ∼ 𝑃-Si homojunction DDR MITATT.
NSpSG1: 𝑁-Si ∼ 𝑝-Si0.9 Ge0.1 anisotype heterojunction DDR MITATT.
∗
NSpSG2: 𝑁-Si ∼ 𝑝-Si0.7 Ge0.3 anisotype heterojunction DDR MITATT.
∗
nSGPS1: 𝑛-Si0.9 Ge0.1 ∼ 𝑃-Si anisotype heterojunction DDR MITATT.
∗
nSGPS2: 𝑛-Si0.7 Ge0.3 ∼ 𝑃-Si anisotype heterojunction DDR MITATT.
†
𝐷𝑗 : is the diameter of the p-n junction.
∗

Table 2: Values of 𝑞 𝐺Tp , 𝑞 𝐺Ap , and 𝐺Tp /𝐺Ap .

×107
7

Table 3: Millimeter-wave and noise properties.

6
Electric field (V m−1 )

Parameters
NSPS NSpSG1 NSpSG2 nSGPS1 nSGPS2
𝑞 𝐺Tp (×1012 m−3 sec−1 ) 552.87 6.3498 3.6309 3.8271 1.4560
q 𝐺Ap (×1015 m−3 sec−1 ) 1.7441 4.5615 3.5989 1.3303 2.2810
𝐺Tp /𝐺Ap (%)
31.69
0.14
0.10
0.29
0.06

5
4
3
2

NSPS NSpSG1 NSpSG2 nSGPS1 nSGPS2

1

𝐽0 (×10 A m )
𝜉𝑝 (×107 V m−1 )

2.8
6.0125

3.0
3.6760

3.2
3.5666

3.3
3.5534

3.6
3.3656

0
−4

𝑉𝐵 (V)
𝑉𝐴 (V)
𝑥𝐴 (𝜇m)
𝑥𝐴 /𝑊 (%)
𝜂 (%)
𝑓𝑝 (GHz)

23.89
16.34
0.354
45.39
10.06
106

12.89
6.67
0.210
31.82
15.36
94

11.81
6.06
0.204
31.86
15.49
96

11.40
4.37
0.166
25.94
19.64
95

11.08
4.07
0.162
24.55
20.15
94

𝐺𝑝 (×107 S m−2 )

4.6593

8.3760

10.594

10.441

11.790

𝐵𝑝 (×10 S m )

17.320

12.252

9.0710

12.102

4.2031

𝑄𝑝 (= −𝐵𝑝 /𝐺𝑝 )

3.72

1.46

0.86

1.16

0.36

1.4484
647.44

3.8026
571.47

5.4463
563.22

4.0869
710.86

7.5254
773.29

39.51

3.75

1.85

1.39

0.82

40.00

37.42

36.54

34.27

33.09

Parameters
8

7

−2

−2

𝑍𝑅 (×10−9 Ω m2 )
𝑃RF (mW)
⟨V𝑛 2 ⟩/𝑑𝑓
(×10−16 V2 sec)
NM (dB)

devices are lower than that of homojunction device. Again
the avalanche voltage drop can be obtained from numerical
integration of the electric field profiles over the avalanche
region (i.e., from 𝑥 = 𝑥𝐴1 to 𝑥 = 𝑥𝐴2 ). The avalanche voltages
of heterojunction MITATTs are found to be smaller than
that of homojunction device. Narrower avalanche widths of
heterojunction MITATTs indicate sharper growth of normalized current density profiles (𝑃(𝑥) versus 𝑥). The sharper
the growth of 𝑃(𝑥) profile, the narrower the avalanche zone.
This leads to higher DC-to-RF conversion efficiency (𝜂) of
heterojunction devices as compared to their homojunction
counterpart based on Si [41]. Table 3 further shows that this

Junction
𝑝-side

𝑛-side

−3

−2

−1

0

1

Position (m)
NSPS
NSpSG1
NSpSG2

2

3

4
×10−7

nSGPS1
nSGPS2

Figure 2: Electric field profiles of the DDR MITATT devices.

efficiency is the highest in n-Si0.7 Ge0.3 ∼ 𝑃-Si heterojunction
DDR device (20.15%) of all other types of DDRs.
The admittance characteristics of the devices under
consideration are shown in Figure 3. Table 3 shows that
magnitude of the peak negative conductance (𝐺𝑝 ) and negative resistance (𝑍𝑅 ) are higher for heterojunction MITATTs
as compared to those for Si homojunction counterpart.
It may be noted that the above parameters (𝐺𝑝 , 𝑍𝑅 ) are
maximum for n-Si0.7 Ge0.3 ∼ 𝑃-Si heterojunction structure
(nSGPS2). Also power output (𝑃RF ) from that particular
structure (nSGPS2) is the highest (773.29 mW) as compared
to that from all other structures. The lowest value of 𝑄-factor
(𝑄𝑝 = −𝐵𝑝 /𝐺𝑝 =0.36) in that structure (nSGPS2) indicates
growth rate and stability of IMPATT oscillation. The spatial
variations of negative resistivity of all structures of MITATT
devices are shown in Figure 4. All these negative resistivity
profiles exhibit two peaks in the two drift regions with a
minimum in the avalanche region. The magnitude of negative
resistivity peaks in both the drift layers is the highest in that
structure (nSGPS2) compared to those of other structures.
Furthermore, it is interesting to observe from Table 3 that,
though the breakdown voltage (𝑉𝐵 ) of n-Si0.9 Ge0.1 ∼ 𝑃-Si and

Active and Passive Electronic Components

5
10−14
120 GHz

2
1.5

0
−12

10−15

110 GHz
94 GHz

96 GHz
1 95 GHz
110 GHz
0.5

110 GHz
106 GHz

110 GHz

85 GHz

94 GHz

85 GHz

80 GHz

85 GHz

85 GHz
−11

−10

−9
−8
−7
−6
Conductance (S m−2 )

−5

−4

−3
×107

Noise spectral density (V 2 s)

Susceptance (S m−2 )

×108
2.5

10−16

10−17

10−18

nSGPS1
nSGPS2

NSPS
NSpSG1
NSpSG2

Figure 3: Admittance characteristics of the DDR MITATT devices.
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Figure 5: Variations of noise spectral densities (⟨V𝑛2 ⟩/𝑑𝑓 V2 sec) of
DDR MITATT devices with frequency.
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Figure 4: Negative resistivity profiles of the DDR MITATT devices.

n-Si0.7 Ge0.3 ∼ 𝑃-Si heterojunction DDRs is almost half of that
of Si homojunction DDR due to much smaller breakdown
field in Si1−𝑥 Ge𝑥 than that of Si [10, 37–39], the RF power
output (𝑃RF = 𝜂 × 𝑉𝐵 × 𝐽0 × 𝐴 𝑗 ) which is proportional to
both the breakdown voltage (𝑉𝐵 ) and DC-to-RF conversion
efficiency (𝜂) of those heterojunction devices is higher as
compared to that of their homojunction counterpart due
to much larger DC-to-RF conversion efficiency (𝜂) of those
above said heterojunction devices.
Figures 5 and 6 show, respectively, the simulated noise
spectral densities (⟨V𝑛2 ⟩/𝑑𝑓) and noise measures (NM) against

frequency of Si ∼ Si1−𝑥 Ge𝑥 heterojunction and Si homojunction DDR MITATT devices. It is observed that both NSD
and NM are minimum (0.82 × 10−16 V2 sec and 33.09 dB) in
n-Si0.7 Ge0.3 ∼ 𝑃-Si heterojunction DDR MITATT device at
94 GHz. The minimum noise level in that particular structure
is due to suppression of noisy impact ionization phenomena
in the narrowest avalanche zone.
The simulation results presented in this paper are
cross checked with the previously reported experimentally
obtained results to validate the simulation scheme adopted
by the authors. Luy et al. [42] experimentally obtained CW
power output of 600 mW at 94 GHz with 6.7% efficiency in
Si homojunction flat DDR in 1987. Latter, Dalle et al. [43]
measured CW power output of about 500 mW at 94 GHz
with 8.0% conversion efficiency in 1990. These experimental
results are in close agreement with the simulation results presented in this paper for Si homojunction flat DDR (Table 3).
The slight discrepancy in the simulated and experimentally
reported values RF power output and DC-to-RF conversion
efficiency may be due to the slight difference in the design
parameters and DC bias current density. The first experimental results on Si/Si1−𝑥 Ge𝑥 heterostructure mixed tunneling
avalanche transit time (MITATT) diodes were reported by
Luy et al. [44] in 1988. They obtained 25 mW of RF power
output with 1.3% of conversion efficiency at 103 GHz. But they
used Si0.4 Ge0.6 alloy to fabricate Si/Si1−𝑥 Ge𝑥 heterostructure.
Due to this fact and also due to lack of optimization of
their design, they obtained such lower power output and
lower efficiency, but the simulation results presented in this
paper with optimized design of the device predicting the fact
that the Si/Si1−𝑥 Ge𝑥 heterojunction DDRs especially the 𝑛𝑃
Si0.7 Ge0.3 /Si heterojunction DDRs are capable of delivering
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Figure 6: Noise measures (NM) versus frequency curves of DDR
MITATT devices.

much larger power with much larger conversion efficiency
as compared to the experimentally obtained values. Thus the
suitable choice of Ge mole fraction (𝑥) of Si1−𝑥 Ge𝑥 , device
structure, and proper optimization in design of the device are
essential for getting expected RF power output.

5. Conclusions
In this paper, the authors have made an attempt to study
the millimeter-wave and noise properties of different structures of Si∼Si1−𝑥 Ge𝑥 anisotype heterojunction DDR MITATT
devices. This simulation study clearly indicates that the nSi0.7 Ge0.3 ∼ 𝑃-Si heterojunction MITATT is the most suitable structure for generation of high RF power with high
conversion efficiency and low noise measure. The results are
extremely encouraging for the experimentalists to fabricate
the n-Si0.7 Ge0.3 ∼ 𝑃-Si heterojunction MITATTs for millimeter-wave applications.
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