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Abstract: Nowadays, the immature p-GaN processes cannot meet the manufacturing requirements
of GaN impact ionization avalanche transit time (IMPATT) diodes. Against this backdrop, the perfor-
mance of wide-bandgap p-S5iC/n-GaN heterojunction double-drift region (DDR) IMPATT diode is
investigated in this paper for the first time. The direct-current (DC) steady-state, small-signal and
large-signal characteristics are numerically simulated. The results show that compared with the
conventional GaN single-drift region (SDR) IMPATT diode, the performance of the p-SiC/n-GaN
DDR IMPATT proposed in this design, such as breakdown voltage, negative conductance, voltage
modulation factor, radio frequency (RF) power and DC-RF conversion efficiency have been signif-
icantly improved. At the same time, the structure proposed in this design has a larger frequency
bandwidth. Due to its greater potential in the RF power density, which is 1.97 MW /cm? in this
study, indicates that the p-5iC/n-GaN heterojunction provides new possibilities for the design and
manufacture of IMPATT diode.

Keywords: double-drift region (DDR); Heterostructure; silicon carbide (SiC); gallium nitride (GaN);
impact ionization avalanche transit time (IMPATT)

1. Introduction

As one of the main microwave and terahertz wave solid-state sources, impact ionization
avalanche transit time (IMPATT) diodes are expected to have broad development prospects
in this field due to their better RF performance [1,2]. Material properties and structural
design will seriously impact on the performance of IMPATT diode. Based on the fact that
silicon carbide (SiC) and gallium nitride (GaN) materials have higher breakdown voltage
and faster electron velocity, they are applicable for manufacturing the IMPATT device [3-7].
Conventional GaN-based SDR IMPATT diodes are mainly composed of the avalanche p-n
junction and carrier drift region, but the double-drift region (DDR) diode consists of a p-n
junction and two drift regions, and both holes and electrons can be drifted to generate a
better RF performance [8-11]. In terms of conventional SDR IMPATT diode, the higher
the hole concentration of p-type Gal, the better the RF performance of the diode [12,13].
Therefore, before the performance of the IMPATT diode is saturated, as the p-type doping
concentration increases, the performance of the device is enhanced accordingly.

However, owing to the difficulty in the doping manufacturing process of p-GaN,
a high-concentration of ionized holes cannot be formed [14], leading to a series of prob-
lems. Firstly, because of the overly low p-type region concentration and poor mobility
characteristics, the electric field distribution in the avalanche region deviates from the ideal
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situation, deteriorating the impact-ionzation characteristics and inducing the device perfor-
mance to decline. Secondly, the p-GaN series resistance is too high, which undermines the
device performance and stops it working in some cases [15]. It is precisely because of these
problems that the DDR IMPATT diode based on the GaN material has not been realized.
In previous simulation studies on GaN-material DDR IMPATT diodes, the ionized hole
concentration is usually set to a higher ideal value [16,17], and it often reaches the order
of 10! cm~3 or even 10% cm~3. As GaN-based DDR IMPATT diodes are impossible to
achieve in the manufacturing process, the current research of GaN-based IMPATT device is
mainly based on single-drift structures.

The manufacturing process of p-SiC is relatively mature [18], with an ionized hole
concentration reaching 1 x 10! em~3, and it can meet the working requirements of
IMPATT devices. That is why this paper proposes a new type of p-SiC/n-GaN DDR
IMPATT diode, which opts for p-SiC instead of p-GaN to construct the p-type avalanche
and drift regions. Since there is not much difference between the bandgap widths of SiC
and that of GaN material, each close to 3.4 eV, the heterojunction interface formed by SiC
and GaN has no significant effect on the discontinuity of the energy band. Despite that,
there is certain interface mismatch between SiC and GaN, the technology for growing
GaN on SiC substrates is relatively mature, which can minimize the influence on the
device [19-21]. Since this is the first study of the performance of this structure in IMPATT
device, the interface mismatch at the heterojunction is ignored and the performance of
the new structure is explored under ideal conditions in this study. As the results revealed,
compared with the conventional SDR IMPATT diode, the RF power of the p-5iC/n-GaN
DDR IMPATT device is significantly increased due to the hole participation in the avalanche-
transition process.

2. Simulation Models and Methods

A variety of models including the drift-diffusion model, recombination model, impact-
ionization model, GaN and SiC mobility models are applied in the simulation to the-
oretically characterize the DC and RF performance of the p-SiC/n-GaN DDR IMPATT.
The device is characterized by constructing the physical structure, material parameters and
physical model of the diode. In this study, the performance of the conventional GaN-based
SDR IMPATT diode and the new structure SiC/GaN heterojunction DDR IMPATT diode
was studied simultaneously to facilitate the comparison.

As shown in Figure 1, it is a structural diagram of DDR IMPATT diode and SDR
IMPATT diode. Table 1 displays the structural parameters of the doping concentration and
thickness of each layer of IMPATT diodes with different structures. As the hole drift velocity
of 6H-SiC is faster than that of 4H-5iC, 6H-SiC and wurtzite GaN are selected in this study
to design the heterojunction IMPATT. The DDR IMPATT structure is composed of SiC and
GaN materials, and the SDR IMPATT is composed of all GaN materials. The cross-sectional
area of the diode is 100 um?, the DC bias current density J4. of the device is 100 kA / cm?,
and the simulated temperature is 300 K.
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Figure 1. (a) The DDR IMPATT diode and (b) SDR IMPATT diode structure comparison diagram.
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Table 1. Design parameters of different IMPATT diodes.
Structure SiC/GaN DDR IMPATT GaN SDR IMPATT
Materials SiC SiC SiC GaN GaN GaN GaN GaN GaN GaN
Adulteration p p p n n n p n n n
Thickness (pum) 0.05 0.18 0.15 0.2 0.3 0.05 0.15 0.2 0.3 0.2
Concentration (cm™3) 1 x10Y 5x10® 1x10"® 1x10"® 5x10"® 1x10® 1x10® 1x10® 5x10% 1x10"”

As shown in Figure 2, the large-signal RF oscillation circuit of the device adopts
two kinds of free-running oscillation circuit and voltage-driven oscillation circuit. Ipc is
a DC current source with continuous output. The simulation is based on the Silvaco
simulation software. The Silvaco mixed-mode module and Silvaco atlas module are chosen
for “device-circuit” mixed simulation and device simulation respectively. Impact-ionization
and mobility models were derived from references [22-24], where a and b signifies impact-
ionization coefficients and E symbolizes the electric field intensity.

b
Knp = ﬂn,p”P(?) (1)
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N

c—— Inc C_ ZK AC r\)

R (a) (b)

Figure 2. (a) The free-running and (b) voltage-driven oscillation circuit diagram.

Considering the existence of SiC/GaN heterojunction, there is a tunneling current from
band to band under high field. The tunneling current model comes from references [25,26].
In this study, in the presence of a certain tunneling current, the performance of the device
is further studied.

Jie = AEexp (—i) ()

The GaN negative differential mobility model is derived from references [27,28].
Unlike the constant mobility models of other materials, GaN materials have obvious
negative differential mobility characteristics, which is also beneficial to the performance of
the device [29]. The relevant parameters involved in the above model are showcased in
Table 2.
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Table 2. Parameters used in the simulation.
Materials Parameter Value Parameter Value
an (em™1) 2.049 x 10° ap (em™1) 2.04 x 10°
bn (V-cm™1) 1.27 x 107 bp (V-em™1) 1.4 x 107
A 1 x 108 B 1.9 x 107
GaN 1 v 1
Vat (cm-s—1) 1.90 x 10 Ec (kV-em™) 220.893
5 7.2044 v 0.785
a 6.1973 A 25
an (em™1) 1.66 x 100 ap (cm™1) 5.18 x 10°
SiC bn (V-cm™1) 1.28 x 107 bp (V-em™1) 1.4 x 107
Vsatn (cm-s™1) 2 x 107 Viatp (cm-s™1) 1 x 10°

In the free-running oscillation circuit in Figure 2a, the operating frequency band of
the IMPATT diode can be obtained by repeatedly adjusting the RLC parameters of the
circuit through trial and error. When the free-running oscillation circuit is able to oscillate
steadily, the maximum RF performance of IMPATT device can be obtained by adjusting
the load resistance. In the voltage-driven oscillation circuit in Figure 2b, the operating
frequency and the amplitude of the RF voltage of the device can be controlled by the RF
voltage source. Therefore, the voltage modulation coefficient m = Vrg/Vpc can be adjusted
by controlling the amplitude of the RF voltage source directly. Next, the Fourier analysis
on the stable oscillation waveform data is conducted through Matlab to gain the main RF
performance indicators such as the frequency, RF power and efficiency of the diode.

3. Simulation of the DDR IMPATT Device and Discussion
3.1. DC Simulation Results and Analysis

Figure 3a is the energy band distribution diagram of p-5iC/n-GaN DDR IMPATT
diode. Avalanche ionization will occur at the DDR heterojunction interface to produce
electron-hole pairs. When an avalanche occurs, the injected electrons and holes drifted by
the action of an electric field, electrons flow from SiC to GaN, and holes flow from GaN
to SiC, thereby generating RF current. In Figure 3b, the breakdown characteristics of the
devices are plotted on a logarithmic scale. The IMPATT is deemed to be “breakdown”
when the reverse saturation current reaches 10> A as defined in this work, and the cathode
voltage at this current is the breakdown voltage. Through the experiment, it can be seen
that the breakdown voltage of the GaN-based SDR IMPATT is 90.8 V, while the breakdown
voltage of the designed DDR IMPATT is higher and can reach 110 V.
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Figure 3. Cont.
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Figure 3. (a) DDR IMPATT energy band diagram of the thermal equilibrium state and (b) breakdown
characteristic of different IMPATT diodes.

1x10™"

Figure 4 is the distribution diagram of the internal electric field distribution of different
diodes when the reverse current reaches 100 kA /cm?. It can be observed that the electric
field distribution has reached the design expected effect. Part of the electric field falls in
both the p-type region and the n-type region. The electric field intensity in the avalanche
region is higher. Since the avalanche region is uniformly doped with high concentration,
and the electric field distribution is a triangular field. For SDR IMPATT diodes, the electric
field almost all falls on the n-type side. The SDR IMPATT avalanche region is a triangular
field, and its peak electric field is greater than that of the DDR IMPATT avalanche region,
which means that the SDR IMPATT is more prone to breakdown.
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CRE
2F [
<[
£l
! \ 3 18 i Junction
R ™ £ 1P/
015 030 045 060 075 01 01 02 03 03 04
Distance (um) Distance (um)

Figure 4. Electric field of (a) DDR IMPATT and (b) SDR IMPATT as a function of distance.

Figure 5 shows the impact-ionization rate schematic diagram of SiC/GaN DDR and
GaN SDR IMPATT under breakdown conditions. It can be seen from the Figure 5a that
the impact-ionization rate curve meets the design expectations, and the avalanche is
well confined in the avalanche region. At the heterojunction interface, the peak impact-
ionization rate on the GaN side is 1.31 x 10°° cm~3s~!, and the peak value on the SiC
side is 1.28 x 1039 cm—3s~!. As can be seen from the result of DC characteristic analysis,
it is feasible to adopt the DDR heterojunction instead of SDR junction while designing the
IMPATT device, and it can also make the device work in IMPATT mode.
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Figure 5. Impact-ionization generation rate as a function of distance. (a) SiC/GaN DDR, (b) GaN SDR.

3.2. Small-Signal Simulation Results and Analysis

Figure 6 reveals the capacitance and conductance as a function frequency obtained
through small-signal simulation for different IMPATT devices. It can be seen from the
Figure that the DDR IMPATT and the conventional SDR IMPATT have almost the same
change trends in capacitance and conductance. As the frequency increases, the capacitance
continues to rise. It is found that SDR IMPATT diode has a negative conductivity band
of 120 to 250 GHz, while DDR IMPATT diode has a negative conductivity band of 120
to 300 GHz. Meanwhile, compared with SDR IMPATT diode, DDR IMPATT diode has a
larger-signal working frequency band.

0.010 Bias Current Density = 100 kA/cmz/_ 0.012F Bias Current Density = 100 kA/cmzf
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) g (1 0]o]0)| Y . . G ——
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0.015 L L L L (@) (b)
0 50 100 150 200 250 0 50 100 150 200 250 300
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Figure 6. (a) Capacitance and (b) conductance as a function of frequency for different IMPATT diodes.

Figure 7 shows the capacitance and conductance as a function of the bias voltage for
different diodes at 150 GHz. As the voltage increases, the capacitance and conductance
gradually decrease. As can be seen from the Figure, when the voltage is greater than the
breakdown voltage, the conductance is negative, indicating that the DDR IMPATT diode,
as a negative-resistance device, can only operate under voltage after the breakdown.
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Figure 7. (a) Capacitance and (b) conductance as a function of bias voltage for different IMPATT diodes at 150 GHz.
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3.3. Large-Signal Simulation Results and Analysis

As a first step, a free-running circuit is utilized to study the RF output characteristics
of IMPATT diodes with different structures. Figure 8 explains the relationship between the
maximum RF current amplitude, RF voltage amplitude and frequency of IMPATT diodes
with different structures. The DC bias current density is set to 100 kA / cm?. As shown in
Figure 8a, the RF current amplitudes of IMPATT diodes of different structures demonstrate
the same changing trend with frequency, and the alternating current amplitude increases
with increasing frequency. There is no significant difference in the RF current amplitude
of the two structures. The reason is that whether it is a DDR or SDR IMPATT devices,
the total current is the sum of the hole current and the electron current generated by the
avalanche. However, in SDR structure, the hole current is directly absorbed by the electrode.
According to Figure 8b, as the frequency increases, the RF voltage amplitude first increases,
and then begins to decrease when the frequency is greater than 150 GHz. At the same
frequency, the RF voltage amplitude of the DDR IMPATT device is significantly greater
than that of the SDR IMPATT device. The amplitude of SDR is 37 V at 150 GHz, but DDR
can reach 50 V, indicating that the RF voltage of DDR IMPATT is significantly higher than
that of SDR IMPATT. Based on the above analysis, it can be speculated that the RF power
of DDR IMPATT should be better than that of SDR IMPATT.
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[$) ~~52 kL
o £ ° —@—SiC/GaN]
9 B, e e —@—GaN

/v( 6048 i Q/ \o\—'

e ~
/3/ S aaf - °\°
> "
401 -
§ 36 | °/0‘0\
D,

Enl 0/ o
é o/

1 1 1 L (al) 2 28+ 1 (b)

80 100 120 140

160 180 200 220 240 100 120 140 160 180 200 220 240

x
(]

Frequency (GHz) Frequency (GHz)

Figure 8. (a) RF current and (b) RF voltage as a function of frequency of different IMPATT diodes.
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Figure 9a displays the relationship between the RF voltage-current phase delay and
the RF operating frequency of the two structures. The phase delay will lead to differences
in the RF performance of IMPATT devices with different structures. It can be seen from
Figure 9a that the phase delay decreases with the rise of frequency. DDR IMPATT diode is
slightly higher than SDR IMPATT diode. According to the RF power formula [30]:

PRF = %'VRP'IRF' |COS€| (4)
The phase delay 6 in the new structure is more beneficial to device performance.
For IMPATT devices, when the phase delay is less than 90°, the device will not work
properly. It can be seen from Figure 9a that the failure operating frequency point of DDR
IMPATT is higher than that of SDR IMPATT. When the frequencies of SDR structure and
DDR structure are respectively 200 GHz and 240 GHz, the phase delays decay to 95°.
Obviously, DDR IMPATT diode have more advantages in frequency bandwidth than SDR
IMPATT diode, and the upper limit of operating frequency is 50 GHz higher. Figure 9b
shows the relationship between the negative resistance characteristics and the frequency of
the two structures. As the frequency increases, the negative resistance gradually decreases.
Under the same operating frequency, the negative resistance of the DDR IMPATT diode is
slightly larger than that of the SDR IMPATT diode.

HiF —@—SiC/GaN Sl 2 —@—SiC/GaN
~108 | sl o
o @)
I &
=105 } °\ Seot
p—
) \g 7 Y
S N ST N\
N \°\° ) LY
IS 9 S 30} \\
e Sot5 1 NOem
9% | °\°\°\°\ oy o\:‘o\\O\"\o
(a) 9 o) Z. ol (b) o
100 120 140 160 180 200 220 240 100 120 140 160 180 200 220 240
Frequency (GHz) Frequency (GHz)

Figure 9. The relationship between (a) phase delay, (b) negative resistance and frequency of different IMPATT diodes.

Figure 10 showcases the functional relationship between negative conductance and
susceptance of IMPATT diodes with different structures. The admittance characteristics
of the DDR IMPATT diode and the SDR IMPATT diode are similar. SDR IMPATT has the
highest conductivity in the 120-140 GHz frequency band, DDR IMPATT has the highest
conductivity in the 140-180 GHz frequency band, and the latter has a wider frequency band.

Finally, we calculate the RF power and DC-RF conversion efficiency characteristics
of the IMPATT devices of the two structures through the obtained parameters, as shown
in Figure 11. Based on the results, the DDR IMPATT diode has higher RF power, larger
bandwidth and better DC-RF conversion efficiency. Table 3 offers the specific values of
the RF power, efficiency, RF current, RF voltage and phase delay of the two types of
IM-PATT devices at the optimal frequency in the free-running oscillation circuit. The RF
performance is mainly determined by the RF current, RF voltage and phase delay of
the oscillating waveform. Due to the large DC breakdown voltage of DDR IMPATT
diode, higher RF voltages can be obtained, thereby achieving greater RF power and
higher efficiency. Through the matching design of the p-type drift region and the n-type
drift region, the best frequency of the IMPATT diodes of the two structures is 150 GHz.
The RF power and DC-RF conversion efficiency of DDR IMPATT diode at the optimal
frequency of 150 GHz are 1.97 MW /cm? and 15.99%, respectively, while SDR IMPATT is
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only 1.33 MW /cm? and 13.49%. The RF output power of DDR IMPATT diode is significantly
higher than that of SDR IMPATT diode, and the DC-RF conversion efficiency has also been
improved to a certain extent.
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Figure 10. Admittance characteristics of IMPATT devices with different structures.
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Figure 11. The relationship between (a) RF power, (b) efficiency and frequency of different IMPATT diodes.

Table 3. Comparison of RF output performance of different IMPATT diodes.

Structure Optimum Frequency Efficiency Power VRE IRF Phase Delay
(GHz) (%) (MW/cm?) (\%) (A) ©)
SDR IMPATT 150 13.49 1.33 37.02 0.43 99.60

DDR IMPATT 150 15.99 1.97 50.4 0.40 101.06
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With the help of the voltage-driven oscillator circuit in Figure 2b, we explores the
output characteristics of the IMPATT devices of the two structures under different RF
voltage modulation factors m.

As can be seen from Figure 12, in the voltage-driven oscillation circuit, the voltage
modulation factor m of the DDR IMPATT device is controlled by changing the applied
voltage to obtain the conductance, RF power and efficiency as a function of frequency,
respectively. In the 100200 GHz frequency band, as the modulation factor m increases,
the conductance gradually decreases, and the efficiency and RF power gradually increase.
It implies that in the vicinity of the optimal frequency, the efficiency and RF power can be
improved by increasing the RF voltage of the device.
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Figure 12. (a) Negative conductance, (b) efficiency and (c) RF power as a function of the frequency of the SiC/GaN DDR
IMPATT under different voltage modulation factors .

Figure 13 provides the RF power and efficiency as a function of the voltage modulation
factor m for SiC/GaN DDR and GaN SDR IMPATT at 150 GHz, respectively. They have
the same change trend for the two structures. As the m rises, both the RF power and
efficiency first increase, and then begin to decrease after reaching the saturation value.
The RF performance of DDR and SDR IMPATT reach saturation values when m is 0.55
and 0.45, respectively. Obviously, it is important that the DDR IMPATT proposed in this
design can withstand a larger m than the conventional SDR IMPATT, and has a significant
improvement in RF power and efficiency.
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Figure 13. (a) RF power and (b) efficiency as a function of the voltage modulation factor m at 150 GHz.
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As a heterojunction device, the quality of the SiC/GaN interface does influence the
device performance, for example, the interface mismatch, the interface state, and so on.
Interface traps can affect the transport of electrons through the interface. Thus, the de-
vice performance degrades. However, due to the similar bandgap width of SiC and
GaN and the very low lattice mismatch, which is only 3.4% [31], SiC is mature for GaN
heteroepitaxy compared with Si, sapphire and other substrates [21,32,33]. According to pre-
vious studies [34], the main mechanism affecting the operating characteristics of SiC/GaN
heterojunction diode is not the energy band or lattice mismatch, but the interface traps.
We simulated the effect of interface fixed charge on the device performance, and found that
compared to the large amount of charge produced by avalanche, the fixed interface charge
cannot significantly affect the characteristics of the device. We also preliminarily simulated
the device reverse IV curve with 7 x 102 cm =2 [34,35], 4 x 10" cm~2 and without interface
traps. The results are shown in Figure 14, the breakdown voltages with 7 x 10'? cm~2,
4 x 10" cm~2 and without interface traps are 119.5 V, 111.5 V and 110 V, respectively.
At 100 kA /cm? bias current, the device voltages with 7 x 1012 em=2, 4 x 101! cm~2 and
without traps are 150 V, 127 V and 115 V, respectively. The DC voltage of the device with
certain traps are higher, and this increase of DC operating voltage may be beneficial to the
IMPATT, but more detailed investigation and discussion combined with other mechanisms
are needed.

0.10 With 7x10'%/cm? traps |
—— With 4x10""/cm? traps
~0.08F —— Without traps
<
= 0.06
+— 0.06 }
o
QL
b 0.04
50
@)
0.02
0.00

0 20 40 60 80 100 120 140 160

Voltage (V)
Figure 14. Reverse IV curve of DDR IMPATT with and without interface traps.

Figure 15 shows the carrier concentration distribution curve of the p-S5iC/n-GaN
DDR IMPATT diode at a fixed time interval of one tenth of a period. The blue is the hole
concentration curve in the p-SiC, and the red is the electron concentration curve in n-GaN.
Different from the formation and transition of electron concentration packets that exist
in SDR IMPATT diode, it can be clearly observed that the accumulation of hole charge
packets and the transition process occur on the p-type SiC side. On the GaN side, due to
the negative differential mobility characteristics of the material, a spike of electron packets
appears, while on the SiC side, the morphology of the hole packets is consistent with the
morphology in the conventional Si-based IMPATT.
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Figure 15. Concentration distribution of holes and electrons in the DDR IMPATT at a fixed time
interval of one tenth period at 150 GHz.

4. Conclusions

This paper proposes a new type of p-SiC/n-GaN IMPATT diode based on a hetero-
junction, which adopts p-SiC instead of immature p-GaN to manufacture DDR IMPATT
diodes and makes the design of DDR diodes more feasible. The research results prove that
the new structure has obtained better RF output performance, manifested as a significant
increase in RF power and an improvement in DC-RF conversion efficiency. According to
the research results, the SiC/GaN DDR IMPATT diode proposed in this paper can obtain
an RF power density of 1.97 MW /cm? at a frequency of 150 GHz under a fixed DC bias
current density, which is significantly higher than the SDR IMPATT diode under the same
working conditions. In addition, the DC-RF conversion efficiency has also been enhanced
to a certain extent. It can also be seen from the simulation results that the DDR IMPATT
diode has a larger frequency bandwidth and better RF voltage modulation factor m. Conse-
quently, it provides a new idea and reference for the design and manufacture of IMPATT
devices on the basis of wide bandgap semiconductor materials.
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