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Abstract — By means of Monte Carlo simulations of gallium nitride (GaN) planar Gunn diodes, the epilayer structure
on which they are fabricated is optimized in order to achieve
ultrahigh-frequency oscillations. Practical considerations,
such as the limitations of the technological fabrication
process and the mitigation of the huge self-heating effects
expected to appear in the devices, have been also contemplated for the choice of the optimal epilayer parameters. The
best results are obtained for an active layer thickness of
150 nm with doping of 5 × 1018 cm−3 , which would provide
350 GHz Gunn oscillations when using a contact separation
of 0.5 μm.
Index Terms — Doped gallium nitride (GaN), Gunn diodes,
Monte Carlo simulations, terahertz (THz) generation.

I. I NTRODUCTION

T

ERAHERTZ (THz) wavelengths are of great interest
for different applications in diverse fields such as medical imaging, biology, security, telecommunications, pharmacy,
sensors, quality control mechanisms, or in the aerospace
industry [1], [2]. Although a huge research work is being
made both from electronics and optics approaches to explore
the so-called THz gap, there is still much road to travel in
order to make these applications broadly accessible. Indeed,
photonic systems are usually bulky and difficult to operate,
and devices as quantum cascade lasers [3] are incompatible
with many consumer applications because they are operational only at cryogenic temperatures. Therefore, electronic
devices seem to be the most practical way for the development of room-temperature, compact, and low-cost THz
applications. In order to achieve signals in the THz region,
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different electronic sources based on semiconductor devices
have been studied: from frequency multipliers based on
Schottky diodes [4]–[6] to monolithic microwave integrated
circuits (MMICs) based on transistors [7], [8] and active
two-terminal devices like resonant-tunneling diodes [9]–[11],
transit-time diodes (impact ionization avalanche transit-time
(IMPATT) [12], [13] and tunnel-injection transit-time (TUNNETT) [14]–[16]), or transferred-electron devices (also called
Gunn diodes [17], [18]) which generate output power taking
advantage of a negative differential resistance (NDR) at the
frequency of interest. In particular, the simple, compact, and
flexible planar Gunn diode (PGD) architecture is gaining
popularity in the last years, GaAs- and InGaAs-based PGDs
have demonstrated fundamental oscillation frequencies of 120
GHz (the highest for a GaAs-based Gunn diode [19]) and
above 300 GHz [20], respectively.
The development of gallium nitride (GaN) technology has
made significant inroads into high-power and high-frequency
applications with respect to other semiconductors and has
emerged as one of the most promising materials for highpower applications at microwave frequencies [21]–[24]. Interestingly, even if no functional GaN Gunn diode has been
realized up to now, simulations predict the appearance of
Gunn oscillations (GOs) in GaN diodes [25]–[32]. On the
other hand, indirect evidence of current oscillations in GaN
diodes [33], [34], together with the recent observation of NDR
in GaN vertical diodes [35], [36], allow us to envisage the
practical feasibility of high-power high-frequency GaN Gunn
diodes.
GaN PGDs based on the geometrical shaping approach [37]
are promising candidates to achieve efficient GOs, as we have
shown in previous works [31], [38] [see Fig. 1(a)]. Efforts are
being devoted to the fabrication of such shaped GaN PGDs
including an important novelty: the use a doped GaN active
layer instead of the typical AlGaN/GaN epilayers employed so
far. Indeed, some epilayers based on doped GaN have already
been grown [39], [40] and devices will be soon fabricated.
In the case of the AlGaN/GaN heterostructures, the space
charge created by the Gunn domains is associated with the
positive surface charge located at the heterojunction, developing within an undoped GaN layer, so that it cannot change
abruptly. In contrast, by increasing the doping of the active
layer, the Debye length is much reduced, so that the formation
of the Gunn domain is promoted by the presence of a higher
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Fig. 1. (a) 3-D geometry of the shaped Gunn diodes. (b) Simulated
epilayer structure.

electric field which appears very fast in the close vicinity of
a space charge outbreak. Therefore, the main benefit of the
use of a doped GaN active layer is the enhanced strength
of the local electric field when a charge imbalance appears,
with the additional benefit that it can be modulated by means
of the doping level. Then, the first step in the optimum design
of shaped diodes is the choice of the most adequate epilayer
structure. For this sake, in this article, we report on detailed
Monte Carlo simulations of GaN PGDs. We take into account
not only the ideal simulation results with careful consideration
of surface effects but also the constraints imposed by the
technological process for the fabrication of the devices and
its practical implementation (mainly to avoid excessive selfheating in continuous-wave operation). For this sake, we will
perform simulations of (unshaped) PGDs using active layers
with different doping and thickness with the aim of increasing
as much as possible the frequency and power of the GOs.
II. D EVICE D ETAILS AND M ONTE C ARLO S IMULATIONS
With the aim of providing the design rules for the fabrication
of GaN-based Gunn diodes in shaped planar nanodiodes [41],
such as the tapered-channel diode shown in Fig. 1(a) as an
example, we have simulated just the simple epilayer structure
sketched in Fig. 1(b). The design of V-shaped channels defined
by thin trenches proposed in [31] has been slightly modified
to focus on the tapered channels shown in Fig. 1(a) for two
reasons: 1) technological difficulty, since narrow trenches are
hard to define when a thick active layer is used and 2) physical
effect, since the surface charges at the outside wall of the
trenches may enhance the depletion of the channel, thus acting
against the formation of the Gunn domains.
The doping, ND , and thickness, W , of the doped GaN layer
will be treated as optimization parameters in order to improve
the figures of merit of fabricated GaN PGDs. The features
of the GOs obtained in such simple PGDs (mainly frequency,
power, and threshold voltage) will be used as a guide to predict
the qualitative behavior of PGDs fabricated with the improved
geometry of Fig. 1(a) and design the optimum epilayer to be
grown for their later fabrication.
The distance between ohmic contacts of the simulated PGDs
is L = 0.5–2.0 μm, with ND in the range 0.2–10 × 1018 cm−3
and W between 150 and 400 nm. Since we are aiming to obtain
GOs with the highest possible frequency, we will focus on the
results obtained for L = 0.5 μm.
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Simulations have been carried out by means of a semiclassical ensemble Monte Carlo tool self-consistently coupled with
a 2-D Poisson solver [31], [38], [42], [43] in the time domain,
for a total period of 0.1 ns with a time-step of t = 0.2 fs.
The scattering mechanisms included in the simulations are
intervalley, acoustic and optical (polar and nonpolar) phonons,
piezoelectric, and ionized impurities. The conduction band
of GaN is modeled by three nonparabolic spherical valleys
(1 , U, and 3 valleys) by considering the Wurzite structure [44]. The lowest point of the conduction band is located at
the  point (1 -valley), 3.44 eV above the absolute maximum
of the valence band, also located at the  point. The next
minimum is located between the M and L points, leading to
a valley (six equivalents) called the U-valley, at 2.2 eV from
the minimum of the 1 -valley. The next minimum is located
in the 3 -valley at 2.4 eV from the minimum of the 1 -valley.
Other main parameters used in the simulation can be found
in [26]. We are aware of recent experimental results [45] that
show that the energy separation to the first satellite valley
may be lower than the one considered in our model, about
0.9 eV (approximately the same as in previous reports such
as [46], which obtain a value of 1.1 eV). We have not used
such lower 1 –U valley separation in order to be consistent
with our previous works, mainly taking into account the strong
dispersion of the values of the parameters used for the Monte
Carlo modeling of GaN (as described in the recent review by
Lee et al. [47]). Moreover, the conclusions of our article would
not be much modified, only lower values for the threshold
voltages would be obtained. Therefore, the results presented
in this work could be understood as “worst case” predictions.
The diodes will be simulated under two scenarios: 1) under
the ideal condition of absence of surface charges at the top
semiconductor-dielectric interface and 2) under the influence
of surface charges, σ , whose local value will be calculated
by using the self-consistent charge model (SCCM, explained
detail in [48]), taking into account the carrier dynamics near
the interface during the simulations.
III. R ESULTS AND D ISCUSSION
Fig. 2(a) shows the I –V characteristics of the simulated
PGDs for L = 0.5 μm, W = 150 nm, and ND in the range
2–10 × 1018 cm−3 obtained with and without considering
surface charges at the top interface. The inset shows the case
ND = 5 × 1018 cm−3 using the SCCM for W = 150–400 nm.
As expected, the current level is practically proportional to ND
and W , and decreases just slightly when surface charges are
accounted for in the simulations. Additionally, an NDR region
is observed in all cases, enhanced as ND and W increase.
Such NDR is typically considered as evidence that GOs are
taking place, but it is not a confirmation, since GOs can also
appear without any noticeable feature in the I –V curve of the
diodes [20], [49], [50] (and, on the other hand, the origin of
the NDR can also be linked with experimental or physical
factors, like self-heating or trap-related effects).
In order to show the presence or absence of GOs (and their
main features when they emerge), the time-sequences of the
simulated current corresponding to the I –V curves of Fig. 2(a)
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Fig. 4. Color map of the maximum of MI (V ) versus ND and W for
L = 0.5 µm: (a) in absence of surface charge density and (b) including
the presence of the surface charge (SCCM).

Fig. 2. (a) I–V curves in absence and presence (SCCM) of surface
charge density for different doping levels and a width of the active region
of 150 nm. The inset shows the I–V curves for ND = 5 × 1018 cm−3
and W between 150 and 400 nm obtained with the SCCM. (b) Timesequences of current density for applied biases in the 10–50 V range
(step 10 V). In all cases L = 0.5 µm.

(and decreasing with the increase of ND , as expected due to the
enhanced strength of the electric field fluctuations). The value
of Vth , see Fig. 3, decreases both with the increase of ND and
with the decrease of W , being below 15 V for thin epilayers
(W < 200 nm) and values of ND above 5 × 1018 cm−3 .
Although the effect of the surface charge on the average
current is hardly noticeable, Fig. 2(a), it reduces the amplitude
of the GOs and increases their frequency. However, the comparison between the oscillations obtained with the different
values of ND can only be done by means of a normalized
indicator. For that sake, we define here a figure of merit
characterizing the relative amplitude of the GOs (normalized
by the saturation current, Isat ) for each bias, V : the modulation
index, MI(V ). We compute it as follows:
I max (V ) − I mi n (V )
(1)
I sa t
being Imax and Imin the maximum and minimum values of the
time-dependent diode current for each bias.
The values of the maximum of MI(V ) (as a function of
both ND and W ) are plotted as color maps in Fig. 4 in the
absence and presence of surface charges (computed using the
SCCM in the latter case). It clearly shows that, unexpectedly
in view of its small influence on the I –V curves, the effect
of the surface charge is critical, mainly for thin active layers
(W < 150 nm) with low ND .
If the surface charge is not considered, the optimal values for an efficient generation of GOs are found around
ND = 5–10 × 1018 cm−3 and W = 100–150 nm, where
the MI reaches values near 1.0 (the amplitude of the current
MI(V ) =

Fig. 3. Vth as a function of ND for different values of W in the presence
of surface charge (SCCM).

are shown in Fig. 2(b) for applied biases in the 10–50 V
range (step 10 V). These results confirm that the onset of
the GOs takes place in conjunction with the NDR in the
I –V curves, with threshold voltages, Vth , in the 10–20 V range
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Fig. 5. Current PSD for (a) W = 150 nm, (b) 200 nm, (c) 300 nm, and (d) 400 nm for different ND and L = 0.5 µm with an applied bias of 40 V.

oscillations is of the order of Isat ). However, if we analyze the
realistic simulations using the SCCM, GOs are suppressed for
W ≤ 100 nm, even for high doping levels. This is due to the
redistribution of the electric field originated by the presence of
nonuniform surface charges. Surface charges at the top of the
PGDs behave similarly (as a function of bias and position) to
those at the sidewalls of the trenches in [31]. Electrons reach
the top surface more easily when they are accelerated by the
electric field, mainly at the anode side of the device, where
they are trapped, thus making this region more resistive. This
positive feedback makes the electric field to be concentrated
in that region and thus exerts a strong influence on the onset
of GOs.
In this case, the optimal values are found for higher values
of ND and W , around ND = 1019 cm−3 and W = 300 nm,
where the MI reaches values around 0.8. But, under these ideal
operation conditions of extremely high doping level and large
epilayer thickness, the current level is so high that the extreme
self-heating (for the applied voltages required for the onset
of GOs), would lead to the catastrophic breakdown of the
PGDs before oscillating. For example, for ND = 1019 cm−3
and W = 300 nm, the dc power is huge, above the 1.0 W/μm
level at 20 V bias (current around 60 A/mm). This justifies the
approach of using narrow channels (of around 300 nm) with
shaped geometries in order to keep the self-heating at a reasonable intensity and avoid device burnout (the main problem
faced when fabricating GaN vertical Gunn diodes [33]–[36]).
For such designs, the current level would be around 2–10 mA
per channel (depending on the doping level and active layer
thickness), so that a 0.06–0.3 W dc power (at 30 V bias) would
be dissipated, which is expected to be withstood by GaN.
Nevertheless, the technological process needed to fabricate
such devices involves the etching of the active region in order
to define the channels. The problem is that GaN is a hard
material, so that a nonconventional process is needed, thus
leading to the fact that the resolution of the lithography is
degraded as the depth of the etching is increased. Therefore,
it would be preferable not only to decrease the doping in order
to decrease the current level, but also to keep the value of W
below the 200 nm range, so that the lithographic process would
be easier (with the additional advantage that the dissipated
power will be further decreased).
For a better understanding of the features of the GOs,
its power spectral density (PSD) is computed by Fourier

transforming the long time-sequences of current obtained from
the simulations. By using 218 = 262 144 iterations with
t = 0.2 fs, the frequency resolution of the current PSD is
19.07 GHz. The values of the PSD are plotted in Fig. 5 for
W and ND in the range 150–400 nm and 2–10 × 1018 cm−3 ,
respectively, at V = 40 V. Fig. 5 shows that the power of
the fundamental harmonic of the GOs (and also the higher
harmonics, when they appear) increases with ND , as expected
from a higher value of the dc current.
At low bias (not presented here) low amplitude plasma
oscillations in the THz region are found for all devices [51].
When the applied voltage is increased above Vth , GOs take
place in the 100–400 GHz range, evidenced by a huge increase
of the PSD fundamental peak, whose frequency and amplitude
(size of bubbles) is plotted in Fig. 6 as a function of the
bias. The size of the bubbles has been adjusted in order to
correctly compare the amplitudes obtained for the different
doping levels. Taking as reference ND = 1019 cm−3 , the size
of the bubbles has been multiplied by 4 and 25 for the cases
of ND = 5 × 1018 and 2 × 1018 cm−3 , respectively, since the
dc current is expected to increase approximately by factors of
2 and 5 (and therefore, the PSD to be multiplied by 22 = 4 and
52 = 25). We can observe that the frequency of the GOs does
not change much with the bias, but strongly depends on W and
ND , (found on a frequency range 100–400 GHz). Regarding
the amplitude of the oscillations, it is also fairly constant once
the GOs are stable, when the bias is well above Vth .
When the thickness of the doped layer is reduced from
W = 400–150 nm, the frequency of the GOs increases significantly, regardless of ND (by a factor of 2 for the lowest ND and
even 3 for the highest), but with much lower amplitude. This
means that the formation of the Gunn domain is progressively
shifted near to the anode region as W decreases, thus reducing
the transit time of the domain, but, on the other hand, leading
to a noncomplete maturation of the domain, thus reducing the
amplitude of the GOs. This is due to a stronger concentration
of the electric field in the anode region, which is compatible
with the observed decrease of the value of Vth , see Fig. 3,
from ∼24 V for W = 400 nm to ∼16 V for 150 nm in the
case of ND = 5 × 1018 cm−3 .
Therefore, the choice of W is a tradeoff between high
frequency and high power, but it cannot be chosen freely,
since it is limited by the technological process used to define
the shape of the channels as shown in Fig. 1(a). Also, a thick

Authorized licensed use limited to: UNIVERSIDAD DE SALAMANCA. Downloaded on January 24,2022 at 08:04:57 UTC from IEEE Xplore. Restrictions apply.

518

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 69, NO. 2, FEBRUARY 2022

doped layer leads to stronger self-heating effects, mainly for
high values of ND (as found in [41] for W = 400 nm and
ND = 2.4 × 1018 cm−3 ). Therefore, a low value of W , below
200 nm, would be preferable, in order not only to simplify
the lithography but also to reduce the thermal risks, also with
the benefit that the oscillation frequency is increased. The
(important) price to pay is the lower efficiency of the GOs.
Regarding the doping level, ND = 5 × 1018 cm−3 seems to
be the optimum value, since a further increase of ND does not
produce an increase of the relative amplitude of the GOs, as it
was also observed in Fig. 4 when representing the values of
the MI. Therefore, a further increase of ND should be avoided,
since it magnifies the self-heating effects and decreases the
frequency of the GOs.
The simulations of longer PGDs (with L = 1.0 and
2.0 μm) exhibit qualitatively the same dependencies on W and
ND observed before for L = 0.5 μm. However, as expected,
GOs start at a higher threshold voltage and are of lower frequency (both roughly scaling with the length), while the amplitude is slightly higher. We have also found that GOs could be
obtained with a narrower active layer of W = 100 nm, but
with scarce ac power.
We will focus now on epilayers with W = 150 nm, at the
lower limit of the thickness for which GOs are observed, and
therefore, with the highest frequency, which is the aim of
our optimization process. Fig. 7 shows the color map of the
current PSD of the GOs as a function of the applied bias at
300 and 600 K, in order to show the effect that the extreme
self-heating conditions will have on the GOs. The figure shows
that even at 600 K, near the limit of the operating conditions
that GaN devices can withstand, GOs are not significantly
degraded (even if the frequency of the oscillation is slightly
lower and its spectral purity is poorer). For example, for
ND = 2 × 1018 cm−3 [Fig. 7(a) and (d)] only the fundamental
harmonic of the GOs is observed, with a frequency in the
360–380 GHz range at 300 K, which decreases to
340–360 GHz for 600 K, and, in this case, surprisingly, the
amplitude of the GOs increases. This happens because the
value of the negative differential mobility in the v–E curve of
GaN does not depend much on the lattice temperature, only
an increase of the peak electric field is observed when heating
the material.
This is a very significant result because, even if the definition of narrow channels in shaped PGDs, as shown in Fig. 1(a),
would mitigate the self-heating effects, GOs would not be
terminated by a significant temperature increase, which would
inevitably appear when using such highly doped active layers.
We also want to stress that the efficiency of GOs would be
improved in such shaped PGDs, but the epilayer optimization
rules previously obtained would still be applicable.
For larger ND , the fundamental oscillation frequency
decreases to ∼350 and ∼320 GHz, for 5 × 1018 and
10 × 1018 cm−3 , respectively, and a still powerful second
harmonic arises, reaching frequencies in the 600–700 GHz
range (even if at 600 K, the current PSD for the second
harmonic is slightly degraded). It is also remarkable that
even the third harmonic appears clearly, even at 600 K
with ND = 5 × 1018 cm−3 , meaning that ac power could be

Fig. 6. Frequency of the fundamental harmonic of the GOs versus bias
for (a) ND = 2 × 1018 cm−3 , (b) 5 × 1018 cm−3 , and (c) 10 × 1018 cm−3
and different values of W and L = 0.5 µm. The amplitude of the current
PSD at the frequency of the fundamental harmonic is represented by the
size of the bubbles, which has been multiplied by 25 and 4 in (a) and (b),
respectively, in order to well compare the efficiency of the oscillations for
different values of ND .

extracted from a GaN PGD at frequencies above 1.0 THz
by an appropriate filtering circuit. Even if this is also a
remarkable observation, practical problems such as crosstalk
capacitances and substrate and circuit losses may hinder the
power generation at such high frequencies, which should be
analyzed not only from the point of view of epilayer and device
optimization but also from layout and circuit design.
IV. C ONCLUSION
By means of Monte Carlo simulations of GaN PGDs based
on a doped active layer, we have provided the optimum
epilayer design for achieving ultrahigh-frequency GOs with
the best possible efficiency. Apart from simulation results,
practical constraints for the fabrication and continuous-wave
operation of the devices have been considered. In particular,
too thick layers should be avoided, since they hinder the
lithographic process and lead to an excessive power dissipation
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Fig. 7. Color maps of the current PSD versus applied voltage for ND = 2 × 1018 , 5 × 1018 , and 10 × 1018 cm−3 and W = 150 nm, computed
at lattice temperatures of (a)–(c) 300 K and (d)–(f) 600 K. The units of the PSD are the same as in Fig. 5, A2 m−2 s (note that color scale changes
with ND ).

and catastrophic self-heating. As a result, we propose the use
of active layers with W = 150 nm and ND = 5 × 1018 cm−3 .
With such an epilayer, PGDs with L = 0.5 μm would
exhibit GOs with a fundamental frequency around 350 GHz
and a significant ac power. Even if it is not possible to
directly estimate the RF output power from the simulations
presented in this work (no load is connected to the Gunn
diode), we expect the GaN PGDs studied here to provide
similar efficiencies to those of Gunn diodes based on vertical
n + nn+ structures and AlGaN/GaN-based nanochannels for
frequencies around 250–350 GHz (see [30], [32], [38]), in the
0.1%–1% range. Assuming a 0.5% efficiency, the output RF
power that would be ideally generated by the fundamental
harmonic of the GaN PGDs with the optimum epilayers design
is around 4.0 mW/μm at 350 GHz (corresponding to 1.2 mW
for a single 300 nm wide channel, with Pdc ∼240 mW, which
may be further parallelized for obtaining higher power levels
with the only constraint of enhanced self-heating problems).
Higher doping levels could also be implemented if a larger
power is needed, but the oscillation frequency would slightly
decrease, and, again, more stringent heating dissipation techniques should be used (use of heat sinking mounting, aircooling, or even cryogenic cooling systems). Therefore, the
optimum epilayer design would correspond to the lowest doping allowing for the onset of the GOs, which provides not only

limited self-heating, but also higher oscillation frequencies.
In any case, simulations show that GOs are still present when
GaN PGDs operate at high temperatures, so that thermal
management strategies should be developed.
The optimization of the epilayer presented here is the first
step in the design of shaped channel PGDs, whose optimum
geometry as a function of the target frequency and generated
power will be analyzed in future works.
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