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Developing efficient submillimeter-wave solid-state sources is a key challenge for semiconductor elec-
tronics. This study presents a theoretical investigation into high-frequency oscillations in submicron InN-
based Gunn diodes featuring a graded GalnN injector near the cathode. The research employs a three-
valley hydrodynamic electron transport model adapted for graded-gap III-nitride structures, accounting for
coordinate-dependent parameters. This model is integrated into a self-consistent framework that couple’s
device equations with an equivalent resonant circuit and Poisson's equation. Unlike short-term simula-
tions, this approach analyzes stable generation over thousands of cycles, providing realistic estimations of
RF power, efficiency, and transients. Results show that the graded-gap GalnN injector significantly modi-
fies space-charge wave dynamics, facilitating a transition from accumulation layer drift to dipole domain
instability. Simulations demonstrate that optimizing the GalnN region length and composition substan-
tially reduces the threshold electron concentration for current instability. An "incomplete domain drift" re-
gime is identified, where space-charge layers dissipate within the active region before reaching the anode.
This enables frequencies up to 391 GHz in a 1.0 um device, surpassing frequencies of homogeneous InN
structures. A diode with a 0.2 um GalnN layer provides a peak power of 116.8 mW at 300.7 GHz, exceeding
existing InGaAs and InP-based devices by orders of magnitude. The paper also addresses technological im-
plementation challenges, including thermal management and the risk of impact ionization. It is demon-
strated that InN-based diodes with a GaInN injector are potentially feasible and can be used to achieve os-
cillation in the sub-THz range.
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1. INTRODUCTION

Despite the well-established advantages of submm-
wave radiation, its practical implementation is hin-
dered by a lack of compact solid-state sources, driving
extensive research into both high-frequency transistors
and the expansion of operating limits for conventional
sources, such as transferred-electron devices (TEDs),
avalanche transit-time (IMPATT) diodes, resonant-
tunneling diodes (RTDs), frequency multipliers, and
various vacuum devices [1-3].

This study aims to improve the performance of de-
vices based on the transferred-electron effect (TEE).
Several strategies have been proposed to increase the
oscillation frequency in such structures. First, special-
ized cathode contacts such as metal-semiconductor
junction, low-doped layer, heterojunction, graded-gap
layer, and tunnel contact are employed to minimize the
"dead zone". Although the underlying physics varies,
these designs effectively reduce the distance required
for electrons to acquire the energy necessary for inter-
valley transfer from the central to satellite valleys.

Since the oscillation frequency is governed by the
dynamics of space-charge wave formation, transit, and
quenching, an alternative approach involves using ma-
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terials with higher electron mobility in high electric
fields than traditional GaAs or InP [4-7]. In this re-
gime, ballistic transport and velocity overshoot become
critical. While materials such as InGaAs [8-11], InGa-
PAs [12], InAlAs [13], InPAs [14] and III-nitrides [15]
have been investigated, they have yet to demonstrate a
definitive advantage in attainable frequency over InP.

Currently, InP-based devices are the most efficient
solid-state sources in the millimeter and submillimeter
ranges. Specifically, InP Gunn diodes with a 1.1 pm
active region and graded doping profiles have demon-
strated substantial power extraction through harmonic
generation: up to 3 mW at the second harmonic
(300.5 GHz) and 23 uW at the third harmonic
(455 GHz), with the fundamental frequency near 150 —
152 GHz [6,7]. Theoretical predictions further suggest
that InP-based devices could remain viable for power
extraction at frequencies approaching 500 GHz [7].

In contrast, fundamental-mode oscillations at 307.5
GHz have been reported in submicron (0.6 um) planar
Inos53Gao47As Gunn diodes [10]. Since this frequency
significantly exceeds the limits imposed by the steady-
state drift velocity (0.7 x 107 to 0.9 x 107 cm/s), the per-
formance is primarily attributed to the velocity over-
shoot effect, ballistic transport and local field en-
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hancement at the n*-n junction corners, which together
accelerate the formation and transit of space-charge
layers. However, the RF output power of such planar
devices remains relatively low — approximately 28 uW
[10] — compared to traditional InP structures.

These findings highlight that while InGaAs-based
planar structures can reach higher fundamental fre-
quencies due to ballistic effects, they still lag behind InP
in terms of output power. This disparity underscores the
need to explore alternative materials, such as III-
nitrides, which combine high drift velocities with shorter
electron relaxation times, potentially overcoming the
power-frequency limitations of current technology.

Numerous theoretical studies suggest that GaN-
and InN-based diodes could outperform GaAs and InP
counterparts in both frequency and output power [15-
30]. According to estimates presented in [17, 18], GaN
possesses the potential for power generation at higher
frequencies than both InN and AIN. Due to the inertia
of intervalley electron transfer, the cutoff frequency is
estimated at 3 THz for GaN and 2 THz for InN [17].
Additionally, the minimum electron drift velocity in
GaN exceeds that of InN [17, 21]. However, the pro-
nounced velocity overshoot effect in InN compensates
for GaN's advantages when the active region length is
reduced below 1 pm [17, 19, 20]. Numerical simulations
[17-19] further indicate that InN diodes exhibit higher
current oscillation amplitudes compared to their GaN
counterparts. Current estimates place the operational
cutoff frequency for both InN and GaN diodes within
the 0.7-0.8 THz range.

Nevertheless, experimental realization of the Gunn
effect in nitrides remains challenging. The primary
challenge is that the oscillation regime in GaN and InN
diodes is intrinsically associated with extremely high
DC power levels. The threshold field for negative dif-
ferential mobility (NDM) in GaN and InN is approxi-
mately 50 and 20 times higher than in GaAs, respec-
tively, while drift velocities only double [21]. Further-
more, the formation of stable drifting domains in ni-
trides requires higher carrier concentrations in the
active region [17-20]. This necessitates not only ad-
vanced thermal management to dissipate the resulting
heat but also precise cathode engineering to facilitate
rapid intervalley scattering. Traditional approaches
used for GaAs and InP have proven largely ineffective
for nitride-based structures.

Efforts to generate oscillations via intervalley elec-
tron transfer in GaN have primarily relied on various
complex planar technologies [22-24], including the use
of capping materials such as AlGaN [25],
TV/AUTi/Au/SiN (vertical architecture) [26], and boron
nitride [27]. A second, less common approach involves
the utilization of AlGaN-GaN heterojunctions [24, 28].

Despite these challenges, recent reports of first-time
oscillation generation in GaN diodes within a 20 ns pulse
[26,29] provide a basis for optimism. InN, in particular, is
attractive due to its superior drift velocity [17-19, 21],
though the potential for impact ionization to suppress the
Gunn effect must be carefully considered [30].

In this paper, we investigate the generation of elec-
trical oscillations in submicron (1 pm) InN-based Gunn
diodes. We propose employing a compositionally graded
InGaN region near the cathode to promote the nuclea-
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tion of drifting domains, enhance RF output power, and
lower the DC power consumption. The objective is to
analyze the influence of the InGaN grading profile on
space-charge wave dynamics and optimize the cathode
region parameters for maximum efficiency in the sub-
millimeter-range.

2. DEVICE PARAMETERS AND SIMULATION
METHODOLOGY

2.1 Device Parameters

The schematic of the n*— n — n* InN -based Gunn

diode featuring a near-cathode compositionally
Ga1x@InyN graded-gap layer is shown in Fig. 1.
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Fig. 1 — Band diagram, doping profile, and InN mole fraction
of an InN diode with a graded-gap GalnN layer.

The structure consists of an n*- Gai—xIn:N (x = 0-1)
cathode, an n*-InN anode, and an active region situat-
ed between them. The active region incorporates an n
type graded-gap Gai-xInxN layer, where the InN mole
fraction x increases from the cathode interface (x = 0-1)
to x = 1 at the anode side over a grading length Lg. This
length Lg was varied from 10 nm up to the full length of
the active region.

The lengths of the cathode and anode regions are
0.4 um each, while the active region length is
Lo =1.0 um. The doping concentration in the n* contact
layers is 108 cm -3, and the electron concentration in
the active region was varied within the range of
5x 1016 to 1.1 x 107 cm~3. The device cross-sectional
area is S = 400 um2. The material model for Gai - In.N
assumes a wurtzite crystal structure with I', M-L, and
A conduction band valleys. The InN mole fraction fol-
lows an S-shaped distribution, consistent with the
methodology in [12].

2.2 Electron Transport Model

We investigate the process of oscillation generation
using a hydrodynamic model of electron transport in a
graded-gap semiconductor. The model is based on the
solution of the Boltzmann kinetic equation assuming
that electrons obey a shifted Maxwellian distribution.
It represents a system of equations consisting of conti-
nuity equations, current density equations, and energy
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balance equations for each of the three non-equivalent
conduction-band valleys of the semiconductor, as well
as the Poisson equation [12, 31].

The model is adapted for graded-gap semiconductors.
The current density equations incorporate additional
terms including the spatial derivatives of the electron
affinity, the energy gap between valleys, and the effec-
tive mass. Furthermore, all relaxation times in the grad-
ed-gap semiconductor depend on the coordinate due to
the coordinate dependence of all semiconductor parame-
ters. The model is explained in detail in [12, 31]. This
system of equations is solved numerically. The differen-
tial equations are approximated by finite-difference
equations. Each of these is reduced to a system of alge-
braic equations and solved using the Thomas algorithm.

All processes are considered only along the z-coordinate.
We assumed that only an external electric field acts on the
semiconductor. The lattice temperature is assumed to be
constant at 300 K. The average current density in the de-
vice is defined as the sum of the average electron conduc-
tion currents and the displacement current.

This model accurately captures the qualitative physics
of space-charge wave nucleation and drift. It allows for the
study of the process over a long period of time, which is
crucial for investigating the oscillation generation when
the diode is placed in a resonator. We studied oscillations
in the diode both with and without a resonator. If the res-
onator is absent, the voltage U is applied directly to the
diode. When placed in a resonator, unlike simplified mod-
els with a fixed harmonic voltage, we utilize a self-
consistent system of equations for the diode and an equiv-
alent resonant circuit. This approach provides a realistic
estimation of the output power and efficiency, accounting
for the influence of the external circuit.

2.3 Self-Consistent Circuit Integration

The placement of the diode within a resonator is
modeled by an equivalent circuit connecting the device
to a parallel RLC resonant circuit, as shown in Fig. 2.

Active Region
—— GalnN  Graded-Gap InN
GalnN

"= I3 R
1[v -|—
1l

Fig. 2 — Equivalent circuit of the generator: Gunn diode, DC
bias source, and RLC resonator.

In this case, the voltage applied to the diode is
U;(t)=U—U.(t), where U, is the voltage drop across
the oscillatory circuit:

du, 1

3
1
C I +EJ; Ucdt+§Uc=de(t).

The integro-differential equation for the resonant
circuit is solved numerically in conjunction with the
system of electron transport equations for the Gunn
diode. The instantaneous oscillation power in the reso-
nant circuit is determined as P(t) = J;(£)U.(f)S.

The input data include the applied DC voltage U, the
doping level, the InN mole fraction, and the diode geom-
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etry parameters. The model incorporates the quality
factor Q and the resonant frequency f along with the
semiconductor material parameters [15, 17]. The equiva-
lent inductance of the resonator is determined by the
resonant frequency as L(f) = p- w™, where the charac-
teristic impedance is fixed at p & 4.7 Q (corresponding to
L =2.5 pH at 300 GHz). This relationship ensures elec-
trodynamic scaling of the resonator parameters across
the sub-THz range. Such parameters are physically con-
sistent with Whispering Gallery Mode (WGM) resona-
tors, which maintain high Q-factors in this frequency
range. In this context, the equivalent inductance L(f)
represents the effective reactive coupling between the
Gunn diode and the resonator. The equivalent capaci-
tance and conductance are then calculated based on @, f,
and L according to classical linear circuit theory.

The output data consist of the dynamic distribu-
tions of electron concentration, energy, current density,
and electric field intensity. We investigated the oscilla-
tion spectra of current and power for InN diodes at var-
ious graded-layer lengths, electron concentrations in
the active zone, InN mole fractions in the GaInN alloy,
applied voltages, and resonant frequencies.

To ensure the numerical stability and accuracy of
the spectral characteristics, the simulation is carried
out for 4 ns (over 1200 oscillation periods). This obser-
vation interval is initiated only after an initial transi-
ent phase of several hundred cycles, during which the
oscillation amplitude and phase reach a steady-state
regime. It was established that further increasing the
number of periods leads to negligible changes in the
output power and frequency, confirming the statistical
reliability of the obtained results.

3. RESULTS OF THE RESEARCH
3.1 Self-Sustained Current Oscillations

Short relaxation times in InN [17, 21, 33] enable
the generation of self-sustained oscillations in diode
with an active region length of 1 um. The electron con-
centration is the key parameter determining the
threshold for the onset of current oscillations. For a
diode with the given geometry, generation is achieved
at a doping level of at least 8.4 x 1016 cm 2 (Fig. 3,
curve 1). The increase in oscillation frequency observed
when the electron concentration decreases is due to the
enhancement of electron mobility resulting from re-
duced scattering on ionized impurities.
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Fig. 3 — Amplitude (solid lines) and frequency (dashed lines) of
the fundamental current density harmonic vs. electron con-
centration in the diode active region: 1 — InN diode; 2 — InN
diode with a 0.1 pm GaN-InN graded-gap layer
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According to estimates in [19], the Kroemer criterion
for InNisn-1I, = 2.1 x 102 cm 2, while estimates in [17]
suggest n -, = 3.81 X 102 cm 2 This implies that for
the onset of current instability associated with electric
domain drift, the electron concentration in the active
region should be at least 2.1 x 1016...3.8 X 106 c¢m 2.
However, our simulation results indicate that undamped
self-sustained oscillations in the InN diode only become
possible at an electron concentration in the active region
of at least 8.4 X 106 ¢cm 2. This value is not a revised
Kroemer criterion but represents the threshold for au-
tonomous instability without an external resonator. The
cause of current oscillations in the InN diode (Fig. 4,
curve 1) is the drift of an accumulation layer. The lead-
ing edge of the traveling space-charge wave is not de-
pleted of charge carriers (Fig. 5).

800 -
760
720
680
640
600
560
520
480
0

Time, ps

Fig. 4 — Current density self-oscillations: 1 — InN diode, U =
18 V (f = 371 GHz); 2 — 0.2 pm graded-gap GaN-InN diode,
U =23V (f = 304 GHz); 3 — 0.4 um graded-gap GaN-InN di-
ode U = 12.7V (f = 385 GHz).
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Fig. 5— Spatio-temporal distributions of electron density and
electric field during one oscillation period (371 GHz) in an InN
diode at a bias voltage of 18 V

For comparison, undamped self-oscillations at this
concentration do not occur in GaN [19, 22, 24, 25] and
GaAs diodes [12]. The application of a GaN GaN-InN
InN graded-gap in the near-cathode region initiates a
dipole instability (Fig. 6). The space-charge distribution
shows that the leading edge of the wave is depleted of
carriers, which is a characteristic feature of domain
formation. The presence of the dipole instability ac-
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counts for the higher amplitude and lower frequency of
the current density self-oscillations (Fig. 4, curve 2)
compared to homogeneous InN diode. The threshold
electron concentration in the active region for the
structure with a graded layer L,=0.1pm is
5.6x1016 cm —2 (Fig. 3, curve 2).
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Fig. 6 — Spatio-temporal distributions of electron density and
electric field during one oscillation period (304 GHz) in a 0.2
pm graded-gap layer GaN-InN diode at a bias voltage of 23 V

For systematic simulation and analysis of the genera-
tion processes, an electron concentration of 9.0x1016 c¢m-3
was selected. At this doping level, which exceeds the
threshold value, the InN diode exhibits a sustained self-
oscillation mode. This enables a consistent comparative
analysis of the dynamic characteristics of structures both
with and without the GaInN graded-gap layer.

Sustainable current generation in the homogeneous
InN diode is observed in the applied voltage range from
13.5 to 24.5 V (Fig. 7, curve 1). The generation process
exhibits high sensitivity to the external bias. An in-
crease in voltage leads to a reduction in the oscillation
frequency decreases from 376 to 364 GHz. This is due
to the fact that space-charge waves do not reach full
formation over the length of the active region. Higher
applied voltage causes more intensive electron transfer
to the satellite valleys in the drift instability region.
Consequently, the electron concentration in the satel-
lite valleys increases and the average drift velocity of
the charge instability from cathode to anode decreases.
The maximum amplitude of the fundamental harmonic
of the current density is 54.5 kA/cm? and is achieved at
a bias voltage of 18 V which corresponds to an oscilla-
tion frequency of 370 GHz.

The introduction of a GalnN graded-gap layer into
the active region near the cathode improves the condi-
tions for space-charge wave formation in the diode. As
a result, the current oscillation amplitude increases
(Fig. 7, curve 2-4). The reasons for such influence of the
graded-gap semiconductor on the generation process
are discussed in detail in [9, 12]. The electron mobility
in the I'-valley and the energy gap between the central
and the nearest satellite valleys of the conduction band
within the graded layer exert the most significant in-
fluence on the space-charge wave formation. These fac-
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tors determine the intensity of the satellite valley pop-
ulation. In the GalnN layer the electron mobility and
the energy gap decrease as the GaN mole fraction in-
creases.

S, GHz
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Fig. 7 — Amplitude (solid) and frequency (dashed) of the fun-
damental current density harmonic vs. voltage for an InN
diode with a 0.8 pym Gai-.In:N graded-gap layer. In content x:
1-1(nN);2-0.8;3-0.6;4—-0.4; 5—0.2; 6 — 0 (GaN).

The amplitude and frequency of the fundamental
current oscillation harmonic in a diode with a graded-
gap layer near the cathode depend on the length and
composition of this layer. To study these dependencies,
we simulated an InN diode with a GalnN graded-gap
layer of various lengths and different InN mole frac-
tions in the alloy. Figs. 7-10 shows the dependencies of
the amplitude and frequency of the fundamental cur-
rent density oscillation harmonic on the applied DC
voltage for different graded-gap layer lengths and dif-
ferent InN content in the cathode region.
f,GHz
390

B __Lg =04 pm
: 1380

Extean
a -

H\‘ {340

B i

20 24 28

Fig. 8 Amplitude (solid) and frequency (dashed) of the funda-
mental current density harmonic vs. voltage for an InN diode
with a 0.4 pm Gai-.In:N graded-gap layer. In content x: 1 — 1
(InN); 2-0.8;3-0.6; 4 —0.4; 5—0.2; 6 — 0 (GaN)

Analysis of these dependencies reveals several pat-
terns. There is an optimal composition of the GalnN
graded-gap alloy at which the electric current density
oscillation amplitude is maximal. This optimum depends
on the length of the graded-gap layer. The shorter the
graded-gap layer length, the lower the InN mole fraction
in GalnN required for the optimum. For example, when
L, ranges from 0.4 to 0.8 um the highest current density
oscillation amplitude is achieved at 60-80 % of InN in
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the GalnN layer (Figs. 7, 8). If L is between 0.1 and 0.2
pm the GaN-InN composition becomes optimal (Figs. 9,
10). The largest amplitude of the fundamental current
density oscillation harmonic is 144.8 kA/cm? at a fre-
quency of 304.4 GHz in the GaN-InN diode with a grad-
ed-gap layer length of 0.2 um and an applied DC voltage
of 23 V (Fig. 9, curve 6).

J.GHz
380

340

Fig. 9 — Amplitude (solid) and frequency (dashed) of the fun-
damental current density harmonic vs. voltage for an InN
diode with a 0.2 pm Gai-.In:N graded-gap layer. In content x:
1-1(InN);2-0.8;3-0.6;4—-0.4; 5—0.2; 6 — 0 (GaN)

J.GHz
380

Lg = d.l iy
- —370

360

310
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Fig. 10 — Amplitude (solid) and frequency (dashed) of the
fundamental current density harmonic vs. voltage for an InN
diode with a 0.1 pm Gai-.In:N graded-gap layer. In content x:
1-1(InN); 2- 0.4; 3—-0.2; 4- 0 (GaN)

Diodes with a long GalnN-InN graded-gap layer
(0.2-0.8 um) exhibit a specific effect that is absent in
homogeneous diodes. The physical nature of this effect
lies in the formation of an incomplete domain with a
spatially limited lifetime. At low applied DC voltages,
space-charge waves drift only a short distance within the
active region. This occurs because the conditions for the
formation and drift of space-charge waves in a graded-
gap semiconductor vary with the coordinate. Near the
cathode, the semiconductor composition creates an elec-
tron concentration inhomogeneity. This inhomogeneity
begins to grow and drift through the graded-gap semi-
conductor toward the anode. At a certain distance from
the cathode, the semiconductor composition changes
such that the space charge stops growing and begins to
dissipate. Consequently, the charge instability dissipates
before reaching the anode (Fig. 11).
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Fig. 11 — Spatio-temporal distributions of electron density and
electric field during one oscillation period (385 GHz) in a 0.4 pm
graded-gap layer GaN-InN diode at a bias voltage of 12.7V

At low applied voltages, the oscillation frequency is
high and can exceed the self-oscillation frequency of a
homogeneous InN diode (Fig. 4, curve 3). This effect is
observed as a sharp decrease in the oscillation frequen-
cy with increasing bias voltage (Figs.7, 8). The fre-
quency decreases because an increase in the applied
voltage extends the region where the charge instability
sequentially forms, drifts, and dissipates.

The widest frequency range is achieved in a diode
with a 0.4 um GaN-InN graded-gap layer. At 12.5V, the
fundamental harmonic frequency is 389 GHz, and at
26V, it reaches a minimum value of 321.9 GHz (Fig. 8,
curve 6'). A further increase in the applied voltage leads
to a slight increase in frequency until the generation
vanishes. This frequency growth is associated with an
increase in the average domain velocity at a fixed transit
length, which in this mode becomes equal to the distance
between the cathode and the anode.

In the diode with a 0.8 um GaN-InN graded-gap layer,
the frequency range width is slightly smaller than that for
the 0.4 um layer, ranging from 376.9 to 325.9 GHz
(Fig. 7). This effect weakens as the graded-gap layer
length decreases (Figs. 9, 10). If the graded-gap layer
length is 0.1 pm, the oscillation frequency almost ceases to
depend on the applied voltage (Fig. 10, curves 3' and 4').

Self-oscillations do not occur in the diode with a
short graded-gap layer L,= 0.1 pm if the InN mole frac-
tion in GalnN is within the 50-90 % range. In Fig. 10,
the curves corresponding to Gaoz2lnosN-InN and
Gao4InosN-InN diodes are absent because self-
oscillations do not arise at any applied voltage.

Reducing the length of the graded-gap layer in-
creases the width of the voltage range where the diode
generates current oscillations. For example, a diode
with a 0.8 um GaN-InN graded-gap layer exhibits ac-
tive properties in the voltage range from 13.5 to 28 V
(Fig. 7, curve 6). If the GaN-InN layer length is 0.1 um,
the operating voltage range is from 11.5 to 43 V.

Thus, to obtain current oscillations with the maxi-
mum frequency of 375-390 GHz, which exceeds the InN
diode oscillation frequency, a 0.4 um GaN-InN graded-
gap layer and a threshold low bias voltage of 12.5-13 V

JJ. NANO- ELECTRON. PHYS. 18, 03031 (2026)

should be used. In this case, the generation efficiency is
expected to be very low since only a small part of the
active region participates in the oscillation generation.
At the same time, low DC power consumption is also
expected.

On the other hand, to generate current oscillations
with the maximum amplitude of 144.8 kA/cm?2 at a fre-
quency of 304-305 GHz, a diode with a 0.2 um GaN-InN
layer and a bias voltage of 22-24 V should be used.

The InN diode with a GalnN graded-gap layer is
capable of generating sustained self-oscillations at a
lower electron concentration than the InN diode. If the
electron concentration decreases, the oscillation power
reduces, while their frequency increases.

3.2 Oscillation Generation in a Resonator

Placing the diode into a resonator significantly al-
ters its characteristics. In this case, the structure is
subjected to a high-frequency electric field. The fre-
quency of these oscillations is determined by both the
current dynamics within the diode and the parameters
of the resonator itself.

We considered the case of a high-Q resonator
(@ = 10%). The selection of specific semiconductor composi-
tion profiles was based on the self-oscillation characteris-
tics providing the highest frequency or current amplitude.

Fig. 12 shows the oscillation power versus frequen-
cy for increasing bias voltages. The frequency decreases
as the voltage rises. For each bias point, the resonator
was tuned to maximize output power. The resulting
power peaks occur at frequencies slightly offset from
the diode's free-running oscillation points.

The dependence of oscillation power on frequency in
the homogeneous InN diode is nearly symmetric with
respect to 363.8 GHz (Fig. 12, curve 1). However, in the
graded-gap structures, this dependence becomes signif-
icantly asymmetric as the layer length decreases and
the GaN mole fraction increases (Fig. 12, curves 2-5).
Such asymmetry is caused by the non-linear and non-
monotonic behavior of the oscillation frequency as a
function of the applied voltage. Unlike the typical near-
ly linear decrease, the frequency dependence in these
structures becomes non-linear, and for short graded-
gap layers, it reaches a minimum and begins to in-
crease at voltages above the optimal value (Fig. 8, 9,
curves 2'-6'). Consequently, the peak of the power-
frequency characteristic shifts toward the minimum
generation frequency, resulting in a pronounced posi-
tive asymmetry (right-skewed) of the characteristic.

The maximum RF power of the homogeneous InN di-
ode is 42.3 mW at 363.8 GHz with an applied voltage of
18 V. The DC power consumption is 52.3 W, and the oper-
ating frequency range spans from 351 to 376.5 GHz.

The highest oscillation frequency of 393.1 GHz was ob-
served in the InN diode with a L, =0.4 um GaN-InN grad-
ed-gap layer at 124V (Fig. 12, curve 4). The oscillation
power was 21.8 uW, and the DC power consumption was
28.7 W. The frequency range for this structure is 323.4-
393.1 GHz. The diode reaches a peak power of 61.4 mW at
318.3 GHz and 24 V (DC power consumption of 55.4 W).

The highest peak oscillation power of 116.8 mW at
300.7 GHz was achieved in the InN diode with a
L,=0.2 um GaN-InN graded-gap layer at an applied
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voltage of 22 V (Fig. 12, curve 5). The DC power con-
sumption in this mode is 53.3 W.
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Fig. 12 - RF power P, (solid) and DC power P, (dashed) vs.
frequency for various diodes in a resonator (@ = 103): 1 — InN;
2 — GaoslnoeN-InN, L =06pum; 3 — GaosnosN-InN,
L,=04pm; 4 — GaN-InN, L ,=04um; 5 — GaN-InN,
L, = 0.2 um. The inset shows the power spectrum

4. DISCUSSION OF RESULTS

4.1 Physical Mechanisms of RF Power and Fre-
quency Enhancement

Optimization of the graded-gap layer length and
composition allows for a reduction in the critical elec-
tron concentration, an increase in peak oscillation pow-
er, and an enhancement of the generation frequency.
The power increase is attributed to the onset of domain
instability. The frequency enhancement occurs due to
the "incomplete domain drift" effect. In this mode, the
forming domain does not drift across the entire length
of the active region but only through the portion adja-
cent to the cathode. The length of this transit region
depends on the voltage applied to the diode. An in-
crease in voltage leads to an expansion of the transit
region and a corresponding decrease in frequency. We
have demonstrated that in structures with a graded-
gap layer, the domain does not necessarily have to dis-
sipate at the anode; under certain conditions, it can
dissipate within the active region itself. The graded-
gap cathode initiates domain formation, and this
mechanism enables a peak frequency of 391 GHz for a
device with a total length of 1 um.

4.2 Thermal Management Challenges

The issue of high DC power dissipation in homoge-
neous InN diodes remains unresolved. The introduction
of a graded-gap layer does not fully eliminate this
drawback. In the peak RF power generation mode, the
DC power consumption levels for both diode types are
comparable. At optimal frequency and voltage, the DC
power of the homogeneous diode is 42.3 W, while for
the diode with a graded-gap layer (L,=0.2 pm), this
value reaches 53.3 W.

Given a cross-sectional area of 400 um?2, the power
density ranges from 10.6 to 13.3 MW/cm2. A straight-
forward estimation based on the thermal resistance of
the active layer and the thermal conductivity of InN
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(= 45 W/(m 'K)) indicates that at such heat flux densi-
ties, the steady-state temperature rise would several
times exceed the thermal decomposition threshold of
InN (over 800 K). This precludes the operation of the
device in continuous-wave mode without the implemen-
tation of extreme cooling solutions.

Despite the thermal constraints, the use of a grad-
ed-gap layer offers several significant advantages.
First, the peak power of such a diode is nearly three
times higher than that of its homogeneous counterpart.
This provides a performance margin that allows for a
reduction in DC power consumption by lowering the
bias voltage while maintaining the required output
signal level. Second, the graded-gap layer enables a
33 % reduction i-n the critical electron concentration
within the active region. Utilizing a lower concentra-
tion provides two key benefits:

1) A further reduction in consumed DC power, which
facilitates heat dissipation;

ii) An increase in the generation frequency.

Consequently, optimizing the carrier concentration
helps to partially offset the high current density inher-
ent in the maximum power mode.

In GaInN-InN diodes, the "incomplete domain drift"
mode emerges at the lowest possible threshold voltag-
es. In this mode, the DC power consumption is 28.7 W,
which is 25 % lower than the minimum power of a ho-
mogeneous diode. For a cross-sectional area of 400 pm?
and a voltage of 12.4 V, the current density reaches
578.6 kA/cm?. The power density in this "mild" mode is
7.17 MW/cm?. Despite the reduction, such a load re-
mains extreme, which is still significantly above the
thermal stability threshold of the material.

Reducing device cross-section fails to mitigate over-
heating, as thermal resistance increases proportionally
with power reduction, leaving the operating tempera-
ture unchanged. Conversely, a planar geometry offers
superior thermal management. The active region con-
tacts a high-conductivity substrate (e.g., diamond, BN,
or AIN) across its entire lateral surface. Efficiency can
be further enhanced by top-surface encapsulation with
similar materials. While this dual-cooling approach
ensures stable operation at 12.7 V, the reduced active
volume inherently limits the absolute RF power, a
trade-off for high-signal applications.

The use of a pulsed mode can, to some extent, prevent
the thermal destruction of the device. In the nanosecond
range (10-9 to 10~ 8 s), the heating is essentially adiabatic.
Due to the finite rate of thermal diffusion, the energy gen-
erated during the pulse has insufficient time to dissipate
into the substrate. However, owing to the short pulse du-
ration, the total accumulated heat is expected to remain
below the InN thermal decomposition threshold (800 K).
Estimations indicate that in the "mild" mode
Py, =28.7 W), the time required for the temperature to
reach this critical point is approximately 14 ns

Nevertheless, even before reaching the decomposi-
tion threshold, significant heating of the active region
(up to 600-700 K) substantially affects the oscillation
conditions. The temperature rise leads to a narrowing of
the bandgap and a reduction in the energy gap between
conduction band valleys. This alters the conditions for
intervalley electron transfer and reduces the efficiency of
space-charge wave formation. Consequently, short-pulse
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operation is essential not only for maintaining the struc-
tural integrity but also for minimizing the thermal drift
of the device's frequency and power characteristics.

To reduce the operating temperature, substrates
with maximum thermal conductivity, such as diamond
or AIN, must be employed. The epitaxial growth of InN
on such substrates is technically feasible and provides a
primary path for heat removal. However, external heat
sinking alone is insufficient to suppress extreme heat
fluxes. The fundamental limitation lies in the finite rate
of energy transfer from the electronic subsystem to the
crystal lattice, followed by slow thermal diffusion
through the InN layer itself to the substrate interface.

To address this, we propose using hot-electron ex-
traction channels [32]. This method enables the remov-
al of high-energy carriers from the active region before
they transfer their energy to the lattice via phonon
scattering. Such a "ballistic cooling" mechanism reduc-
es direct lattice heating from within.

Further efficiency can be achieved by incorporating
2D layers (e.g., h-BN) to redistribute heat fluxes and
prevent local hotspots [27]. The concept of using "ener-
gy filters" for active region cooling via ballistic energy
extraction [32], combined with diamond heat sinks, is
expected to enable the stabilization of InN diode opera-
tion even at extreme current densities. This could po-
tentially provide a foundation for transitioning from
nanosecond pulses to longer duty cycles.

4.3 The Role of Velocity Overshoot and Model
Limitations

When interpreting the results, it should be noted
that the hydrodynamic model employed accounts for
the velocity overshoot effect only partially. This is due
to the reliance on the Maxwellian distribution function
for averaging the Boltzmann transport equation, which
does not fully capture the distribution asymmetry or
the contribution of high-energy ("hot") electrons.

Indium nitride exhibits unique transport properties:
high mobility (up to 4000 cm?/V s) and a substantial in-
tervalley energy gap (1.7-1.8 eV). These factors create
conditions for extreme velocity overshoot, where peak
electron velocities can reach 108 cm/s before the onset of
intense intervalley scattering. The overshoot region
length in InN is estimated at 0.5-0.8 um, which is compa-
rable to the active zone dimensions of the studied diodes.

It is crucial to emphasize that the previously pro-
posed hot-electron extraction channels synergistically
complement this effect. By removing energy near the
anode, lattice heating is minimized, which increases
the mean free path of electrons and enables the fullest
realization of ballistic transport.

The current model, which does not fully account for
band non-parabolicity and extreme overshoot, provides
what is effectively a lower limit for both frequency and
power. The obtained values of 320-391 GHz are a con-
servative estimate. In a real device, due to higher aver-
age carrier velocities, operating frequencies could reach
450 GHz. However, since the primary objective of this
work is to study the influence of the graded-gap profile
on space-charge wave dynamics rather than the preci-
sion refinement of InN material parameters, the stand-
ard hydrodynamic model is deemed an effective tool that
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reliably conveys the qualitative physics of the processes.

4.4 Impact Ionization

There is another critical factor that can limit the ef-
ficiency of InN Gunn diodes. In indium nitride, there is
a probability of overlap between the energy thresholds
for intervalley transfer and band-to-band impact ioni-
zation. Under electron gas heating conditions, the ve-
locity overshoot effect may increase the probability of
impact ionization events before carriers transfer to the
satellite valleys. The increase in lattice temperature
and the associated bandgap narrowing reduce the ioni-
zation energy threshold.

At the optimal voltage applied to the diode, the peak
electric fields in the domain (for the InN diode with a
graded-gap layer) or the accumulation layer (for the ho-
mogeneous diode) can reach 500-600 kV/cm at certain
brief moments in time (Figs. 5 and 6). It should be noted
that a precise experimental determination of the funda-
mental impact ionization threshold in InN remains chal-
lenging, as samples often undergo premature destruction
at significantly lower fields (300-400 kV/cm) due to high
background carrier concentrations and thermal effects.
Theoretical studies using the ensemble Monte Carlo
method [33] provide a more robust basis for analysis, indi-
cating that intervalley scattering remains the dominant
energy relaxation mechanism at field intensities up to at
least 500-600 kV/cm. This suggests that electrons are
scattered into upper valleys with higher effective masses
before they can accumulate sufficient kinetic energy to
trigger an ionization avalanche.

Furthermore, in GaInN-InN diodes operating in the
'incomplete domain drift' mode, which emerges at the
lowest possible threshold voltages, the peak electric
field reaches only approximately 130 kV/cm. This value
is substantially lower than even the most conservative
estimates for the onset of impact ionization. Conse-
quently, this mode of operation offers an additional
margin of stability, virtually eliminating the probabil-
ity of impact ionization overlapping with intervalley
transfer and ensuring the reliable realization of the
Gunn effect in the submicron structures studied

4.5 Technological Implementation

The fabrication of an ideal GaInN-InN graded-gap
layer with a length of 0.2-0.6 um. presents certain
technological challenges. The epitaxial growth of a
wide-bandgap GaN-based layer on an InN active region
is complicated by a significant lattice mismatch of ap-
proximately 11 %. However, since the primary function
of this layer is the local reduction of electron mobility
to facilitate domain nucleation, the presence of struc-
tural defects originating from this mismatch is consid-
ered acceptable. In practice, the smooth compositional
profile assumed in our model can be replaced by a step-
wise change in Ga concentration using a digital alloy or
a superlattice structure. Such a discrete approximation
of a continuous profile is a standard and effective prac-
tice in THz diode design.

Another limitation is the deposition temperature of
GaN, which is significantly higher than the thermal
degradation temperature of InN. Traditional GaN
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growth at 1000 °C would lead to the destruction of the
underlying InN layer. This issue is addressed by using
low-temperature growth methods, such as molecular
beam epitaxy or plasma-enhanced atomic layer deposi-
tion. At temperatures of 400-500 °C, it is possible to
form GaN or GalnN layers without loss of interface
quality. Although such layers have a higher defect den-
sity, they fully perform their function of local mobility
reduction for domain formation.

4.6 Comparison with State-of-the-Art

The performance of the proposed InN diodes was
compared with experimental data for InP and InGaAs
counterparts [6, 7, 11]. Specifically, InP Gunn diodes
with a 1.1 pm active region and graded doping deliv-
ered 150-152 GHz at the fundamental mode, while
their second (300.5 GHz) and third (455 GHz) harmon-
ics reached power levels of 3 mW and 23 uW, respec-
tively [6, 7]. In contrast, our InN graded-gap device
provides fundamental-mode generation at 301 GHz
with an output power of 116.8 mW, which is over an
order of magnitude higher than the second-harmonic
power of InP diodes at the same frequency.

Furthermore, compared to submicron (0.6 um) pla-
nar InGaAs/InP diodes, which report a maximum of 28
uW for oscillations above 300 GHz [11], our vertical
graded-gap structure demonstrates a power superiority
of several orders of magnitude. These results confirm
that utilizing graded GalnN transitions is an effective
strategy for advancing Gunn effect sources into the
submillimeter range without the efficiency losses in-
herent in frequency multiplication.

4.7 Methodological Features of the Simulation

The mathematical model is specifically tailored for
transport phenomena in graded-gap structures based
on balance equations derived by averaging the Boltz-
mann transport equation. We employ the shifted Max-
wellian distribution approximation for the electron gas
within each of the three non-equivalent valleys. This
approach enables a self-consistent description of the
mean energy (electron temperature) and drift velocity
dynamics for each valley separately.

Such a framework ensures a rigorous treatment of
the internal quasi-electric fields arising from composi-
tional gradients. These fields, which originate from the
spatial dependence of electron affinity, inter-valley
energy gaps, and effective masses, are incorporated
into the current density equations through correspond-
ing spatial derivatives [12, 17]. Furthermore, the model
accounts for the coordinate dependence of all relaxation
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InN-giogu 'anna cyomistimerpoBoro niamasony 3 sapizouuum GalnN-in:xexrTopom

I. Croposkenro!

, I1. Cipenro?

1 Ileporcasruil 6iomexrnonio2iuHuil ynisepcumem, 61002 Xapkis, Yrpaina
2 Pusvkruil yrieepcumem imeni Cmpaodinsa, LV-1007 Puea, Jlameisn

Pospobra edexTHBHEX TBEPIOTUIHFHUX JIFKEpesI CyOMIJIIMETPOBOTO TIATTa30HY XBHUJIb € KJIIOUOBUM BUKJIH-
KOM JIJIs HAITIBIIPOBLTHUKOBOI €JIEKTPOHIKH. Y I poOOTI IPeCTaBIEHO TEOPETHIHE JOC/IMKEeHH BUCOKO-
YaCTOTHHUX KOJIMBAaHb y CyOMIKpoHHUX miogax ['anna Ha ocHoBl InN 13 rpagieHTHHM 3a CKJIAI0M 1HKEKTOPOM
GalnN mo6u3y kaToma. ¥ JOCTIPKeHH] BUKOPUCTAHO TPHIOJUHHY TIPOJIMHAMIYHY MOJIE/Ih ITepeHEeCeHHs
€JIeKTPOHIB, aJanToBaHy Juisi Bapizonuux [II-HITpUAHUX CTPYKTYp 3 ypaxyBaHHAM 1apaMeTpis, 10 3aje-
sKaTh BiJ KoopauHaTh. L{s1 Mosiess iHTErpoBaHA B CAMOY3TO/ZKEHY CUCTEMY, SIKA [I0B’SI3y€ PIBHIHHS [IPUJIALIY
3 eKBIBAJICHTHUM PE30HAHCHUM KOHTYPOM 1 piBHAHHAM [lyaccoma. Ha BimMiHy BiJ KOPOTKOCTPOKOBOTO MO-
JeTI0OBAHHA, IIeH MOXia aHaTadye cTablaIbHy TeHepalliio IPOTATOM THUCAY IMKJIIB, 3a0e3IeUy0un peaicThd-
ui ominkn BY-morysxknocri, KK/I Ta mepeximaux mportecis. PeaymbraTi mMOKas3yoTh, 110 BAPI3OHHUN 1HKEK-
Top GalnN cyrreBo Mommdikye TMHAMIKY XBHJIb IIPOCTOPOBOrO 3apsidy, CIPHUSIOUMN II€PexXody Bim mpeidy
mapy HAKOIMYEHHS JI0 HEeCTIMKOCTI JIUIIOIBHOTO JoMeHy. Mo/e/oBatHHs IeMOHCTPYE, 10 OIITUMI3AIis JOB-
skuHEA Ta cryaay obsacti GalnN cyTTeBo 3HMIKY€E TIOPOTOBY KOHIIEHTPAITIIO €JIEKTPOHIB JIJIS BUHUKHEHHS He-
CTIMKOCTI CTpyMy. BusBiiero crerudiuHui peskuM «HEIIOBHOTO Ipetidy TOMeHy», 3a SIKOTO IMIapH IIPOCTOPO-
BOTO 3apsily PO3CMOKTYIOTHCSI B aKTUBHIN 00J1acTi, He Jocsiraroun anoaa. 1le sabesmeuye vacroru mgo 391 'y
y OpmiIajil AoBKUHOK 1,0 MKM, IO ITePeBUIIye OCHOBHI yacToTu romorenuux InN-crpykryp. ion i3 mrapom
GalnN ToBmwmmomw 0,2 MEM 3a6e3Iiedye TIKOBY MOTY KHICTE 116,8 MBT Ha wacrori 300,7 I'T'mr, 1o Ha mopsaaku
IepeBUIIye TOKA3HUKY 1CHyI0UnX IpuiiaaiB Ha ocHoBl InGaAs ta InP. V crarri Takox posrssiganoTsest mpo-
Os1eMM TeXHOJIOTIYHOI peasidallii, yIpaB/IiHHSA TeMIIepaTypoio Ta PU3UK yaapHol ioHisari. [Ipogemoncrpo-
BaHO, 110 giogu Ha ocHOBI InN 3 imxexTopom GalnN moTeHIiiiHO MOKYTh OyTH BUKOPHMCTAHI JJIs JOCATHEH-

Hs KOJIMBaHb y Aianasosi cy0-TTr giamasomi.

Kmrouosi ciosa: Jiox N'anna, I[lpnaagy Ha MixKIOIHHHOMY IIepeHECEHH] €JIeKTPOHIB, BapisoHmHuii HAIBII-
poBiguuk, Hitpuy inmio, Tl'a-miamason, GalnN imkerrop, 'apsuil exexrponn, JJomeru o6’eMHOrO 3apsany,

HJTO, Biiacui kosmmBanHs.
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