
S. García-Sánchez - On the practical limitations for the generation of Gunn oscillations in highly doped GaN diodes 

Abstract— Planar Gunn diodes based on doped GaN active 
layers with different geometries have been fabricated and 
characterized. Gunn oscillations have not been observed due to 
the catastrophic breakdown of the diodes for applied voltages 
around 20-25 V, much below the bias theoretically needed for 
the onset of Gunn oscillations. The breakdown of the diodes has 
been analyzed by pulsed I-V measurements at low temperature, 
and it has been observed to be almost independent of the 
geometry of the channels, thus allowing to discard self-heating 
effects as the origin of the device burning. The other possible 
mechanism for the device failure is impact-ionization avalanche 
due to the high electric fields present at the anode corner of the 
isolating trenches. However, Monte Carlo simulations using the 
typical value of the intervalley energy separation of GaN, 

𝜺𝟏−𝟐 =2.2 eV, show that impact ionization mechanisms are not 

significant for the voltages for which the experimental failure is 

observed. But recent experiments showed that 𝜺𝟏−𝟐 is lower, 

around 0.9 eV. This lower intervalley separation leads to a much 
lower threshold voltage for the Gunn oscillations, not far from 
the experimental breakdown. Therefore, we attribute the 
devices failure to an avalanche process just when Gunn 
domains start to form, since they increase the population of 
electrons at the high electric field region, thus strongly 
enhancing impact ionization mechanisms which lead to the 
diode failure. 

 
Index Terms— Gunn diodes, doped GaN, THz generation, 

Monte Carlo simulations 

 

I. INTRODUCTION 

he sub-THz and THz ranges of frequency (above 100 GHz, 

approximately) are of great interest for a wide variety of 

applications, since such electromagnetic radiation is non-

ionising (safe to use on humans) and can penetrate many 

visually opaque materials, thus being potentially useful in 

diverse fields such as medical imaging or security scanning [1]-

[4]. THz frequencies also have interesting spectroscopic 

capabilities for pharmaceutical industry, thus allowing the 

possibility of fabrication of sensors of explosives or biological 

agents such as anthrax. High speed data transfer using high 

frequency sub-THz carriers also opens the possibility of ultra-

high data rate transfer [5]. However, the lack of powerful 

continuous-wave, compact, tunable room temperature (and 

hopefully cheap) THz sources has delayed the widespread use 

of such applications. Apart from quantum cascade lasers (which 

must be operated at cryogenic temperatures) [6], in the last 

years, strong advances have been made with resonant tunneling 

diode technology [7], which has allowed to demonstrate THz 

generation with output power in the W range using single 

devices up to ∼2 THz [8]-[10] and reaching 0.73 mW for an 89-

element array at ∼1 THz [11]. However, up to now, the state-

of-the-art output power levels (near 1 mW of power at 1.6 THz 

and 50 W at 2.5 THz) have been obtained with classic 

frequency multiplied sources based on GaAs Schottky diodes 

[12]-[17], which are also presently taking advantage of the 

increased input power levels provided by power amplifiers 

around and above 100 GHz. In any case, although a huge 

research work is being made both from electronic and optic 

approaches to explore the so-called THz gap, there is still much 

road to travel in order to make consumer applications broadly 

accessible. That is why novel technologies based on wide 

bandgap semiconductors such as Gallium Nitride (GaN) are 

emerging as highly promising materials for high power 

applications in the millimeter wavelengths [18]-[21]. The 

development of GaN technology is already providing 

significant advances on the efficiency of practical power 

electronics systems at the microwave frequency range, but it 

also appears as a candidate for power generation at sub-THz 

frequencies by means of active two-terminal devices like Gunn 

diodes [22], which generate output power based on the presence 

of a negative differential resistance (NDR). Although there has 

not been yet a demonstration of an operational GaN-based 

Gunn diode, simulations [23]-[28] and indirect evidences of 

current oscillations in GaN structures [29]-[31] allow us to 

believe in the practical feasibility of high-power high-frequency 

GaN Gunn diodes.  

Instead of the Gunn diode design based on a vertical 

geometry of Refs. [29]-[31], we have chosen a planar 

(horizontal) approach. Inspired on the self-switching diode 

concept [32], Planar Gunn Diodes (PGDs) with shaped 

nanochannels were proposed to improve the efficiency of Gunn 

oscillations exploiting the flexibility of their design [33]. 

Initially, AlGaN/GaN epilayers were used to fabricate these 

PGDs, but in spite of the optimization of their design using  
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Fig. 1. SEM picture of a fabricated diode formed of a tapered channel with 

Wi=300 nm, Wo=350 nm and L=0.5 m. The bottom right picture shows a diode 

after its catastrophic failure, where anode and cathode are short-circuited by the 

melted metallic pads.  

tapered channels [34], no evidence of Gunn oscillations has 

been found yet (in different runs of fabricated diodes), even 

when applying voltages in excess of 40 V, above the theoretical 

threshold for the onset of the oscillations. Monte Carlo (MC) 

simulations show that by using highly doped GaN as the active 

layer, Gunn oscillations can be more effectively obtained [35]. 

The first shaped nanochannels based on doped GaN active 

layers have been manufactured [35]-[37], unfortunately 

showing a premature breakdown at low voltages, not linked to 

thermal dissipation.  

The aim of this work is to use the MC method to check, first, 

the validity of the previously published simulations of Gunn 

oscillations in light of measurements [38], [39] that indicate that 

the energy separation between the Г1-valley of GaN (the 

minimum of the conduction band) and the first satellite valley 

is around 0.9 eV, lower than the value typically used in the 

published simulations, 2.2 eV [23]-[28] or 1.9 eV [40], [41]. 

And, second, identify the origin of the breakdown of fabricated 

devices, for which a failure mechanism not linked to thermal 

heating is leading to the catastrophic damage of the devices for 

voltages much lower than expected. For this sake, both single 

particle MC simulations and a 2D ensemble MC self-

consistently coupled with the solution of the Poisson equation, 

in which the ionization mechanism is included, will be used.  

The paper is organized as follows. In Section II, we describe 

the fabrication of the devices and present the results of their 

characterization. In Section III the MC model and the 

simulations of bulk GaN are presented, and, in Section IV, we 

show the results of 2D MC simulations of Gunn diodes. Finally, 

the main conclusions of our work are drawn in Section V. 

II. EXPERIMENTAL RESULTS 

The devices were fabricated on a GaN epilayer grown on 

double side polished semi-insulating 4H-SiC (001) substrate 

using plasma assisted molecular beam epitaxy. A 150 nm thick 

active layer of highly doped (nominally ND=1019cm-3) GaN was 

grown on the top of an undoped GaN buffer and a AlN 

nucleation layer using the process described in Refs. [35], [37], 

[42]. The thickness and doping level of the active layer were  

 

 

 

 

 

 

 

 

 
Fig. 2. (a) 3D and (b) top-view sketch of a single channel device. (c) Pulsed 

measurements performed at T=8 K using 300 ns-width pulses (1% duty cycle) 
in order to avoid as much as possible self-heating effects (thin solid lines with 

dots). Results are shown for arrays of N=1, 4 and 8 diodes with L=1 m and 

two different channel width configurations: (i) Wi=300 nm and Wo=350 nm and 
(ii) Wi=350 nm and Wo=450 nm. In order to demonstrate that self-heating 

effects are almost negligible, the DC measurements for the diodes with 

Wi=300 nm and Wo=350 nm are also plotted with thick dashed lines. The result 

for an array of 4 channels with a shorter length L=0.5 m and Wi=300 nm and 

Wo=350 nm is also shown for comparison. The inset shows the I-V curves 

obtained with DC measurements at T=8 and 300 K (providing similar values, 
as expected from the nearly temperature-independent values of mobility and 

sheet electron density) for a single channel diode (N=1) with L=1 m, 

Wi=300 nm and Wo=350 nm compared with the pulsed results at T=8 K. Two 
consecutive sweeps at 300 K applying voltages up to 22 and 25 V, respectively, 

are represented (failure was observed in the second sweep). (d) Velocity-field 

dependence extracted from the pulsed measurements of devices with different 
geometries shown in (c). The linear dependence given by the low-field mobility 

(110 cm-2/V·s at 8 K) is also plotted. 

optimized by means of MC simulations [28] to enhance the 

Gunn oscillations, trying to avoid as much as possible self-

heating effects. Hall measurements show that the electron 

density is slightly lower than expected n=6.0×1018cm-3 (and 

almost constant in the 8-300 K temperature range) with a 

mobility of 170 cm-2/V·s at room temperature (decreasing to 

around 110 cm-2/V·s at 8 K).  
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Diodes made of arrays of parallel tapered channels with 

different geometries were fabricated by electron beam 

lithography and Ar/Cl2/BCl3 plasma etching. Fig. 1 shows the 

example of a single tapered channel with input width 

Wi=300 nm, output width Wo=350 nm and length L=1 m, 

whose 3D and top-view shape is shown in Fig. 2(a) and (b).  

Low temperature experiments were performed using a 

Lakeshore cryogenic probe station to avoid as much as possible 

the heating of the diodes, trying to overcome the catastrophic 

breakdown due to thermal effects often experienced at room 

temperature in this type of devices [31]. Pulsed measurements 

were obtained with a 4225-PMU Ultra Fast I-V module of a 

Keithley 4200-SCS semiconductor parameter analyzer. 300 ns 

pulses with 1% duty cycle were used to avoid the self-heating 

of the devices. Due to the low current level provided by the 

nanochannels, a current decrease between DC and pulsed 

measurements is only observed for N=8, when the dissipated 

power is above 0.1-0.2 W. As clearly observed in Fig. 2, low-

temperature pulsed bias conditions are not able to avoid the 

failure of the devices at voltages below 25 V. Indeed, the 

breakdown voltage is similar to that obtained under DC bias 

conditions and at room temperature for N=1 (see inset), as 

expected due to the negligible self-heating effects.  

Fig. 2(d) shows the electron velocity vs. electric field (v-E) 

characteristic extracted from the pulsed I-V measurements of 

Fig. 2(c). The calculation has been made using Wi as the width 

of the channel (the limiting geometrical factor) and considering 

10 nm of surface depletion at each side and at the top of the 

channel, a relatively low value due to the high doping level of 

the active layer. This value has been obtained by means of MC 

simulations. In order to estimate the value of the electric field, 

the voltage drop within the channel has been calculated by 

considering access resistances with values between 25 and 

300  (depending on the geometry), in good agreement with 

the experimental sheet and contact resistances. Even if the non-

rectangular shape of the channel leads to a non-homogeneous 

distribution of the electric field and to lower-than-expected 

values of the electron velocity at high fields, the low-field 

mobility is well reproduced. But the most interestingly fact is 

that the device failure takes place when the electric field within 

the channel reaches about 200 kV/cm (for devices with both 

L=1.0 and 0.5 m), just the value for which the peak velocity is 

found and the onset of NDR takes place. 

The failure of the devices in absence of self-heating effects, 

together with the fact that the breakdown electric field is nearly 

independent of the geometry of the devices and the number of 

parallel channels, are strong indications of a non-thermal origin 

of the device burning. This is confirmed by the thermal 

measurements made at 70ºC under continuous DC bias, Fig. 3, 

showing that the temperature reached by the diodes strongly 

depends on the number of channels of the array, with the single-

channel devices showing a temperature increase due to self-

heating effects of just around 40 degrees when applying a DC 

bias of 12 V (corresponding to a power of about 60 mW), one 

third of what is observed for N=8 at the same bias (with much 

larger PDC=380 mW). As a consequence, we attribute the 

failure of the devices to a mechanism related to the high electric 

fields appearing within the channels. This assumption is 

 

 
Fig. 3. (a) Picture taken with a high-definition thermographic infrared camera 

of an array of 8 diodes with Wi=350 nm, Wo=550 nm and L=1 m when 

applying a DC bias of 11 V (with a dissipated power of about PDC=380 mW) 

with the samples heated at 70ºC to be in the optimum range of precision of the 
camera. (b) Maximum of the recorded temperature increase vs. applied DC 

power for arrays with N=1, 4 and 8 channels. The maximum temperature at the 

hottest point could be slightly higher because the pixel size of the camera is 
3 µm×3 µm, larger than the size of the channels, so that some temperature 

averaging is unavoidable. 

 
 

 

 

 

Fig. 4. I-V curve and 3D map of the electric field of a GaN rectangular channel 

500 nm wide and 1.0 m long, doped at ND=2×1018 cm-3, for an applied bias of 

V=37 V (above the onset of Gunn oscillations). Results obtained with the 

commercial TCAD Silvaco ATLAS simulator using the Energy Balance model. 
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supported by the fact that the breakdown electric field is 

independent of the channel geometry and coincides with the 

onset of the NDR, see Fig. 2(d), regardless of the current level. 

The 3D simulations (using Silvaco ATLAS) presented in 

Fig. 4 evidence the presence of Gunn oscillations, but more 

importantly, show the location of an electric field hot-spot (with 

values well above the MV/cm range) at the bottom corner of the 

trenches in the anode side. This kind of simulations, even if they 

are able to reproduce the main features of the electrical 

characteristics of Gunn diodes, and can provide valuable 

information about the electric field distribution, are not the most 

adequate tool to study the influence of the material parameters, 

such as the intervalley separation, on the performance of the 

devices. That is why in the next section we introduce the 

detailed modelling of the diodes by means of MC simulations. 

III. MONTE CARLO SIMULATIONS OF BULK GAN 

With the aim of analyzing the microscopic transport processes 

of electrons in GaN, first, a single-particle Monte Carlo (MC) 

simulator has been employed. The scattering mechanisms 

included in the simulations are intervalley, acoustic and optical 

(polar and non-polar) phonons, piezoelectric and ionized 

impurities. The conduction band of GaN has been modelled by 

a three non-parabolic, spherical valley model (Г𝟏, U and Г𝟑 

valleys) by considering the Wurzite structure, the stable phase 

of GaN at ambient pressure. The parameters used in the MC 

model of GaN were presented in Ref. [25]. Impact ionization 

phenomena have been included in our MC model as an 

additional scattering mechanism by using the Keldysh approach 

[40], [41], [43]-[45], where the probability per unit time of 

having an impact ionization event, 𝑷(𝜺), is given by: 

𝑷(𝜺) = {
 𝑺 ∙ (

𝜺−𝜺𝒕𝒉

𝜺𝒕𝒉
)

𝒌

 𝐢𝐟 𝜺 > 𝜺𝒕𝒉

𝟎 𝐢𝐟 𝜺 ≤ 𝜺𝒕𝒉

          (1) 

where 𝜺 is the total electron energy (calculated as the addition 

of kinetic energy plus intervalley separation), 𝜺𝒕𝒉 is the 

threshold energy for impact ionization, and 𝑺 and 𝒌 are 

parameters which allow to tune the softness or hardness of the 

ionization threshold. 

The lowest point of the conduction band is located at the Г 

point (Г𝟏-valley), 3.44 eV above the absolute maximum of the 

valence band, also located at the Г point. The second minimum 

is located between the M and L points, leading to a valley called 

the U-valley. The energy separation between the first and the 

second valley is typically considered to be around 2.0 eV 

(𝜺𝟏−𝟐 =2.2 eV in [23]-[28] and 1.9 eV [40], [41]), but recent 

experiments have revealed a much lower value of 0.9 eV [38], 

[39], not yet contemplated in the literature of MC simulations 

of GaN. Both values will be considered in our simulations to 

explore the implications both on the generation of Gunn 

oscillations and on the possible breakdown mechanisms. 

In spite of the large effort and meticulous techniques used to 

precisely measure the impact ionization coefficients in GaN 

[46]-[48], experimental data exhibit a substantial dispersion. 

Moreover, due to the anisotropy of GaN, the experimental 

results obtained in vertical diodes are not easy to adjust with our 

model (the value of k should be hugely increased). That is why 

we have taken the results obtained with ab-initio simulations 

using the pseudo-potential method [43] as reference to adjust 

the parameters of the Keldysh formula (𝜺𝒕𝒉, S and k). Fig. 5 

evidences a good agreement of the results obtained with our 

isotropic MC transport model (mainly when using 

𝜺𝟏−𝟐=0.9 eV) with the results of [43], falling between the 

results for the -M and -A directions by considering 

𝛆𝒕𝒉=3.5 eV, S=1013 s-1 and k=4 (well within the range of values 

found in literature [40], [41]). As expected, the impact 

ionization coefficient of electrons is smaller for 𝜺𝟏−𝟐=0.9 eV 

than for 2.2 eV, and the dependence with 1/E steeper due to a 

completely different electron energy distribution, see the inset 

of Fig. 5; electrons reach much lower energies when reducing 

the value of 𝜺𝟏−𝟐. The values of the impact ionization 

coefficient for holes, see inset of Fig. 5, show also a good 

agreement with the results of [43], but they are not significant 

for the study made in this work since we are interested in the 

process that gives rise to the avalanche mechanism, which are 

the impact ionization events originated by hot electrons leaked 

through the GaN buffer, and we do not observe a significant 

 

Fig. 5. Ionization coefficients vs. inverse electric field obtained with MC 

simulations using 𝜺𝐭𝐡=3.5 eV, k=4, and S=1013 s-1, for intervalley energy 

separations of 𝜺𝟏−𝟐=2.2 and 0.9 eV. The insets show the impact ionization 

coefficient for holes and the distribution function of the total energy for electric 
fields of 0.5, 1.0 and 2.0 MV/cm. 

 
Fig. 6. Average velocity of electrons vs. electric field, E, for GaN doped at 

ND=5×1018 cm-3 at room temperature for 𝜺𝟏−𝟐=2.2 and 0.9 eV compared with 

the experimental measurements of [51]. The inset shows the average total and 

kinetic energies vs. E.  
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number of secondary ionizations initiated by the generated 

holes for the bias conditions considered here. 

The influence of the intervalley separation on the v-E curve 

can be observed in Fig. 6 (considering ND=5×1018 cm-3). When 

decreasing 𝜺𝟏−𝟐 from 2.2 to 0.9 eV both the peak velocity and 

the critical electric field are slightly decreased (from 2,54 to 

2.35×107 cm/s and from 220 to 180 kV/cm, respectively). This 

happens due to the onset of intervalley scattering at lower 

electronic energies. The agreement of both curves with the 

experimental measurements of [51] is similar, since they are 

only possible below 200 kV/cm. As shown in the inset of Fig. 6, 

the average total and kinetic energies of electrons are much 

lower for 𝜺𝟏−𝟐=0.9 eV once the population of the U-valley 

starts to be significant (for E above 320 kV/cm, approximately). 

From the point of view of the fabrication of Gunn diodes, this 

would be beneficial for lowering the threshold voltage for the 

onset of the current oscillations (and also for somewhat 

suppressing impact ionization mechanisms), as we will see in 

the next section. 

IV. 2D MONTE CARLO SIMULATIONS 

In a previous work, we showed how 2D MC simulations of 

doped GaN channels exhibit Gunn oscillations, whose 

amplitude and frequency depend on the active layer thickness 

and doping level [28]. In that work, a value of 𝜺𝟏−𝟐 =2.2 eV 

was used. The effect of the reduction 𝜺𝟏−𝟐 on the characteristics 

of the Gunn oscillations is shown in Fig. 7 for a rectangular 

channel with L=0.5 m, W=200 nm and ND=5×1018 cm-3, using 

a self-consistent surface-charge model (more details can be 

found in [49]). The figure presents time sequences of current 

density for different applied voltages (between 15 and 50 V) 

obtained with top-view simulations [34], i.e., considering a 

thick enough active layer. It is found that the threshold voltage 

for the onset of Gunn oscillations significantly decreases from 

around 45 V to about 18 V when 𝜺𝟏−𝟐 is lowered from 2.2 to 

0.9 eV. This is due to the modification of the v-E dependence 

shown in Fig. 6, where the negative differential mobility starts 

for a lower electric field (180 kV/cm instead of 220 kV/cm).  

These effects are observed independently of the geometry of 

the diode studied, since they are related to the v-E 

characteristics of the material. Therefore, if the correct value for 

𝜺𝟏−𝟐 is confirmed to be as low as 0.9 eV, Gunn oscillations 

would be much easier to obtain than expected, since the 

voltages to be applied and, as a consequence, the DC power, 

would be much lower (less than 50%). This would relax the heat 

dissipation requirements, which is one of the main constraints 

for the practical implementation of GaN Gunn diodes. In any 

case, in the experimental characterization of the fabricated 

diodes presented in Section II, the devices are burnt before 

Gunn oscillations are observed. However, significantly, the 

breakdown voltage is not far from what is expected to be the 

threshold for the onset of the Gunn oscillations if one considers 

𝜺𝟏−𝟐=0.9 eV. 

In order to investigate the origin of the catastrophic 

breakdown observed in the experiments, we have carried out 

2D MC simulations of the high field region observed in the 3D 

simulations of Fig. 4. For that sake, the structure with the 

geometry shown in Fig. 8(a), representing a longitudinal cut at 

the etched sides of a channel of L=0.5 m with an isolation 

depth of h=175 nm (we have used air as dielectric, as in the 

fabricated devices), has been simulated. Figs. 8(b) and (c) show 

that, for an applied bias of 20 V, the energy of electrons at the 

right corner of the isolation trench (where the electric field is 

maximum, on the MV/cm range) reaches very high values, 

above 3 eV, thus allowing for the onset of impact ionization 

processes, Figs. 8(f) and (g). However, they are not very 

 

 

Fig. 8. Color maps of the significant internal quantities obtained with the MC 

simulations of the structure with the geometry depicted in (a) at room 
temperature for an applied bias of 20 V: (b) and (c) total energy, (d) and (e) 

electric field, (f) and (g) number of impact ionizations and (h) and (i) electron 

concentration (only the low concentration range is represented in order to well 
evidence the electrons flowing below the isolation). Results are shown for both 

𝛆𝟏−𝟐=2.2 eV in (b), (d), (f) and (h) and 0.9 eV in (c), (e), (g) and (i).  

 
Fig. 7. Time-sequences of current density for a 200 nm wide 0.5 m long GaN 

channel (geometry shown in the inset), doped at ND=5×1018 cm-3, for applied 

biases of V=15, 18, 20, 30 and 50 V, considering 𝜺𝟏−𝟐=2.2 and 0.9 eV. The 

inset shows the geometry of the top-view simulations of the n-doped GaN 

channel.  
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frequent because the electron concentration at that point is quite 

low, only electrons reaching the anode by passing below the 

isolation trench populate that region [see Figs. 8(h) and (i)]. As 

a consequence, this cannot be the sole cause of the breakdown 

observed experimentally. Anyhow, we still attribute the failure 

of the devices to the onset of impact ionization processes, since 

they will be boosted when Gunn domains start to be formed. At 

that point the avalanche is provoked because (i) the electric field 

will be enhanced at the anode side of the channel and the 

surrounding regions, together with the fact (ii) that electrons in 

the high field domains will be able to leave the channel and go 

below the dielectric, thus reaching more easily the high field 

region at the anode corner of the isolation trench. 

Lowering 𝜺𝟏−𝟐 from 2.2 to 0.9 eV reduces the amount of 

impact ionization processes, but even if the average energy of 

electrons is reduced, still some impact ionization mechanisms 

appear. The results shown in Fig. 9 indicate that improving the 

isolation by realizing deeper trenches (or adding an ion 

implantation step as in [50]) could be the way to reduce the 

effect of impact ionization processes and thus avoid the failure 

of the diodes. A value of the depth of the trenches around 

250 nm (100 nm deeper than the active layer thickness) would 

be enough to almost completely avoid the leakage current and 

thus protect the diodes from failure. 

V. CONCLUSIONS 

Using a doped GaN active layer, planar Gunn diodes have 

been fabricated and characterized. Low temperature pulsed I-V 

characterization of diodes with different geometries have 

allowed us to discard self-heating as the origin of the 

breakdown observed when biasing the devices. Device burning 

takes place at voltages for which Gunn oscillations are not yet 

expected by simulations made using the standard value of the 

intervalley separation 𝜺𝟏−𝟐=2.2 eV. The results of our 

experiments and simulations indicate that the value of 𝜺𝟏−𝟐 may 

be lower, 0.9 eV, than that typically used in the published 

simulations, as indicated by recent experiments [38], [39]. This 

value of 𝜺𝟏−𝟐 allows to explain the catastrophic breakdown of 

the Gunn diodes, since the threshold voltage for the onset of the 

oscillations is much lower than that predicted by the standard 

GaN models. We attribute the device failure at applied voltages 

just at the onset of Gunn oscillations to an avalanche process 

started by the formation of Gunn domains, which strongly 

enhance the impact ionization processes at the electric field hot-

spot located at the anode corner of the isolation trenches. 
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