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Abstract: The ensemble Monte Carlo particle simulation technique is used to determine the upper operational frequency 

limit of the transferred electron mechanism in bulk GaAs and GaN empirically. This mechanism manifests as a decrease in 

the average velocity of the electrons in the bulk material with an increase in the electric field bias, which yields the 

characteristic negative slope in the velocity–field curves of these materials. A novel approach is proposed whereby the 

hysteresis in the simulated dynamic, high-frequency velocity–field curves is exploited. The upper operational frequency 

limit supported by the material is defined as that frequency, where the average gradient of the dynamic characteristic curve 

over a radio frequency cycle approaches zero. Effects of temperature and doping level on the operational frequency limit 

are reported. The frequency limit thus obtained is also useful to predict the highest fundamental frequency of operation of 

transferred electron devices, such as Gunn diodes, which are based on materials that support the transferred electron 

mechanism. Based on the method presented here, the upper operational frequency limits of the transferred electron 

mechanism in bulk GaAs and GaN are 80 and 255 GHz, respectively, at typical doping levels and operating temperatures 

of Gunn diodes. 
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1. Introduction 

 
In this investigation, the simulated dynamic electron velocity 

versus electric field (vE) characteristic curve, is used to 

predict the highest frequency at which GaAs and GaN bulk 

semiconductor materials still exhibit a negative differential 

resistance (NDR) characteristic. This NDR phenomenon is 

due to the transferred electron mechanism, which is ex- 

ploited in transferred electron devices (TEDs), such as Gunn 

diodes, which are used as oscillators. NDR manifests as a 

negative slope of the vE-curve of the bulk material around 

the bias point. The dynamic vE-curves of transferred electron 

materials exhibit hysteresis [1]. It is found that towards the 
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operational limit of the transferred electron mechanism and 

consequently the NDR characteristics, the hysteresis be- 

haviour degrades the average slope of the vE-curve over a 

complete radio frequency cycle to such an extent that the 

effective negative resistance described by the curve disap- 

pears. It is postulated that this also constitutes the highest 

fundamental frequency of operation of TEDs. The actual 

operational frequency limit of TEDs is further reduced by 

structural and circuit constraints. 

The Monte Carlo particle simulation technique (MCPST) is 

used to generate the dynamic vE-curves for GaAs and GaN 

under various operational conditions. The MCPST is based on 

the work by van Zyl [2]. The simulation model incorporates a 

three-band, non-parabolic energy band diagram for GaAs and 

a three-band, parabolic energy band diagram for GaN. The 

material parameters for Wz GaN are taken from Joshi et al. [3]. 
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2. Theoretical  background 

 
The dynamic vE-characteristic of a bulk material can be 

assumed to be frequency independent if the frequency of 

operation is much lower than the NDR relaxation frequency 

fNDR of that material [4]. This implies that the vE-curves do 

not exhibit hysteresis at these operating frequencies. The 

NDR relaxation frequency can be estimated as [4] 

1 

3. Methods 

 
The dynamic vE characteristic curves are  generated 

through simulation over one RF cycle, biased above the 

threshold field necessary for the transfer of electrons from 

the central to the satellite valleys of the energy band dia- 

gram. Figure 1 illustrates the typical quasi-static and dy- 

namic vE-curves for materials that display NDR. 

For the purpose of the work presented here, the variable 
fNDR ¼ 

ER þ sET 
ð1Þ ‘gave’ is defined as 

 1   N     D vi   

where sER  and sET  are, respectively, the energy relaxation 

and inter-valley relaxation times. The energy relaxation 

gave ¼ 
X 

N i¼1 DEi 
ð3Þ 

time is approximated as the time an electron with effective 

mass meff takes to accelerate to the threshold energy is DE 

under an applied threshold electric field ETH  and is given 
by 

pffi
2
ffiffi

m
ffiffiffi

e

ffiffi
f

ffi
f

ffi
D
ffiffiffiffi

E
ffiffiffi 

which is the average slope of the vE characteristic curve 

over a complete cycle of the applied alternating electric 

field. The average is determined in a discrete manner over 

N samples. Given the correspondence between the vE- 

curve of bulk material and the current–voltage curves of a 

sER ¼ 
qETH 

: ð2Þ device, the gave  parameter is proportional to the average 

large signal conductance of the material at a certain fre- 

This assumption is based on electrons losing their kinetic quency and bias. The units of gave are m
2
s -1V-1 but for the 

energy as soon as they have reached the threshold energy 

level for inter-valley transfer and have scattered to the  

satellite valleys. The electrons generally do not transfer 

instantaneously to the upper satellite valleys once  they 

have reached the threshold, hence the incorporation of the 

inter-valley relaxation time in Eq. (1). 

The inter-valley transfer relaxation time sET is evaluated 

from the results of Monte Carlo studies of the electron 

ballistic transport in GaAs and GaN and is determined 

through the extrapolation of the simulated sET (E) graphs 

[4–6]. Applying Eqs. (1) and (2) gives the NDR relaxation 

frequency fNDR *105 GHz for GaAs and *700 GHz for 

GaN. 

Linking the operational frequency limit fOP_MAX of the 

NDR mechanism in a bulk material to fNDR may, however, 

be over simplified. The estimation for fNDR neglects the 

effects of temperature, electron scattering and doping on 

the non-stationary electron dynamics underlying the NDR 

mechanism at the operational limits of this mechanism. For 

this reason, an empirical approach is taken, where these 

effects are incorporated implicitly in a time-dependent bulk 

Monte Carlo simulation of the semiconductor material. 

It is important to note that the operational frequency 

limit of the Gunn effect is not solely described by fNDR, but 

is also constrained by the dynamics of Gunn domain for- 

mation within a device. Gunn domain formation is de- 

graded, where the active region transit time is of the same 

order as the Gunn domain formation time. These effects are 

not considered here, as they  are dependent on  electron 

doping profile engineering and the structure of the device, 

and are not intrinsic to the bulk material. 

purposes of this paper can be assumed to be arbitrary. This 

parameter gives a quantitative assessment of the strength of 

the NDR mechanism under the simulated operating con- 

ditions. A negative value of gave indicates the existance of 

NDR in the bulk material. 

 

 
4. Simulation and discussion 

 
The method described above is applied to bulk GaAs and 

GaN material at various operating conditions (temperature 

and frequency). For the sake of illustration, the simulated vE- 

characteristic curves for GaAs are presented in Figs. 2 and 3 

for two contrasting operational scenarios. Figure 2 presents 

the vE-curve for a relatively low operating frequency and 

temperature of 40 GHz and 300 K, respectively. 

 

 

 

 
 

 
 

Fig. 1 Typical quasi-static and dynamic velocity–field characteristic 

curves for a semiconductor that displays NDR [5] 
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Fig. 2 Velocity–field characteristic curve of GaAs at 40 GHz, 300 K 

and doped at 1 9 1022  m-3
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Fig. 4  Average  slope  gave   of  the  vE-curves  of  bulk  GaAs  as  a 

function of operating frequency, temperature and doping level 
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Fig. 3  Velocity–field  characteristic  curve  of  GaAs  at  100 GHz, 
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As expected, the curve exhibits hysteresis and with a 

negative average gradient gave = -0.075 (arb. unit) over a 

full RF cycle. 

In contrast, Fig. 3 presents the characteristic vE-curve at 

elevated frequency and temperature conditions of 100 GHz 

and 500 K, respectively. The observed average gradient 

gave = ?0.025 (arb. unit) is now positive, indicating the 

absence of NDR. For all simulations an ensemble of 80,000 

electrons has been simulated and gave calculated over 

N = 8 intervals. The electron velocity is averaged over the 

electrons in the ensemble. 

From similar simulated vE-curves, the graphs of gave as 

a function of frequency at various operating temperatures 

(T) and doping concentration levels (nc) can be generated. 

These are presented in Figs. 4 and 5 for GaAs and GaN, 

respectively. 

function of operating frequency, temperature and doping level 
 

It is clear from the simulation results presented  in 

Figs. 4 and 5 that gave increases from negative values at 

low frequencies to positive values at higher frequencies. 

The zero-crossing can be interpreted as the fundamental 

frequency limit of operation  supported by the bulk 

material. 

From Fig. 4, the upper fundamental frequency limit for 

GaAs is between 80 GHz at 450 K and 100 GHz at 300 K. 

The nominal doping of the bulk material has negligible ef- 

fect on the frequency limit. In the case of GaN, the 

simulation results presented in Fig. 5, predict an upper limit 

for fundamental frequency operation of between 255 GHz 

and 300 GHz, depending on the operating conditions. 

Gunn diodes are associated with low power conversion 

efficiencies  and  high  thermal  dissipation  and  typically 
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operate at temperatures approaching 500 K. The predicted 

upper limit of the fundamental mode of operation for Gunn 

oscillators can therefore be expected not to exceed 80 and 

255 GHz for GaAs and GaN diodes, respectively. 

It is informative to also note that in the frequency range 

below 70 GHz, the strength of the NDR mechanism in 

GaAs exceeds that of GaN, as it is evident from comparing 

gave for these materials. Simulations show that, for com- 

parable operating temperatures, the (negative) value of gave 

for GaAs exceeds that of GaN by a factor of more than 10. 

This does not imply that GaAs Gunn diode oscillators have 

improved output power compared to their GaN counter- 

parts at these frequencies. The output power is also de- 

pendent on the square of the magnitude of the harmonic 

voltage, which is typically much higher for GaN than for 

GaAs oscillators. 

The effect of doping levels on gave at higher operating 

temperatures is negligible and therefore does not impact 

significantly on the operational frequency limit supported 

by GaAs and GaN. In Gunn diode design, this affords the 

freedom to select the nominal doping level of the active  

region to firstly ensure domain formation and to adjust the 

nominal admittance levels of the diodes for optimal 

matching to the external circuitry. For reference, the con- 

dition that allows domain growth in Gunn diodes operating 

at frequencies below fNDR is defined in terms of a minimum 

‘‘NL-product’’, which is the product of the nominal doping 

N and the length L of the active transit region of the diode 

[7, 8]. 

 

 
5. Conclusions 

 
A novel approach is presented whereby the hysteresis in 

the dynamic, high frequency velocity–field characteristics 

of bulk GaAs and GaN are exploited to determine the upper 

frequency limit at which, these materials still exhibit NDR. 

These predictions, which inherently consider the non-sta- 

tionary dynamics of electrons at frequencies approaching 

the NDR relaxation frequency fNDR at different temperature 

and doping conditions, do not suffer from the theoretical 

time-constant based assumption given in Eq. (1). Further- 

more, the predicted operational frequency limit of the NDR 

mechanism does not depend on the structure of the devices 

that exploit this mechanism, but is an intrinsic character- 

istic of the material. 

Considering the above, the predicted fundamental mode 

frequency limits of 80 GHz for GaAs and 255 GHz for GaN 

are assumed to be more accurate than the corresponding 

theoretical estimations of *105 and *700 GHz, respec- 

tively, for GaAs and GaN. 

These predictions are supported by Monte Carlo particle 

simulations of actual Gunn device models by the authors, 

where the upper frequency limits of these devices in the 

fundamental  mode  of  operation  has  been  found  to  be 

62 GHz for GaAs and 175 GHz for GaN Gunn devices [9]. 

Experimental  data  provides  further  validation  of  the 

method presented in this paper. Priestley et al. [10] have 

reported  state  of  the  art  GaAs  Gunn  diodes  generating 

40 mW  at  122 GHz  in  second  harmonic  mode,  which 

translates to a fundamental frequency of 61 GHz. Mea- 

sured  performance  data  of  GaN  diodes  are  not  readily 

available.  Based  on  authoritative  simulations  done  by 

MacPherson et al. [11], which incorporate internal thermal 

heating of the diode, fundamental output power is predicted 

at 240 GHz for a diode operating at 500 K. 

In conclusion, the empirical method presented here can 

be applied to any material that exhibits NDR and provides a 

reliable estimation of the frequency limits of operation of 

NDR-based oscillators, such as Gunn diodes, by implicitly 

modelling the non-stationary dynamics of electrons that 

gives rise to the NDR mechanism. 
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