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Characteristics of a GaN-based Gunn diode for THz signal generation
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Abstract: A generalized large-signal computer simulation program for a Gunn oscillator has been developed. The
properties of a Gunn diode oscillator based on the widely explored GaN, are investigated using the developed
program. The results show some interesting properties in GaN Gunn diodes which are not seen in GaAs and InP
diodes. An output power of 1400 kW/cm? is achieved from the GaN Gunn diode, as compared to 4.9 kW/cm? from

a GaAs diode.
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1. Introduction

Wide bandgap semiconductors like GaN and compounds
based on it have recently been established as technologically
important materials for both electronic and optoelectronic de-
vices to obtain high powerl!~3!. High power GaN-based tran-
sistors*>5] and even high-frequency devices such as GaN-
based IMPATTs[® 71, with excellent electrical characteristics,
have been reported recently. Major important properties for
electronic applications of this material include!®! a large value
of wide band gap (3.4 eV), high electrical breakdown field (E,
~ 2 MV/cm), high saturation velocity of electrons (vy, ~ 2
x 107 cm/s), and high thermal conductivity (nearly two times
that of GaAs). The fundamental properties of GaN indicate
that it also exhibits a transferred electron effect(®]. Increased
electrical strength, a higher threshold field, and the possibil-
ity of faster operation due to a larger electron velocity and re-
duced energy-relaxation time are expected to be the key fea-
tures of GaN against traditional ITI-V semiconductors[®!. The
increased value of Ey, (threshold field) is caused by a large
separation between the high and low mobility valleys in GaN
(AE =~ 2.1 eV) compared to 0.3 eV in GaAs. Studies have
shown that the energy relaxation time in GaN is far shorter than
that in GaAs. Intuitively, from these fundamental properties of
GaN, it is expected that a Gunn diode using this material would
manifest a much higher output capability in the mm-wave and
tera-hertz range than the traditional GaAs and InP-based Gunn
diodes explored so far. To the best of our knowledge, the fea-
sibility of using GaN in a Gunn diode has not yet been ex-
plored, with the exception of a few preliminary works®~111.
Many research groups are of course busy trying to fabricate
GaN-based Gunn diodes. A recent report in this regard is not
only encouraging but is notablel! 1. However, the issues, which
play key roles in the realization of a Gunn diode and its high
power generation capability, like the presence of a notch near
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the cathodel!?], reverse injection, heterostructure near cathode
etc. need to be discussed rigorously before the material can be
used in the fabrication of Gunn diodes. Hence a detailed and
systematic study has become essential at the present stage to
recognize the potentials of GaN and its compounds for use as
Gunn diodes at mm-wave and tera-hertz frequency ranges.
Keeping all this in mind, the authors have reported here a
detailed theoretical study on GaN-based Gunn devices. The re-
sults have been compared with those obtained from GaAs and
its compound based Gunn diode operating under similar con-
ditions. Computer software has been developed to study the
dynamic properties of such devices. The developed program is
a generalized one and can be used at any operating conditions
and for any type of Gunn device structure (such as flat profile,
notch profile and heterostructure). The results show that GaN
Gunn diodes can offer twice/thrice the frequency capability of
the GaAs Gunn diodes (90 GHz versus 40 GHz), while their
output power density can go as high as 2 x 10 W/cm? com-
pared to ~103 W/cm? for the GaAs devices. The reported im-
provements in the mm-wave performance are supported by the
high value of the GaN p 2z figure-of-merit, which is 50-100
times higher than that for GaAs, indicating a strong potential
of GaN for microwave signal generation. The developed simu-
lation method and its validity are discussed in the next section.

2. Simulation method

We have developed a versatile and explicit numerical tech-
nique based on the first principle approach of the device, which
accurately predicts the device characteristics agreeing well
with experimental values measured for operating devices. A
one-dimensional model is considered to study the domain dy-
namics in the device because the domain propagation occurs
between the parallel contacts, and because the length of the uni-
formly doped active n-layer is typically much smaller than the
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Fig. 1. Typical structure and doping profile of a GaN/AlGaN type
Gunn diode.

device diameter. A schematic of structural model with the dop-
ing profile used in the computer simulation is shown in Fig. 1.

A finite difference numerical method is developed to solve
the carrier continuity equation, Poisson’s equation, and space
charge equation with a realistic velocity-field characteristic in
the device. The field dependent diffusion is taken into consid-
eration. The velocity field characteristics and all other material
parameters used here are same as those used in Refs. [6, 7] for
GaN-based IMPATTs.

The simulation is initiated by dividing the sample into
small cells of finite width in space. The charge and field are
regarded as constant within a cell and are evaluated at regu-
lar time intervals. The cells in time and space are made small
enough to obtain an accurate solution. Taking the initial values
of n (electron concentration) and E (electric field) from the
cathode contact end, they are updated in each cell. Finally the
end value of E is compared with that dictated by the bound-
ary conditions. The boundary conditions can be either in terms
of voltage or current. We have used the voltage boundary con-
dition, which requires the integral of the electric field across
the device to be equal to the applied DC voltage (V). Other
conditions, like the device contacts being ohmic and the to-
tal current density being continuous throughout the device, are
also taken into consideration. The electric field boundary con-
ditions at the outer metal contact edges of the n™ region (anode
and cathode ends) are taken to be zero. Thus the time depen-
dence of the electric field at the two edges of the active region is
removed. The limits on the space step (Ax) and time step (At)
are derived from simple physical considerations. In summary,
the device simulation consists of the following.

(1) Update the electric field at the future time step by solv-
ing Poisson’s equation and satisfying the condition V47 =
— fOL Edx, where, V!TA% = terminal voltage at t + At and L
= device length.

(2) Compute the electron mobility from the velocity-field
characteristics and the diffusion coefficient from Einstein’s re-
lation at every space step.

(3) Solve the current continuity equation for the carrier
concentration at the future time step.

(4) If the simulation time is not reached, repeat all above
again from step (1).

The presence of Gunn domains led to fluctuations of volt-

age and current, which gradually built-up into sustained large-
signal oscillations. This voltage V(¢) and current /() wave-
forms corresponding to sustained oscillations were subjected to
harmonic analysis and the resulting power spectrum was used
to determine the frequency and power of the Gunn diode oscil-
lators. The details are described below.

The fluctuations in terminal voltage can be represented as:

V(t) = Vi + Virsin(wi). (1)
The current density across the device is expressed as

dE(x,1)
TR )

Integrating Eq. (2) over the length of the device results in

Jr(x,t) = gn(x,t)v(x,t) + ¢

/-w Jr(x,t)dx = /w gn(x,t)v(x,t)dx
0 0

w BE(x t)
o | NG

The first term on the right-hand side corresponds to the av-
erage particle current density J,(7) and the second term to the
displacement current density. For the purpose of determining
the device performance it is only necessary to consider the first
term. The second term through device cold capacitance can
then be added to the equivalent circuit if necessary. The result-
ing particle current density can be Fourier analyzed to extract
the dc and the fundamental components as follows. The parti-
cle current density J,(f) can be written as Jy,(t) = Jac + Jrr(?),
where

1 T
m=7L.MML @)

Jit(t) = a; cos(wt) + by sin(wt). 5)

The Fourier components a; and b; can be written as

2 T

a, = 7/0 Jo(t) cos(wt)dt, 6)
2 (T ,

by = 7/0 Jp(t) sin(wt)dt. 7

The device admittance per unit area is given as

Yp = —Gp +jBp, (®)

where

by
Gp = %, 9
b= ©
and
a; e

Bp=—+—. 10
PV T W (10

The generated RF power is given by

1
Ps= ~VZ?AGp,

2 rf (11)
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Fig. 2. Frequency versus RF power obtained from different GaAs-
based Gunn diodes for verification with experimental results.

where A is the device area. From here the DC to RF conversion
efficiency can be calculated as P,/ Py where Py, = Vy. 14 and
14 can be calculated from Eq. (4). Thus the power obtained and
DC to RF conversion efficiency for any type of Gunn diode can
also be computed by using our simulation program.

The v—FE characteristics of GaN used for this study were
based on the Monte Carlo simulation results of Albrecht
et al.13 131 The separation between the high and low mobility
valleys (A E), the effective mass (m*) and other material para-
meters for GaN are taken from different experimental reports.
The energy-relaxation time (tgr) was calculated from g =
(2m*8E /qEg)°° and the inter-valley transfer relaxation time
T Was evaluated from the results of Monte Carlo studies by
Albrecht et al.13 13, Most of the material parameters of GaN
are taken from those used in Refs. [6, 7] and references therein.
All the material parameters used for GaAs and AlGaAs are
taken from experimental reports which are summarized in the
MEDICI manuall'4].

3. Validity of the model and results

The authenticity of the model developed is also verified.
The validity of our computer simulation method is described
here by comparing our results with some available experimen-
tal results on GaAs-based Gunn diodes. Thus, in order to show
the validity of our model, a Gunn device structure presented in
Ref. [15] has been used. The device had an n™nn* GaAs struc-
ture which operated between 75 and 110 GHz. We have chosen
a similar device structure to operate at 94 GHz. The cathode
and anode contacts are of 1.6 um and 2 um respectively with
a doping concentration of 2 x 107 ¢cm™3. The active region
width is chosen to be 2 um with a background doping con-
centration of 3 x 10!® cm™3. An exponential variation of dop-
ing has been assumed for the n™—n transitions. This helps the
numerical simulation process by providing a continuous and
smooth transition between the low-doped n-layer and the heav-
ily doped n™ contact layers.

The results obtained from our simulation method are
shown in Fig. 2. We obtain a power of 102 mW at 94 GHz
corresponding to 96 mW in Ref. [15]. The difference between
the two results is due to their design (lower length of active re-
gion). Our results are thus in reasonable agreement with those

1 2 f(70V) = 118.4 GHz, f(90 V)= 98.81 GHz, £(100 V) = 96.06 GHz
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Fig. 3. Simulation time versus current density showing oscillation in
a GaN Gunn diode.

from the others work asserting the validity of our model. It is
again tested at second harmonic mode with the structure given
by Teng et al.[*%] and found to be in reasonable agreement with
our model. Thus we are expecting to get the expected results
from our model for GaN-based devices also.

It may be mentioned here that the first observation of os-
cillations in GaN Gunn diodes were observed only recently by
Yilmazoglu ez al.[' 1 though many research groups are trying to
fabricate Gunn diodes. The drift velocity obtained from such a
device was estimated to be 1.9 x 107 cm/s for a doping concen-
tration of 5 x 10'® cm™3. We have also taken such structures
and simulated some of them, the results of which are presented
in this paper and are in close agreement for the frequency range.
Therefore, the authors feel that the simulation results presented
in this paper can be used as first-hand data for making such
structures experimentally. Keeping this in mind, as mentioned,
different structures are taken into account, simulated and pre-
sented in this paper.

4. Design criteria

The Gunn device for the present study was designed us-
ing some standard criteria. Gunn domain instability in an elec-
tronic device with doping n and thickness L is possible if n L >
4 g Eq/ql'7). As the threshold field of GaN is very high, n L for
GaN can be 30 times higher than that for GaAs. Similarly, to
avoid static domain formation, n should not exceed the critical
doping concentration. Agtical = sEti/q and thus GaN-based
devices can be doped significantly to a higher value. Keeping
this in mind, the concentration of a flat profile Gunn diode has
been varied from 1 x 106 cm™ to 5 x 10!7 cm™> and the
results are presented in the next section. Similarly, the device
length is varied from 2.5 to 10 yum to operate at around 94 GHz.
The frequency of operation is determined from the current den-
sity versus time graph, which has been shown at different bi-
ases in Fig. 3 for a sample structure.

This figure shows that the frequency of oscillation as well
as the oscillation strength changes with a change in applied
bias. The required bias can thus be determined from the graph
for a given choice of operating frequency. The diameter of the
device is chosen as 50 um in all these cases.
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Table 1. Optimized design parameters for a GaN-based Gunn diode operating at 94 GHz.

Structure Length of the Length of the Length of the Background Active region  Biasing DC Doping of
anode, L, cathode, L. active region, doping con- doping (n) value (V) anode and
(pum) (pum) Lyctive (um) centration (cm™3) cathode region
(em™3) (cm™3)
Structure 1 1.2 0.8 5 1013 1016 90 101°
Structure 2 0.3 0.2 3 1013 1017 90 101°
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Fig. 4. Frequency versus power density for different values of anode
and cathode concentration.
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Fig. 5. Frequency versus power density for different active device
lengths. The structure is Ng = 1 x 1017 ecm™3, [, = 0.3 um, [, =
0.2 um.

5. Results and discussion

We have widely varied the structural and operating para-
meters of the GaN Gunn diode and computed the output
power density in each case. The results of our investigation
are recorded in Figs. 4, 5, and 6. Figure 4 is a depiction of
the effect of cathode/anode doping on the power density of the
Gunn diode for a fixed background doping density and bias.
In addition, this figure shows the existence of a power output
peak at a given frequency and this frequency, for obvious rea-
sons, needs to be chosen as the operating frequency of the Gunn
diode oscillator. It is interesting to observe from Fig. 4 that
the power density peak gradually steepens with an increase in
cathode/anode doping. However, this can not be increased in-
definitely and an optimum value needs to be chosen for a good

Frequency, /' (GHz)

Fig. 6. Frequency versus power density at different applied biases (ac-
tive length = 3 pm).

power output.

Figure 5 shows the effect of a change in active region
length on the output power density. It is observed that a de-
crease in the length of an active region records an increase
in output power density. However, the length can not be de-
creased to an arbitrarily lower value because the relation, nL
> 4Ew¢e/q has to be maintained. Further, for a given choice
of frequency of operation the length variation need to be re-
stricted to a limited range. Keeping these points in mind, an
optimum value for L has been selected. The applied bias has
a definite effect on the output power density. This has been
presented in Fig. 6. It is interesting to observe that there is an
optimum value of bias for which the power density is maxi-
mum; an increase or decrease in bias from this value reduces
the power output. The optimized value of bias is chosen from
such a graph. Other structural parameters like cathode/anode
region length and active region doping density also affect the
output power. These parameters have also been varied (graphs
not shown for the sake of brevity) and the optimized values in
each case have been chosen. All such optimized parameters for
two structures are shown in Table 1.

The response time of domain to electric field alternations is
important in estimating the maximum signal processing rate of
logic devices. The current waveform resulting from bulk non-
uniformity is of limited extent and hence the electric field dis-
tribution depicting the physical behaviour of the devices at dif-
ferent times of the flow of electrons is shown in Fig. 7. GaN
offers higher peak and saturation velocities than GaAs, which
leads to an increased transit-time frequency. The threshold and
breakdown fields are also large in GaN, which allow opera-
tion at a higher bias, leading to an increased output power. The
increased electrical strength of GaN also results in a reduced
NDR relaxation time, suggesting a higher frequency of opera-
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Fig. 8. Gunn domain formation and its movement from the cathode
end to the anode end at different time intervals.

tion. When the bias was increased, the oscillation frequency of
both the GaN and GaAs oscillators decreased steadily in agree-
ment with the experimental trends observed for GaAs Gunn
diodes!!8].

The possibility of increased doping in GaN Gunn diodes
also leads to a reduction of the differential dielectric relaxation
time and as a result, an enhanced growth rate of the Gunn do-
mains. The presence of Gunn domains led to fluctuations of
voltage and current, which gradually built-up into sustained
large-signal oscillations. This is shown in Fig. 8 for the GaN
structure. It is seen that the charge nucleation begins at around
1.0 um distance from the metal contact (cathode end). Once
the charge bunch is formed it slowly travels along the device
and begins to grow in size. The charge bunch is then collected
at the anode contact. It is seen that the current strength of the
GaN-based Gunn diode is a thousand times higher and hence
the power delivered/generated is also expected to be higher
by the same order of magnitude. To show the strength of the
GaN-based Gunn device, the RF power generated by GaAs
and GaN-based devices are also compared. The power obtained
from GaAs-based Gunn diode (shown in Fig. 2) is 98 mW
(4.9 kW/cm?) where that from GaN based Gunn diode is found
to be 27.49 W (1400 kW/cm?) for a device of 50 um diame-
ter (on the basis of Fig. 6). This shows a 280 times increase in
power generated from a GaN-based Gunn diode compared to

200
e 01
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>0 GaN-based gunn diode with different notch doping
§ 600 | Active length = 5 pum
3 1.90%
5 —800 | 2. 80%
z 3. 60%
= ~1000 |- 4.20%

~1200 1 1 1 1 1 1 1
40 45 50 55 60 65 70 75 80

Frequency, f (GHz)

Fig. 9. Power density versus frequency for different notch values in a
GaN-based Gunn diode.

the same from the corresponding device based on GaAs.

As noted above and seen from Fig. 8, the Gunn domain
starts generating after a distance of around 1.5 um from the
cathode end and hence negative power could not be generated
from this region of the cathode end. The presence of this dead
zone in the diode impacts negatively on the efficiency of the
oscillator, because the length of the active region in which the
domain can grow, decreases. Smaller domains translate into
smaller output power. Thus optimizing Gun diodes involves
decreasing the dead zone. To improve the power performance
and to reduce the dead zone, different techniques are used in
GaAs-based structures. We have used the same technique here
to explore the possibility of generating a higher power output
from GaN-based Gunn diodes.

The performance of a standard Gunn diode may be im-
proved by injecting electrons from the cathode end with energy
equal to the inter-valley energy difference, EL, in two ways.
Firstly, the dead space—the distance over which the electrons
must drift before acquiring sufficient energy to scatter into the
L valleys—is reduced to approximately the mean free path for
inter-valley scattering. Consequently, electrons may be heated
more efficiently, thereby improving device performance. Sec-
ondly, the first inter-valley scattering event for electrons enter-
ing the drift region is reduced by varying the position at which
the characteristic of the Gunn effects are formed!(!2- 19201 This
is usually taken care of by heterostructure, graded barrier, and
notch structures[!2- 1920 Hence the structures like notch, in-
jection of the charge carrier, and heterostructure are consid-
ered here to explore the possibility of improving GaN-based
Gunn device performance. The same process has been used for
GaAs-based Gunn diodes and the performance has been im-
proved!!®-20] Therefore, the authors simulate the same kind
of device for GaN-based Gunn diodes to obtain generalized in-
formation.

The introduction of notch near the cathode to improve the
microwave device performance of GaAs and InP-based Gunn
diodes has also been used widely. It is one of the methods used
to reduce the dead zone, since it forces a high electric field at
the notch. This stronger field will accelerate the electrons faster
than would otherwise be the case. The electrons will therefore
gain enough energy for transfer to the L-valley in a shorter time
and distance. The authors have therefore analyzed here the dy-
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Fig. 10. Heterostructure GaN/AlGaN-based Gunn diode for different
values of Al mole fraction.

namic properties of GaN-Gunn devices with a notch. When a
notch with 20% less doping is considered near the cathode and
the same voltage as earlier is applied to the diode, a dipole high-
field domain nucleates and travels towards the anode and corre-
spondingly the frequency of the signal generation at the output
decreases. However, the power generated improves (as shown
in Fig. 9). For comparison, the power output of 900 kW/cm?
(curve 3 of Fig. 5) in the case of a GaN-based diode without
a notch gets enhanced to more than 1100 kW/cm? (curve 2 of
Fig. 9) when a notch of 20% less doping is introduced to the
structure.

However, with further decrease in notch doping, the power
output decreases. Similarly an increase of notch doping from
80% also reduces the power output, as may be seen from Fig. 9.
Thus an optimum value of notch doping needs to be chosen.

It is also believed that a Gunn diode with hot cathode con-
tacts exhibits improved RF performance. Hence, we have de-
termined here the exact influence of heterojunction cathode
contacts on the operating mode. This kind of cathode contact
is an injecting one. Over the last few years the injection of
hot electrons into GaAs using Al,Ga;_xAs has been demon-
strated/exploited to enhance the microwave oscillations in a
GaAs Gunn diode!'®-2%1. Hence, we have also compared here
the domain formation characteristics of a heterojunction in-
jection AlGaN/GaN Gunn diode with the conventional Gunn
diode. The cathode contact is forward biased when the cur-
rent flows from the material with the high energy bandgap to
the material with the lower energy band gap. The effect of Al-
GaN/GaN heterostructure on the field stability across a Gunn
diode is simulated here for three different kinds of structure, (a)
flat/constant AlGaN barrier, (b) forward injection graded Al-
GaN barrier and (c) reverse injection graded AlGaN barrier(2°]
and some of the results are presented here (Figs. 10 and 11).
First, a constant barrier heterostructure Gunn diode is consid-
ered and the Al mole fraction is varied fromx = 0tox = 0.6
in Al;—xGaxN. We observe a good power output in the range
of x = 0.1 and 0.2.

However, the properties degraded with increasing Al mole
fraction. Also, the operating frequency decreases with increase
in Al mole fraction. At x = 0.4, the operating frequency de-
creases to 65 GHz compared to 99 GHz at x = 0.1. This is
depicted in Fig. 10.

150
100
50F

Heterostructure GaN/AlGaN gunn diode

=50
-100

1. Constant barrier
2. Forward barrier injection

Power density, P (kW/cm?)

-150 3. Reverse barrier injection
-200 | Structure: Active length L = 5 um
V,=80V
=250 Active doping concentration = 1 x 10" cm=
300 1 1 1 1 1
0 50 100 150 200 250 300

Frequency, f (GHz)

Fig. 11. Heterostructure constant barrier, forward barrier injection and
reverse barrier injection in a Gunn diode.

Next a graded AlGaN injector is considered. For this, the
doping profile near the cathode must be carefully controlled so
that the field from the ionized impurities in the depletion layer
is formed properly when the AlGaN injector is forward biased
and does not suppress the formation of the charge instabilities.
Keeping it in mind, the Al mole fraction is varied from 0 to 0.5
within a distance from the cathode end to use as injector. The
reverse barrier graded junction is also used for the same struc-
ture and the results obtained under these three conditions are
presented in Fig. 11. It is seen that the oscillation frequency
decreases for a constant barrier and forward injection barrier
condition. It becomes 65.5 GHz and 74.5 GHz respectively as
against 94.5 GHz in reverse barrier case. This trend is consis-
tent with that observed in traditional GaAs and InP-based Gunn
diodes!'82% The results can be understood in the following
way. It can be noted that compared with the conventional struc-
ture, the electric field has a stronger variation in the constant
and forward barrier case. When injected into the active region,
the electrons acquire an energy equivalent to the barrier. There-
fore they need to travel a shorter distance to acquire the en-
ergy necessary to transfer to the upper valley. This results in a
smaller dead zone region.

Further practical GaAs Gunn devices operate at about 3%
DC-to-microwave conversion efficiency. This means, the de-
vice has to dissipate a large amount of energy in the form of
heat. Even with an efficient heat sink, the operating tempera-
tures of practical devices range from about 50 to 200 °C for
room temperature operation. This heating problem is certainly
detrimental to the life and efficiency of these devices. This
problem has also been analyzed for a GaN-based Gunn diode
to see the potential of a GaN-based Gunn diode at high tem-
perature.

Here we have undertaken a realistic simulation by incor-
porating material parameters at the actual operating tempera-
tures. For this, the temperature has been varied from 300 to
800 K and the power density has been computed at different
temperatures. Curves obtained from such study are shown in
Fig. 12. It depicts that the frequency of operation remains the
same in all these cases unlike that of GaAs-based Gunn diodes.
Though the power generated decreases with an increase in tem-
perature, the dynamic properties remain the same for tempera-
tures up to 400 K. This indicates that GaN-based Gunn diodes
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Fig. 12. Effect of temperature on a GaN-based Gunn diode.

can be operated at higher temperature compared to the GaAs
based Gunn diodes without a substantial effect on the output
power and frequency. Thus, it is expected that the GaN-based
Gunn diode can be used as a better oscillator at mm-wave/THz
frequency ranges compared to the GaAs-based Gunn diode and
our results/structures can be used as first-hand information by
experimentalists.

6. Conclusion

A new simulation scheme, starting from the first princi-
ple, has been developed. This has been used to simulate some
Gunn diodes based on the newly emerging material, GaN. The
results obtained have clearly demonstrated the superiority of
GaN as a Gunn diode over those based on materials like GaAs
and InP. The wider band gap and higher thermal conductivity
have boosted the performance of the GaN based Gunn diode.
In addition, these properties have also enhanced the thermal
tolerance of the device.
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