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Abstract: A new model is developed to study the microwave/mm wave characteristics of two-terminal GaN-
based transfer electron devices (TEDs), namely a Gunn diode and an impact avalanche transit time (IMPATT)
device. Microwave characteristics such as device efficiency and the microwave power generated are computed and
compared at D-band (140 GHz center frequency) to see the potentiality of each device under the same operating
conditions. It is seen that GaN-based IMPATT devices surpass the Gunn diode in the said frequency region.
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1. Introduction

The development of several solid state devices in recent
years has helped to realize efficient communication systems
involving a wide range of operating frequencies!! 3!, Solid
state devices provide stable, cheap and reliable RF power even
at very high operating frequencies, i.e. microwaves and mm-
waves. Microwave devices are categorized as two and three
terminal devices. Up till now, two-terminal devices have dom-
inated over three-terminal devices in the high frequency region,
particularly at 94 GHz and beyond!®!. Further, two-terminal de-
vices are categorized in terms of transit time effect and bulk
negative resistance effects. Two-terminal transit time effect de-
vices are dominated by the impact avalanche transit time (IM-
PATT) device diode in their category, whereas the Gunn diode
is the dominant one in bulk negative resistance effect devices.
The IMPATT diode is regarded as the premier solid state device
among their family. Similarly, the Gunn diode is regarded as
the premier solid state device among devices which belong to
the transfer electron effect family operating in sub-mm-wave
and THz frequencies. Both of these categorized devices have
been widely used in various communication systems as sig-
nal generators in recent years!' ~®). Thus the last decade has
witnessed intense research activity, both theoretical and ex-
perimental, in the development of IMPATT and Gunn devices
and associated systems for stable and reliable RF communi-
cation in the mm-wave range. Further, the materials used to
fabricate such devices have also played a major role for high
frequency operation in recent years. The materials used for
this purpose in the last decade include mainly Si, GaAs, and
InP. However, recently, high band gap semiconductors such as
GaN and SiC have played a major role in high frequency high
power generation!’ 1%, With increasing maturity in epitaxial
growth and improvement in crystal growth, III-V nitrides offer
a high potential for high power microwave applications such
as amplification and signal generation. High power GaN FETs
and MODFETs have, for example, been reported with excel-
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lent electrical characteristics! 3. However, very few theoreti-
cal as well as experimental results are available on GaN-based
Gunn and IMPATT devices (to the author’s knowledge)[! 1 =141,
Therefore, authors feel the need to explore GaN based two ter-
minal devices, namely IMPATT and Gunn diodes to provide
a comparison to see the potential of each device using GaN
material. For this, the authors have developed/modified their
simulation software, which they normally use for traditional Si,
GaAs based devices!>~18] and the results obtained from these
studies are presented in this paper. This work will definitely
be helpful to evaluate the potential of devices based on GaN
material before significant resources are dedicated to mate-
rial growth, device fabrication and characterization. A detailed
formulation method for wide band gap semiconductor based
transfer electron devices and avalanche transit time devices to
study the static and dynamic characteristics is described. The
results are summarized and presented with detailed compar-
isons. It is seen from our study that GaN-based IMPATTs pro-
duce ten times more power than a GaN-based Gunn diode, and
the efficiency is far higher in IMPATT devices as compared to
a Gunn diode. It may be mentioned here that there are two im-
portant forms of GaN materials used for such kind of devices.
They are (Zincblende) Znb and (Wurtzite) Wz structures. Out
of this two, Znb has better electrical characteristics than Wz
and hence we have concentrated our study on a device based
on a Znb structure only.

2. Methods developed for IMPATT and GUNN
diodes

A novel method has been developed for the study of GaN-
based IMPATT diodes and Gunn diodes and is presented in this
section.

2.1. Model for GaN-based IMPATT devices

The IMPATT devices were designed following an IM-
PATT/MITATT mode DC simulation scheme which solves
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Fig. 1. Sketch of one dimensional model of an IMPATT diode struc-
ture, where xo is position of field maximum, x. is position of
avalanche centre (J, = Jy); W is total active layer width, dy,p is
widths of electrons and holes drift regions; xa is avalanche zone
width, xi, is left edge of the depletion layer, xR is right edge of the
depletion layer.

Poisson’s equation:

oE
=T (No—Na+p—n). ()
x &
Carrier continuity equations:
on 19dJ,
2 , 2
Jat g ox t8 @
ap 1 9J,
L ___F , 3
ot q ox te ®)

where g is the carrier generation rate and includes avalanche
and tunnel generation rate[4], and Jp, 4 is current density, which
includes drift, diffusion and tunnel current components and the
mobile space charge equations:
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where K is a correction factor, whose value depends on the
nature of the velocity-field characteristics in a semiconductor
simultaneously with the standard boundary conditions. A brief
summary of the structure is represented as a schematic diagram
in Fig. 1. A double iterative computer program on the electric
field maximum and position of the maximum electric field is
developed and the above mentioned equations are solved si-
multaneously and consistently.

Our field extremum initiated computer method for DC ana-
lysis of IMPATT diodes is free from the numerical instability
that is usually experienced in computer programs initiated from
the edges of the depletion layer. The avalanche layer width of
the diode is obtained as X5 = |xr + xr|. The edges of the
avalanche region x, and x, can be determined from the con-
dition of 95% multiplication position[*l. The drift zone is then
given as (W — x,). The voltage drop across the different zones
and avalanche zone is obtained by integrating the electric field
over the respective zones. The diode breakdown voltage V5 is
the sum of the avalanche voltage drop Va and the drift zone

voltage drop Vp. The approximate diode efficiency n = ﬂV—IBB

can also be calculated from this DC analysis!”). The output
and final solution of this DC scheme is used as the input for

our small-signal analysis of the IMPATT diode. A generalized
method of analysis for high frequency characterization of an
IMPATT diode, incorporating drift, diffusion and tunnel cur-
rent is developed. Inclusion of drift, diffusion and tunnel cur-
rent and solving the same for small signal analysis leads to a
fourth-order differential equations on diode impedancel!®],

(— DaD* + DD3 + (1 + Dk — ap) D>
+ {an —ap +2rk — %D - [g’T(x) + g’T(x’)]} D
1
+ Qak —k?) + (o — ) DEy — ap D> Eyy — —2d'J
ve

~ D [0 + 40 - LD 1) Z = 26—k,

)

The meanings of the parameters are described elsewhere,
such as in Ref. [16].

This fourth-order differential equation has to be solved us-
ing the two available standard boundary conditions!'®). There-
fore, a perturbation technique on diode impedance is used to
solve Eq. (5). This technique leads to a series of second-order
equations on diode impedance, which were solved simulta-
neously by a modified Runge—Kutta method within the ac-
tive layer of the diode with the available boundary conditions
and finally gives diode resistance R = Rg + ) g Rk and
X = Xo + ) g Xk, where Ry and X are unperturbed re-
sistance and reactance whereas R and Xk are perturbed re-
sistance and reactance which is due to diffusion of the charge
carriers. Thus our method gives very accurate result including
drift, diffusion and tunnel current. Further, integration of R and
X, which are obtained at each space point, gives a diode total
resistance Zr and a diode total reactance Zx. The device con-
ductance G, device susceptance B are calculated respectively
using the relations:

G= % B = % (©)
Zi+ 73 Zi + Zx

The small-signal analysis is repeated for several frequen-
cies and the optimum frequency f, corresponding to diode
peak negative conductance (—Gp) is determined in each case.
The diode negative resistance at f,(—Zg,) and total diode neg-
ative reactance —Zx at f, can also be determined from this ana-
lysis. Small signal power density Prp = Vf G where Vi rep-
resents the RF voltage swing considered as half the breakdown
voltage in our case with 50% modulation is also computed from
our simulation scheme. The microwave parameters computed
in this way are used for the analysis of the IMPATT diodes by
incorporating realistic variations of drift velocity (vq4), ioniza-
tion of the charge carriers and all other material parameters,
which are summarized and represented in Refs. [4, 16].

2.2. Models for GaN-based GUNN diode

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 and agrees well
with the experimental values measured for operating devices
for a Gunn diode. A one-dimensional model as shown in Fig. 2
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Fig. 2. Typical structure and doping profile of a GaN/AlGaN type
Gunn diode.

is considered to study the domain dynamics in the device be-
cause the domain propagation occurs between the parallel con-
tacts, and because the length of the uniformly doped active n-
layer is typically much smaller than the device diameter. The
structural model used in the computer simulation is shown in
Fig. 2. The simulation of solid state devices requires the solu-
tion of a transport equation that describes the carrier response
to the fields, and Poisson’s equation, which describes the evo-
lution of the field due to the carrier movement. A finite differ-
ence numerical method is developed to solve the carrier conti-
nuity equation, Poisson’s equation, and the space charge equa-
tion with a realistic velocity-field characteristic in the device
(like that of IMPATTs)!'®]. The field dependent diffusion is also
taken into consideration.

In addition to Poisson’s equation and the carrier continuity
equation, the complete device simulation requires the specifi-
cation of boundary conditions. These can be either voltage or
current boundary conditions. Voltage boundary conditions are
used in this model, which requires the integral of the electric
field across the device to be equal to the applied voltage. Other
conditions such as the device contacts being ohmic and the to-
tal current density to be 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:

(1) Updating the electric field at the future time step
by solving Poisson’s equation and satisfying the condition
yitar — _ fOL Edx, where V1A% is the terminal voltage at
t + At and L is the device length.

(2) Computing the electron mobility from the velocity-
field characteristics and the diffusion coefficient from Ein-
stein’s relation at every space step.

(3) Solving 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 leads to fluctuations of
voltage and current, which gradually built-up into sustained

large-signal oscillations. These voltage V'(¢) and current /()
waveforms, corresponding to sustained oscillations, were sub-
jected to harmonic analysis and the resulting power spectrum
was used to determine the frequency and power of the Gunn
diode oscillators. The details are described below.

The fluctuations in terminal voltage can be represented as:

V(t) = Ve + Vi Sin(wt). (7
The current density across the device is expressed as:

dE(x,1)
— (3)

Integrating Eq. (8) 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 8E(x 04
+ 7 / . ©)

The first term on the right-hand side corresponds to the
average particle current density J,(7) and the second term to
the displacement current density. For the purpose of determin-
ing device performance, it is only necessary to consider the
first term. The second term through the device’s cold capac-
itance can then be added to the equivalent circuit if neces-
sary. The resulting particle current density can be Fourier an-
alyzed to extract the DC and the fundamental components as
follows. The particle current density J,(f) can be written as
Jo(t) = Jae + Je(t), where

1 T
Je= | s (10)
0
Jif(t) = aj cos(wt) + by sin(wt). (11)
Fourier components @; and b; can be written as:
2 T
a) = —/ Jo (1) cos(wt)dt, (12)
T Jo
2 (T
by = —/ Jo(t) sin(wt)dt. (13)
T Jo
The device admittance per unit area is given as:
p = —Gp +jBp, (14)
where b
1
Gp = —, 15
D=7 (15)
and a we
Bp=—+ —. 16
b=y + W (16)
The generated RF power is given by
1.5
Py = EVrfAGD, (17)

where A is the device area. From here, the DC to RF conversion
efficiency can be calculated as P” , where Py = Viclge. 4c
can be calculated from Eq. (10). Thus the power obtained and
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Table 1. Optimized design parameters for the GaN-based Gunn diode.

Structure Length of the Length of the Length of the Background Active region Biasing DC Doping of an-
anode, L, cathode, L. active region  doping doping, n value ode and cath-
concentration ode region
Strl 1.2 um 0.8 um 5 um 1013 cm™3 1016 cm™3 90V 1019 cm™3
Table 2. Optimized structural parameters for the GaN-based IMPATT diode.
Structure Width (um) Doping (1017 cm™3)
n-side p-side n-side p-side
Znb GaN nnppT DDR 0.530 0.265 2.95 5.80
Wz GaN ntnppt DDR 0.530 0.265 2.95 5.80
Table 3. Device properties for different DDR IMPATT. 6.0
T T T 1. GaN-based IMPATT diode 4
Structure Wz n"npp Znb n"npp 50 2. GaN-based Gunn diode at 10 ps
Epeak (MV/cm) 4.54 3.21 g
2
B (V) 165.22 95.77 Z 40
n (%) 12.5 11.4 E
Power density 248 2.78 =g 30
(107 W/em?) = 1
&
2 20
o
Table 4. Device properties of the Gunn diode at different bias voltages. ';—3 Lo 2
Bias voltage 70V 80V 90V 100 V '
n (%) 2.5 3.21 2.84 0.43 0 L
Power density 0.078 1.21 1.40 0.0198 0 05 1.0 1.5 20 25 3.0 35 40 45 50

(107 W/em?)

DC to RF conversion efficiency for any type of Gunn diode in-
cluding hetero-structures can also be computed from our simu-
lation program. All the realistic material parameters are also
used in this case. The developed method is validated with the
available experimental as well as theoretical results obtained
earlier for both Gunn!®> 171 and IMPATT diodes'® '8! for tra-
ditional Si and GaAs-based devices and is expected to work for
GaN-based devices too at this operating frequency region. We
have used the standard design criterion for both IMPATTs and
Gunn diodes described elsewherel>> 6], The computed results
using the above described methods are analyzed and compared
in the next section for IMPATT and Gunn diodes.

3. Comparative results and discussion

Simple schematic diagrams for Gunn and IMPATT diodes
are shown in Figs. 1 and 2, respectively. Initially, the diode
structures (for both Gunn and IMPATT), doping profiles, cur-
rent density, bias voltage etc are optimized for the same oper-
ating conditions keeping it in mind to operate at 94 GHz for
both IMPATT and Gunn diodes using the same procedure as
described in Refs. [7, 17]. This is done by using our previous
techniques [>17]. The optimized structures are presented in
Tables 1 and 2 for Gunn and IMPATT diodes, respectively. The
diodes were simulated using these structures. DC and high fre-
quency characteristics were determined for both the polytypes
of GaN-based IMPATTs and some of the results are presented
in Table 3. Whereas the characteristics were determined for a
Znb-based Gunn diode at various bias voltages and are pre-
sented in Table 4. It is mentioned here that earlier it was shown

Absolute distance, x (um)

Fig. 3. Electric field formations from cathode end to anode end for the
Gunn diode at 10 ps and electric field for the IMPATT diode from the
p-end at its optimized structure.

that Znb-based GaN IMPATTs give better microwave proper-
ties and have better v—F characteristics than Wz-based GaN.
Since then, Gunn diodes have provided better microwave prop-
erties from the materials having better v—FE characteristics and
Znb GaN IMPATTs produce better properties, we have consid-
ered Znb-GaN for comparison purposes.

The maximum electric field obtained in the device repre-
sents indirectly the velocity at which the carriers are moving.
High electric field brings the velocity of the carriers into the
saturation region and determines the maximum operating fre-
quency in case of IMPATTs. Similarly integration of the elec-
tric field profile gives the diode breakdown voltage and that
represents the maximum power generated by the devicel”> 181,
Similarly, a high electric field at the cathode end bring the car-
riers into saturation, domain forms quickly and decides the os-
cillation frequency!'?! as well as power generated in case of
the Gunn diode. Therefore, electric field curves at a particular
instant are drawn in Fig. 3 for the Gunn and IMPATT diodes,
and the maximum electric field is represented in Tables 3 and
4. It is seen from Table 3 that the maximum electric field at the
junction (Epear) is 3.21 x 106 V/cm and the diode breakdown
voltage (V) is found to be 95.77 V for Znb structure IMPATT
devices which will be compared with the Znb structure Gunn
diode. Table 3 also represents the efficiency. From Table 3, it
is seen that efficiency () is 11.4% for the IMPATT device,
where it is only 3.21% for Gunn diode (Table 4) at optimized
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Fig. 5. Power density at different temperatures for Gunn and IMPATT
diodes.

bias voltage. The method of determination of efficiency for the
Gunn diode is as described in Section 2 and Ref. [5]. Thus, to
analyze the characteristics of Gunn and IMPATT diodes, the
electric field curves at different positions (for IMPATT from
the p-end and for Gunn from the cathode end) are drawn and
are shown in Fig. 3. The electric field drawn for the Gunn diode
is captured at 10 ps simulation time (to have the operating fre-
quency of 94 GHz). Figure 3 shows that the maximum electric
field obtained from IMPATT diode is around 4.5 kV/cm. How-
ever, the electric field at this time is higher in the Gunn diode
at the anode end only. In the Gunn diode, the electric field re-
mains almost constant throughout the active region and thus the
integrated bias voltage is less than that of the IMPATT diode
leading to higher power generation from the IMPATT than the
Gunn diode.

Further, using our simulation scheme, the power gener-
ated from such devices is also determined. A power density
(represented in Tables 3 and 4) of 2.78 x 107 W/cm? is gen-
erated from Znb GaN-based IMPATT devices. For the same
kind of structure with a Gunn diode, the power generated is
around 1.40 x 107 W/cm?. As mentioned, the integration of
electric field determines the breakdown voltage and determines
the efficiency of the IMPATT diode whereas the DC compo-
nent in the current density curves obtained determines the ef-

ficiency of the Gunn diode. Thus efficiency is determined for
both the cases and a comparative figure is drawn and shown
in Fig. 4 at different temperatures keeping all other operating
conditions the same. It is seen from the figure that efficiency
in both cases remains almost constant at different temperatures
showing the stability of GaN-based diodes. However, the same
figure shows that efficiency is at least three times more in the
GaN-based IMPATT diode compared to the Gunn diode at this
operating frequency. This shows that IMPATT diodes have bet-
ter efficiency than Gunn diodes. To provide further proof about
the credibility of IMPATT diodes, the power density is also de-
termined for both of the diodes at different temperatures (at
optimum frequency) using the same technique as described in
Section 2. The peak power density at optimum frequency of
operation at different temperatures is drawn in Fig. 5 for both
the diodes. It is seen from the figure that the power is found to
be 1.48 x 107 W/cm? for GaN-based IMPATT diodes, clearly
indicating that the power obtained from GaN-based IMPATT
diodes will be almost ten times more than that of GaN-based
Gunn diodes. Also, it is seen from the figure that with in-
crease in temperature, the frequency of operation remains the
same in all these cases unlike that of traditional GaAs-based
devices where with increase in temperature, the operating fre-
quency shift towards higher valuel*l. In GaN cases, though the
power generated decreases slightly with increase in tempera-
ture, the dynamic properties remain the same for temperature
up to 600 K. This indicates that GaN-based Gunn diodes and
IMPATT diodes can be operated at higher temperature. How-
ever, at high temperatures the power obtained from a GaN-
based Gunn diode is less than that of a GaN-based IMPATT
diode; indicating clearly that GaN-based IMPATT diodes have
advantages over GaN-based Gunn diodes.

4. Conclusion

Simulation studies of GaN-based Gunn and IMPATT
diodes are presented. A novel method has been developed for
both the cases. All possible types of structural variations of
the diodes are considered to explore the possibility of improv-
ing performance. The RF power and efficiency obtained from
GaN-based IMPATT devices is expected to be very high as
compared to a GaN-based Gunn diode. The dynamic properties
of GaN-based Gunn diodes remain almost same for tempera-
tures up to 600 K. This indicates that GaN-based diodes can
be operated at high temperature. However at high temperature,
the power obtained from a GaN-based Gunn diode is less than
that of GaN-based IMPATT diodes. A 2 to 10 times higher
power output for GaN-based IMPATT diodes compared to the
GaN-based Gunn diode is noteworthy. From our study, it may
be concluded that a GaN-based IMAPTT diode is expected to
generate higher power at high frequency compared to a Gunn
diode and these data can be used as first-hand information by
experimentalists.
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