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Abstract

GaN and AlGaN static induction transistors (SITs) are simulated using a two-dimensional self-consistent drift-diffusion simulator
incorporating impact-ionization and self-heating effects. The results indicate that GaN SIT devices can have performance comparable
to SiC SITs. As compared to GaN SITs, AlGaN SITs will have higher breakdown voltage but smaller maximum current. The power
per unit gate width obtainable from GaN and AlGaN SITs are approximately the same, but the maximum power handling capacity
of the AlGaN SIT is significantly higher due to bigger optimum load resistance. A comparison of the characteristics of GaN and AlGaN
SITs with AlGaN/GaN HEMTs shows that the SIT devices have much lower cut-off frequency and smaller transconductance but can
produce higher total output power.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Transistors based on GaN and its alloys offer great
potential for high-power high-frequency microwave opera-
tion. As a result of the intensive research, record power and
high-frequency results have been demonstrated for AlGaN/
GaN high-electron-mobility transistors (HEMTs) [1–3].
However, work on GaN based static induction transistors
(SITs) has been limited due to the excellent characteristics
of AlGaN/GaN HEMTs and due to the technological diffi-
culties encountered for the fabrication procedure of SITs.
Previously, properties of GaN SITs were investigated using
two-dimensional simulations [4] and basic SIT operation
was demonstrated experimentally [5]. In this work, the
properties of GaN and AlGaN SIT devices are investigated
in further detail and using more recent results for the impact
ionization coefficients.
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Fabrication of SIT devices is difficult since the device
geometry is non-planar, requiring Schottky gate contacts
on etched surfaces and backside drain contacts. In com-
parison, AlGaN/GaN HEMTs enjoy a relatively uncom-
plicated fabrication procedure. However, for use in
high-power circuits, the fabrication procedure of HEMTs
is complicated by the need for cooling and by backside
via requirements. Procedures such as epitaxial-liftoff have
been developed to address some of these issues. Further-
more, AlGaN/GaN HEMTs with recessed gate structures
have been demonstrated using low damage etching tech-
niques. Thus, the techniques developed for fabrication of
high power AlGaN/GaN HEMT will benefit and make fea-
sible the fabrication of SITs based on GaN and its alloys.

Despite the fact that the high-frequency performance of
SITs is expected to be not as good as that of HEMTs, the
possibility of increased power density, increased power out-
put and larger breakdown voltage is an advantage of the
SIT structure. SiC SITs have demonstrated record power
levels and record high-voltage operation at useful micro-
wave frequencies [6,7]. This provides a motivation to study
the properties of GaN based SITs.
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Table 1
Material parameters used in this work, along with the references from
which they were taken

GaN Al0.1Ga0.9N Al0.2Ga0.8N

Band gap (eV) 3.47 [9] 3.74 [10] 4 [10]
Thermal conductivity

(W/Km)
130 [12] 136.5 [11] 144.1 [11]

Vesat (m/s) 1.90 · 105 [15] 1.56 · 105 [15] 1.32 · 105 [15]
me 0.180mo [11] 0.184mo [13] 0.188mo [13]
mh 1.2mo [15] 1.4mo [13] 1.6mo [13]

The relative mass values of AlxGa(1�x)N are calculated by harmonic mean
of GaN and AlN.

Table 2
Model parameters used in Eq. (2)

GaN Al0.2Ga0.8N

uL (cm2/V s) 1266.1 356.1
uLexp T �1.55 �0.95
uLImin (cm2/V s) 62 122
uLIexp T �1.05 �1.05
Cref (cm�3) 2.0E+019 2.00E+019
Crefexp T 6.02 6.02
alpha 0.29 0.29
alphaexp T 0.34 0.34
beta 4.32 5.32
Fcrit (V/cm) 195552.9 365552.9
vsat (m/s) 1.90E+5 1.32E+005
n2 0.79 1.04
b2 3.32 4.32
Tref (K) 300 300
aexp T �0.19 �0.23
n2exp T �0.2 �0.5
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2. Methodology

The device simulator MINIMOS (version 6.1) was used
to investigate the characteristics of GaN and AlGaN
SITs [8]. The material parameters corresponding to GaN,
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Fig. 1. Impact ionization rates as measured from test simulations and as
calculated by the MINIMOS model with the parameters adjusted to
reproduce Monte Carlo data.
Al0.1Ga0.9N, and Al0.2Ga0.8N were entered into the mate-
rial parameter database of MINIMOS. Tables 1 and 2 list
the relevant material parameters used, along with the refer-
ences from which these values were taken [9–15]. In partic-
ular, the impact ionization rates reported in [14] were used
for the calculations. Fig. 1 shows the impact ionization
rates calculated by the MINIMOS model with the param-
eters set to the values in [14] and the values measured from
MINIMOS simulation results.

To enable accurate modeling of the velocity-field charac-
teristics of GaN and AlGaN, the built-in velocity-field-tem-
perature model of MINIMOS-NT was modified to account
for the smoother transition from peak velocity to satura-
tion velocity. The formula employed for this purpose is
written as

uLI ¼ uLImintuL exp T

þ ðuL � uLIminÞtuL exp T

1þ N
Cref tCref exp T

� �alpha talphaexp T
where t ¼ T

T ref

ð1Þ

where N is the total doping density, T is the temperature
and uLImin, Tref, uLexp T, uL, Cref, Crefexp T, alpha, and
alphaexpT are the model parameters.

And, the high-field mobility is then modeled as

uLIF ¼
uLI þ vsateb2

F crit

1þ aðt þ 2:2Þaexp T en2 þ ebeta
where

t ¼ T
T ref

and e ¼ Ef

F crit

ð2Þ

where uLI is the low field mobility as expressed in Eq. (1),
vsat is the saturation velocity, Ef is the electrical field, T is
the temperature and Fcrit, Tref, a, aexp T, b2, n2, and beta
are the parameters determined by fitting to Monte Carlo
simulation data. The low-field mobility model given in
Eq. (1) is the same as the mobility model in MINIMOS.
In order to achieve better temperature dependence and
smoother transition from peak velocity to saturation veloc-
ity, the high-field mobility model given in Eq. (2) was mod-
ified from the mobility model in Ref. [15]. The parameters in
the above models were selected to fit the velocity-field char-
acteristics as calculated by the Monte Carlo program of
Ref. [14]. The fit was made for GaN and Al0.2Ga0.8N at
300 K, 600 K, and 1000 K at a doping of 1 · 1018 cm�3.
Other parameters were selected to reproduce the variation
of velocity-field characteristics as a function of doping
based on results from [15]. Table 2 lists the parameters used
for the velocity-field model in Eqs. (1) and (2). The mobility
value of Al0.1Ga0.9N was determined as the harmonic mean
of mobilities of GaN and Al0.2Ga0.8N as

1

lAl0:1Ga0:9N

¼ 1

lGaN

þ 1

lAl0:2Ga0:8N

ð3Þ

In Fig. 2a, the results from the velocity-field model with the
parameters listed in Table 2 are compared with the Monte
Carlo produced data points for a doping of 1 · 1018 cm�3.
In Figs. 2b and 2c, the results from the model and the val-
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Fig. 2a. Velocity-field characteristics for GaN at a doping of
1 · 1018 cm�3 given by the MINIMOS with the parameters in Table 2
using Eq. (1), and the data points obtained from the non-parabolic multi-
valley Monte Carlo program.
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Fig. 2c. Velocity-field characteristics at a doping of 1 · 1017 cm�3 for
GaN, Al0.1Ga0.9N, and Al0.2Ga0.8N at 300 K given by the MINIMOS
with the parameters in Table 2 using Eq. (1), and results obtained from
test runs on rectangular semiconductor slabs with ohmic contacts on both
end.
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Fig. 2b. Velocity-field characteristics for GaN at different temperatures at
a doping of 1 · 1017 cm�3 given by the MINIMOS with the parameters in
Table 2 using Eq. (1), and results obtained from test runs on rectangular
semiconductor slabs with ohmic contacts on both end.
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ues taken from simulation results are shown to demon-
strate that the model is correctly implemented in the simu-
lator. The velocity-field curve for GaN shown in Fig. 2b is
similar to that reported in [15]. The change of the velocity-
field curves with aluminum mole fraction reflects the
assumption made for the alloy scattering potential in [15]
and hence is consistent with the impact ionization rates
employed.

It needs to be pointed out that, as explained in [15], there
is an uncertainty on the impact ionization rates in AlGaN.
The impact ionization rate in AlGaN is affected by alloy
scattering, which also results in the reduction in mobility
and other changes in the velocity-field curve. There have
been different assumptions about the alloy scattering
potential in AlGaN [14,15]. The values in [14] were calcu-
lated by assuming an alloy scattering potential equal to half
of the conduction band offsets. If the alloy scattering is
weaker, the breakdown voltage and the velocity-field char-
acteristics of AlGaN will be closer to that of GaN.

The simulated device geometry is shown in Fig. 3. The
dimensions of the device were selected to be similar to
the values used for SiC and GaN devices [4,7] and a range
of values for the source length was investigated. The
source-to-gate spacing was adjusted to safely avoid break-
down in this region for the range of gate voltages used in
this work. Source and drain sub-contact region (regions
indicated by Lssub and Ldsub) doping was taken to be
1 · 1018 cm�3, and the rest of the device, including the
channel, was assumed to have uniform doping with the val-
ues used indicated in the text.

Assuming only backside cooling, the single thermal con-
tact for the device was placed to coincide with the drain con-
tact. The thermal contacts were assumed to have a thermal
resistance of 4 · 10�1 K cm2/W, which is approximately
equal to the thermal resistance of a 2 mm thick copper heat
sink. With this assumption, direct-current steady-state or
   n+
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Fig. 3. The device geometry used for the simulations in this work.
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RF continuous-wave operation is not possible and the
device will have to be pulsed. In order to approximate the
average conditions for pulsed operation, the thermal con-
tact resistances and the thermal resistivity of all materials
were scaled by a factor corresponding to the duty-cycle.
In order to further reduce the power density, the half-period
of the device was selected to be much larger than the gate
length. To reduce the parasitic capacitances, the gate metal
was assumed not to cover the trench completely. To avoid
breakdown at the gate corner, the areas of the trench that
is not covered by the gate metallization was assumed to
be further etched down by h micrometers resulting in the
structure shown in Fig. 3. The maximum temperature
allowable in the device was set to 1000 K and the simula-
tions were aborted if this value is reached.

At high fields, impact ionization in the device results in
breakdown. The state of breakdown was identified by
observing the difference in the drain-current between simu-
lations with the impact-ionization model turned off and
simulations with the impact-ionization model turned on,
and the breakdown was assumed to have set in when the
difference increased to 5%.

3. Results

The current–voltage characteristics of the GaN and
AlGaN SITs with a channel doping of 1 · 1017 cm�3 were
simulated by employing dimensions listed in Table 3 and
by using the thermal model with the scaling that approxi-
mates a 5% duty-cycle. The impact ionization and self-heat-
ing effects were included as described before. The results are
compared in Figs. 4a–4c for the GaN, Al0.1Ga0.9N, and
Al0.2Ga0.8N SITs, respectively. Fig. 4d shows the current
voltage characteristic of the GaN SIT at a fixed temperature
of 300 K.

3.1. Thermal analysis

In Fig. 4a, pronounced self-heating effects are observed.
Comparison with Fig. 4d shows that the self-heating results
in significantly decreased current as expected from the var-
iation of the velocity-field characteristics with temperature.
Table 3
Dimensions employed in the simulations for the device geometry shown in
Fig. 3

a 0.25
Half-period 5.25
Lscon 0.2
Lssub 0.4
Lsg 0.9
h 1.0
Lgd 2.6
Ldsub 0.4
Ldcon 0.2
Lgcon 0.4
Tg 0.5

The dimensions given are in micrometers.
In addition, self-heating results in a change of the differen-
tial resistance of the IDS–VDS curves in the saturated region
from the value observed in Fig. 4d, in particular, to the
negative-differential resistance observed for large IDS in
Figs. 4a–4c. For the GaN SIT simulated at VGS = 0, the
maximum device temperature increases from 322 K to
778 K as VDS increases from 4 V to 100 V resulting in the
negative differential resistance. As expected, the reduction
of the drain-current due to self-heating is less severe for
smaller values of gate-bias.

With the thermal model parameters set for 5% duty-
cycle, the maximum temperatures in the devices at the bias
condition for maximum current at zero gate-bias are
362 K, 402 K, and 430 K for the GaN, Al0.1Ga0.9N, and
Al0.2Ga0.8N SITs, respectively. The increase in temperature
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with the mole fraction of aluminum is due to the increase in
the VDS needed for the maximum IDSS biasing condition.
From these temperatures, the range of duty-cycles for
which the devices will be operational can be estimated.

The range of thermal variation observed within the
devices was approximately 10 K for the 5% pulse condi-
tion, indicating that the temperature variation within the
simulated active device region will be limited. This limited
variation in temperature can be attributed to the large ther-
mal resistance of the heat sink and the small dimensions of
the active area.

It needs to be noted that the temperature during the
pulse itself will show a transient increase. As compared
to the average values reported here, the temperature in
the device active area will be lower at the beginning of
the pulse and higher at the end of the pulse. The pulse time
will be limited by either the maximum allowable tempera-
ture change or the maximum absolute temperature during
the pulse duration. This change in temperature will result
in a transient change in the drain current and the output
power of the device during the pulse. For purposes of esti-
mation of RF power levels, the average values reported
here provides a mean value about which this change will
occur.

In Fig. 5a, the simulated transfer characteristics for the
GaN, Al0.1Ga0.9N, and Al0.2Ga0.8N SITs are shown for a
source length of 2a = 0.5 lm and a channel doping of
1 · 1017 cm�3. The drain-to-source bias, set to the quines-
cent bias voltage for maximum power RF operation was



Fig. 6a. Impact ionization density in GaN SIT for VDS = �320 V, VGS =
�10 V.

Fig. 6b. Comparison of impact ionization density for GaN, Al0.1Ga0.9N,
and Al0.2Ga0.8N SITs of ionized impurity concentration 1 · 1017 cm�3

along the center of symmetry.
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VDS = 150 V, 210 V, and 260 V for the GaN, Al0.1Ga0.9N,
and Al0.2Ga0.8N SITs, respectively. Fig. 5b shows the
transfer characteristics for the same devices simulated at
a fixed temperature of 300 K. From the comparison of
Figs. 5a and 5b, we can conclude that gradual increase,
up to the peak at around VG = �8 V, of transconductance
with decreasing gate bias seen in Fig. 5a is due to the reduc-
tion of self-heating effects with decreasing gate bias. The
comparison of Figs. 5a and 5b also implies that for RF
operation, the gm–VGS characteristics will exhibit the vari-
ation seen in Fig. 5b.

3.2. Effect of incorporation of AlGaN

The simulation results shown in Figs. 4a–4c indicate
that IDSS decreases with increasing aluminum mole frac-
tion. This expected behavior results from the lower mobil-
ity employed for the velocity-field characteristics of the
AlGaN alloys. The difference in IDSS between GaN and
Al0.2Ga0.8N is about 17%. Because of the smaller drain-
current, the self-heating effects observed in the static IDS–
VDS curves are less pronounced in the simulated AlGaN
devices. Similarly, from Figs. 5a and 5b, it is seen that
the AlGaN alloys have lower transconductance value due
to the reduction in IDSS.

The high breakdown voltage attainable is a major advan-
tage of the SIT geometry. Comparison of the IDS–VDS

curves with impact-ionization turned on and off reveals that
the breakdown is related to impact ionization. The break-
down voltages obtained using the criteria described in
the previous section are 320 V, 440 V, and 520 V for the
GaN, Al0.1Ga0.9N, and Al0.2Ga0.8N SITs, respectively.
For devices intended for low-frequency power-switching
applications, the breakdown voltage can be increased using
lower doping. In simulations using the same geometry in
Fig. 3, but with a source width of 2a = 1.0 lm and channel
doping of 5 · 1016 cm�3, the breakdown voltage was about
700 V for the GaN SIT and 1200 V for the Al0.2Ga0.8N SIT.
The breakdown voltages reported here ignore possible
problems related to the high threading dislocation density
observed in hetero-epitaxial growth, but provide estimates
for the limits of capabilities of the GaN material. In partic-
ular, the simulation results indicate that the breakdown
voltages obtainable with the GaN SIT may be comparable
to SiC SIT, [6,7] and still higher values may be obtained
with the use of AlGaN.

Fig. 6a shows the impact ionization density as a function
of position in the GaN SIT at VGS = �10 V and VDS =
320 V, close to the breakdown of the device. As can be seen
from Fig. 6a, the impact ionization is concentrated under
the source close to the drain. Fig. 6b compares the impact
ionization rates for the GaN, Al0.1Ga0.9N, and Al0.2Ga0.8N
SITs investigated at the same bias conditions along the cen-
ter of symmetry of the device. For these simulations, the
source lengths were 2a = 0.5 lm and the channel doping
was 1 · 1017 cm�3. The devices employing AlGaN exhibit
a much lower impact ionization rate, which in turn trans-
lates to a higher breakdown voltage. This is due to the
lower impact ionization rates given by the impact ioniza-
tion model for AlGaN.

Fig. 7 shows the gate current of the GaN and Al0.2-
Ga0.8N SITs devices at a bias of VGS = �10 V as a function
of VDS. Again, the source lengths were 2a = 0.5 lm and the
channel doping was 1 · 1017 cm�3. From this figure, it is
seen that another advantage of the AlGaN SIT is the lower
gate current that results from the lower impact-ionization
rate. From Fig. 7, it is observed that the AlGaN SIT has
about five orders of magnitude lower gate current density.
This difference in gate currents may enable the AlGaN
SIT to have a larger power-added-efficiency and higher cur-
rent-gain. This result, of course, ignores possible technolog-
ical problems with the preparation of high-quality Schottky
contacts on etched surfaces.
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3.3. Variation of device characteristics with doping and

source length

The maximum current density IDSS, the knee voltage,
and the output resistance were extracted from the results
shown in Fig. 4. The breakdown voltage was extracted
by additional simulations that compare the current levels
Table 4a
Comparison of the DC transfer characteristics for different source lengths

GaN

Half source length 2a (lm) 0.2 0.25 0.3
Knee voltage (V) 70 10 8
Maximum zero gate-bias current (mA/mm) 114 268 430
Maximum blocking voltage (V) 300 320 340
Transconductance (gm0) [mS/mm] – 23.7 16.1

The values given were extracted from simulation results using a channel dopin

Table 4b
Comparison of DC transfer characteristics for two different doping levels at a

GaN

Channel doping (cm�3) 1 · 1017 2 · 1017

Knee voltage (V) 10 5
Maximum current (mA/mm) 268 744
Maximum blocking voltage (V) 320 240
Transconductance (gm0) [mS/mm] 23.7 22.2

The values for a doping of 5 · 1016 are not given since the device was at cut-o

Table 5
Estimated values relevant to the RF operation of the SIT devices studied

Material VB (V) Vknee (V) IDSSmax (mA/mm) Po (W/m

GaN 320 10 268 10.39
Al0.1Ga0.9N 440 20 220 11.55
Al0.2Ga0.8N 520 28 190 11.69

The results are for devices with source length 0.5 lm and a channel doping of
with and without impact ionization as described earlier.
The results are tabulated in Table 4a for different values
of source length, and in Table 4b for different doping levels.

The variations of the listed quantities depending on the
control variable observed in Tables 4a and 4b exhibit the
expected behavior with the exception of the dependence
of knee voltage on the source length. The results summa-
rized in Table 4a indicate that the knee voltage decreases
with increasing source length, which can be explained by
considering the negative differential resistance induced by
the self-heating effects.

The results summarized in Tables 4a and 4b indicate the
range of values obtainable for the GaN and AlGaN based
SIT devices. It is seen that, even with limited optimization
using only two of the many device parameters the device
parameters can be tuned across a large range.

3.4. Analysis of expected power capability

Using the results presented in Tables 4a and 4b, estima-
tion of the RF output power obtainable using the GaN and
AlGaN SIT devices was made. Table 5 shows the estimated
maximum available power per unit gate width and the opti-
mum load impedances needed at the output of the transis-
tor. Table 5 also shows the estimates for short-circuit
unity current-gain cut-off frequency (fT) obtained using
the transconductance values given by the simulations and
Al0.1Ga0.9N Al0.2Ga0.8N

0.2 0.25 0.3 0.2 0.25 0.3
110 20 14 140 28 18
92 220 364 78 190 320
420 440 460 500 520 540
– 19.7 13.8 – 18.1 12.9

g of 1 · 1017 cm�3.

source length of 2a = 0.5 lm

Al0.1Ga0.9N Al0.2Ga0.8N

1 · 1017 2 · 1017 1 · 1017 2 · 1017

20 8 28 10
220 631 190 558
440 340 520 400
19.7 18.7 18.1 17.6

ff at a gate bias of �2 V.

m) RL (kX mm) CGS (fF) gm (mS/mm) fT (GHz)

1.157 0.43 23.7 8.8
1.909 0.43 19.7 7.3
2.589 0.43 18.1 6.7

1 · 1017 cm�3.



Table 6
All output power, Po, calculations are made to have maximum linearity (Class A amplifier)a

Material VB (V) Vknee (V) IDSSmax (mA/mm) Po (W/mm) PT (W) RL (kX mm) fT (GHz)

HEMT (Ref. [1]) 50 8 1100 5.78 22 0.038 50
HEMT (Ref. [3]) 170 2.5 1200 25.1 431 0.141 22
GaN 320 10 268 10.39 1202 1.157 8.8
Al0.1Ga0.9N 440 20 220 11.55 2205 1.909 7.3
Al0.2Ga0.8N 520 28 190 11.69 3027 2.589 6.7

a Also total power, PT, is determined by considering the limit of 10 X minimum output resistance.
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the estimate for CGS [16]. As can be seen from Table 5, with
increasing Al mole fraction of AlxGa1�xN SIT, the maxi-
mum zero-gate-voltage drain current, cut-off-frequency
and transconductance decrease, whereas the breakdown
voltage and optimum load resistance increase. For instance,
as compared to the GaN SIT, the Al0.2Ga0.8N SIT has a
breakdown voltage that is 60% higher but a maximum drain
current that is 30% lower. Hence, the maximum output
power and the optimum load resistance values are increased
for Al0.2Ga0.8N SIT from 10.4 to 11.7 W/mm and 1.157 to
2.589 kX mm, respectively. As a result, we conclude that it
will be possible to obtain higher total output power using
AlxGa1�xN SITs. It also needs to be mentioned that, the
values for power per unit gate width reported in Table 5
are similar to the values reported for SiC SITs but lower
than the power densities obtained with AlGaN/GaN
HEMT [1–3].

A comparison of the SIT devices with AlGaN/GaN
HEMTs reported in the literature is given in Table 6. When
maximum power output capacity is considered, the limita-
tions of the devices due to the output resistance imposed by
matching requirements must be taken into account [16].
As compared with the results of AlGaN/GaN HEMTs
reported in the literature, the GaN SIT has about 30 times
larger optimum load resistance, and comparable power per
unit gate width [2,3]. Thus, using the SIT structure, it is in
principle possible to obtain significantly higher total output
power. It needs to be noted that, the use of a field plate
enables AlGaN/GaN HEMTs to operate at higher biases,
thus increasing the power density [1] and the optimum load
resistance. Still, as compared to the AlGaN/GaN HEMT
with a field plate, the GaN SIT has about 8 times higher
optimum load resistance and about 1/3 the power per unit
gate width, implying again that the GaN SIT can deliver
higher total power. The advantages of the SIT structure
increase with the use of AlGaN because AlGaN SITs pro-
vide both higher output resistance and maximum output
power. Higher output resistance of AlGaN SITs enable
the matching of wider transistors to a given load, hence
increasing the total power that can be delivered. It is
observed that, AlGaN SITs offer more total output power
at the expense of lower cut-off frequency.

4. Conclusions

The results presented indicate that GaN SIT devices will
have breakdown voltage, current density, and RF power
density similar to those of SiC SIT and that with the
use of AlGaN the breakdown voltage can be increased
further.

For RF power operation, the GaN and AlGaN SIT can
provide an fT of about 7–8 GHz. At these frequencies, the
output power density obtainable is similar to that of
AlGaN/GaN HEMTs. Within its frequency rate, the SIT
structure provides an advantage for the design of high
power amplifiers due to the very large output resistance.
Thus, the total device width can be increased, enabling
higher output power; and the optimum load resistance will
still be high so that the load impedance can be easily
matched with the device. This is achieved at the expense
of lower operational frequencies.
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