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Abstract—In this paper, we discuss and demonstrate the 

potential of normally-ON GaN high-electron-mobility transistors 
(HEMTs) as opening switches in miniaturized pulsed-power 
circuits. The high breakdown electric field of GaN (~ 3 MV/cm) 
makes it possible to fabricate high-voltage devices in small 
dimensions, resulting in smaller parasitics, and faster switching 
times. GaN HEMTs as opening switches are compatible with 
inductive topologies, which offer more than one order of 
magnitude higher energy density than capacitive topologies, 
allowing a further miniaturization of pulsed-power systems. In 
this work, we demonstrate the application of fabricated 1.5 kV 
normally-on GaN HEMTs on an inductive switching topology, 
resulting in 300x-fold voltage step-up, which makes it possible to 
generate high-voltage pulses with a low-voltage DC source in 
miniaturized circuits. 
 

Index Terms—Pulsed-power, fast switching, high electron 
mobility transistor (HEMT), GaN, opening switch, high energy 
density. 
 

I. INTRODUCTION 
ONVERSION of low-power long pulses into high-
amplitude short pulses, called pulse compression, is a 

general idea behind any kind of pulsed-power systems. Such 
high-power pulses have opened promising pathways to 
address some of the most important challenges of the current 
century, such as conversion of greenhouse gases like CO2 and 
CH4 to value added products [1] and cancer treatment [2].  
 For instance, a high-voltage pulse generator is used to drive 
a plasma device that produces energetic electrons in a 
greenhouse gas environment. Through collisions, the electron 
energy is transferred to different channels of excitation, 
ionization, resulting in the dissociation of the gas molecules 
[3]. The effect of pulsed electric field (PEF) generated by 
high-voltage pulses on cell membrane permeabilization is the 
origin of many studies in this field [4]. The rise time, period 
and amplitude of the electric pulses result in different effects 
on cells. Microsecond PEFs (μsPEFs) can permeabilize the 
external membrane of cells, while permeabilization of internal 
membranes requires nanosecond PEFs (nsPEFs) [5], [6]. 

The application of PEF can also improve the uptake of anti-
tumor drugs by permeabilized cell membrane [7], [8]. 
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Fig. 1. A general block diagram for a pulsed-power system. 
 
Increasing the intensity of the PEFs causes irreversible 
electroporation (IRE) and necrosis of tumor cells [7], [9], 
without inducing thermal effect nor requiring extra drugs [10], 
[11]. Miniaturized pulse generators allow a local generation of 
high-voltage pulses which are highly desirable to these 
applications.  

Fig. 1 illustrates a general block diagram of a pulsed-power 
system. A low-power source charges an energy reservoir, 
which can be a capacitor, an inductor, or a cavity, and the 
stored energy is discharged into the load using a fast switch, 
which is a key element in a pulsed-power system. Depending 
on the employed energy reservoir, a closing or an opening 
switch is needed. Some devices like gas switches [12] and fast 
ionizing dynistors (FIDs) [13] can just perform as closing 
switch, while other devices like semiconductor opening 
switches (SOSs) [14], [15] and drift step recovery diodes 
(DSRDs) [16], [17] perform as opening switch (some switches 
can act in both regimes). An important fact is that the energy 
density in inductive-based pulsed-power sources (based on 
opening switches) is typically more than one order of 
magnitude larger that in capacitive-based pulsed-power 
sources (based on closing switches) [18]. Therefore, opening 
switches offer an increased energy density allowing the 
miniaturization of pulsed-power systems, which is the goal of 
this paper.  

Semiconductor opening switch (SOS) and drift step 
recovery diode (DSRD) are two-port opening switches 
specifically used in pulsed-power systems. In SOS the current 
interruption occurs due to the drastic increase in the resistance 
of the low-doped part of the p-layer, where the reverse current 
density exceeds the saturation value [19]. This phenomenon is 
typically observed for very high forward and reverse current 
densities. This issue limits the performance of SOS to high-
current systems. DSRD is also a solid-state device which 
provides fast switching based on the reverse recovery of a p-n 
junction [20]. Pulses with fast rise times can be generated by 
these switches [21]. The power capability, fast rise-time and 
high repetition rate of these two-port switches generally 
cannot be obtained by conventional three-port switches 
however, two-port switches cannot be triggered by a control 
signal. Another shortcoming is that these switches are not 
commercially available, although the basic concept is 
observable in commercial diodes [22]. 
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Conventional semiconductor switches like MOSFETs and 
IGBTs are not commonly used in pulsed-power systems. As 
discussed in [23], the large conduction resistance of power 
MOSFETs and the limited di/dt of IGBTs are considerable 
shortcoming that prevent them from being applied to pulsed-
power applications. Among power semiconductor devices, the 
thyristor has a relatively long history in pulsed-power. 
However, the slow response time of thyristors limits their 
operation frequency to about 100 Hz or lower [24]. 

In this work we investigate the application of GaN high-
electron mobility transistors (HEMTs) in pulsed-power 
applications for miniaturized pulsed-power systems. GaN is an 
interesting material when both high-power and fast dynamics 
are required. Although the application of GaN for high-power 
RF applications has been demonstrated [25], little work has 
been done on the use of GaN in pulsed-power [26]. The peak 
drift velocity of 3.1 × 107 cm/s together with the blocking 
field of ~ 3 MV/cm are the highest numbers among all 
semiconductor candidates (Si, GaAs, 4H-SiC), resulting in 
high switching power. The high-power density of GaN allows 
a reduction of the size of the switch and the miniaturization of 
pulsed-power systems. In the second section of the paper, we 
discuss and model a pulsed-power generator based on GaN 
HEMT as the opening switch. The fabrication process and 
characterization of the devices with large breakdown field 
(higher than in commercially available GaN devices) are 
presented in the third section. The switching performance of 
the devices in a very high step-up miniaturized pulse generator 
is evaluated in the fourth section. 

II. METHODOLOGY 
Fig. 2a shows a simple structure of a pulsed-power 

generator based on inductive energy storage. The transistor is 
normally ON and for vG = 0, the current iD = I0 passes through 
the low on-resistance (RON) of the GaN transistor (Fig. 2b). 
The low-power DC source (VDD) charges the inductor with a 
current 
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where RS is the series resistance of the inductor. In this case, 
even for small values of VDD, the small RS and ON resistance 
of the HEMT, lead to relatively high currents, storing a 
significant energy into the magnetic field of the inductor 
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After charging the inductor, a gate control signal is applied to 
switch OFF the transistor. Since there is no abrupt change in 
the current of the inductor, the huge reduction in the drain 
current leads to a huge increase in the current of load, 
resulting in a high voltage output pulse. Ideally, if the switch 

 
Fig. 2. (a) A simple structure of an inductive energy storage pulsed-power 
generator based on a HEMT switch. (b) Key waveforms of the considered 
pulsed-power generator. 
 
blocked the drain current in zero time, the output peak voltage  
could be approximated by [20]  

)4( max 0(1.18 || )Lv R Z I= 
Where   
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and C = Coss + Cind is the sum of the effective parasitic 
capacitance of the HEMT and inductor, respectively. 
Assuming RL and Z to be much larger than RS, a step-up in 
voltage with vmax   vDD can be obtained. The output power 
Pout is also much larger than the input power for well-tuned 
RL. Here, to have an independent discussion from the load RL, 
we consider the case of RL 


 Z and use the step-up ratio 

vmax/vDD as benchmark. In many applications, the condition of 
large loads is applicable, thus high-voltage pulses are 
achievable. For RL 


 Z one can rewrite (4) as  
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which results in a step-up voltage ratio of 
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Based on this analyses, higher step-up ratios can be obtained 
by increasing current or Z. Equation (7) is obtained for an 
ideal switch with zero switching time, however, it is 
applicable for fast switches, when the switching time tsw 
satisfies   

)8( swt LC 
In this case, just a tiny part of the energy E is dissipated in the 
HEMT switch. The output waveform can be expressed as 
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which results in a pulse with a full-width at half maximum 
(FWHM) of 

)11( FWHM 2
3 LC= 

For further sharpening in the output pulse one can use a self-
breaking spark-gap before the load. In this case, the load RL 
does not affect the circuit until the spark-gap turns on [22]. As 
a result, a high step-up in no-load condition is required. 

III. DEVICE FABRICATION AND CHARACTERIZATION 
To demonstrate the promising performance of GaN-based 

HEMTs in pulsed-power switching, high-voltage devices with 
ampere-range current capability were fabricated based on an 
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epitaxial structure consisting of AlGaN (19.6 nm) / GaN (420 
nm) followed by a 4.2 μm-thick buffer grown on a 6-inch 
silicon substrate. The first fabrication step was the definition 
of the isolated mesa region by photolithography followed by 
500 nm-deep Cl2-based inductively coupled plasma (ICP) 
etching to reach the highly resistive buffer layer. The second 
step was the definition of source and drain ohmic contacts, 
using a metal stack of Ti (200 Å)/Al (1200 Å)/Ti (400 Å)/Ni 
(600 Å)/Au (500 Å) deposited in the contact regions by 
electron-beam evaporation and annealed at 780ºC to form 
ohmic contacts. The last step of the process was the deposition 
of Ni (300 Å) / Au (1500 Å) as the gate electrode and pads, 
also defined by photolithography. 
 Fig. 3a and Fig. 3b show the micrograph and SEM image of 
the fabricated devices, respectively. The area of the mesa was 
0.8 mm2, and the gate length and drain-to-gate distance were 
2.5 μm and 25 μm, respectively. The device cross section is 
shown in Fig. 3c. The transfer and output characteristics of the 
device were separately measured to evaluate their DC 
performance. The transfer characteristics of three different 
devices of the same kind are plotted in Fig. 4a to show the 
consistency of the fabricated devices. As discussed before, the 
transistors are intrinsically normally ON, which is shown by 
the negative threshold voltage of −4 V.  Fig. 4a also shows the 
low gate leakage current. The output characteristics of the 
device (Fig. 4b) shows an ON resistance RON of 10 Ω, which is 
in the range of series resistance of the inductor. Fabrication of 
devices with smaller ON resistances is not a requirement in 
this application, since it would increase the gate capacitance 
and Coss, which would degrade the switching performance of 
the device without any considerable gain in charging current 
I0.  

The breakdown test on the devices was performed using 
Keysight B1505A power device analyzer connected to high 
voltage probe station. As shown in Fig. 5, the devices  
 

 
 

Fig. 3. (a) Micrograph of the fabricated device together with (b) the SEM 
image, and (c) cross section of the device.  
 

 
 

Fig. 4. (a) Transfer characteristics of three different devices measured at the 
drain voltage of vD = 5 V (b) Output characteristics of the fabricated devices 
for gate voltages between -4 V and 1 V with step of 1 V. 

 

 
 

Fig. 5. (a) Drain current and (b) gate current of two fabricated devices 
versus drain voltage for vG = −8 V showing the stability of the fabrication 
process. The soft and hard breakdown voltages of 1.5 kV and 2 kV, 
respectively, were obtained.  
 
presented large soft breakdown voltage of 1.5 kV measured at 
VG = −8 V along with a small gate leakage current. The hard 
(destructive) breakdown was about 2 kV. Higher voltage can 
be obtained by using different epitaxies, field-plate and larger 
gate-drain distances [27], [28].   

IV. PULSED-POWER SWITCHING 
In order to demonstrate the switching performance of GaN 

transistors in the inductive pulsed-power topologies we 
realized the circuit of Fig. 2a using the fabricated GaN 
transistors and 1 mH inductors from Coilcraft. Fig. 6 
illustrates the main components of the circuit, showing their 
small dimensions. The inset of Fig. 6, shows the zoomed-in 
image of the fabricated device. The impedance of the 
employed inductor was measured with Keysight E4990A 50 
MHz impedance analyzer, as shown in Fig. 7. Based on the 
measurement, we extracted the parasitic components of the  

 

  
Fig. 6. The main components in the miniaturized pulse generator showing 
their small dimensions, where the inset shows the zoomed-in image of the 
fabricated device. 

 

 
Fig. 7. The measured (solid lines) and modeled (dotted lines) impedance of 
the employed inductor (a) Magnitude, and (b) Phase.  
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Fig. 8. The measured (solid line) and simulated (dotted line) output 
waveforms for three different values of VDD using the fabricated devices in the 
circuit shown in Fig. 2a with L = 1 mH. The inset shows the measured (solid 
line) and simulated (dotted line) gate voltage signal.  
 

 
 

Fig. 9. (a) The measured output maximum voltage, and (b) voltage step-up 
ratio versus the bias voltage VDD. 
 
inductors, modelled as an ideal 1 mH inductor in series with a 
4.5 Ω resistance (RS), all in parallel with a 7 pF capacitance 
(Cind). For time-domain measurements we used Tektronix 
MIDO3104 1 GHz 5 GS/s digital oscilloscope. TPP1000 
passive voltage probes were used for the measurements, which 
added Cprobe of 4 pF to the parasitic capacitances at the output 
node. Adding the HEMT Coss together with the parasitic 
capacitance of the output node to Cind and Cprobe resulted in a 
total capacitance of 60 pF. The inductor was charged with a 
low-voltage DC source and high peak voltage pulses were 
generated by blocking the current of inductor using the 
fabricated HEMT as an opening switch. Fig. 8 shows the 
waveforms generated based on the implemented structure for 
three different values of vDD, together with the gate signal. A 
good match between simulation and measurement was 
obtained. All of the generated pulses have the same FWHM 
pulse width is 530 ns which is in agreement with the 
theoretical prediction in (10) 

 FWHM 2
3 (1 mH)(60 pF) 513 ns= = 

Fig. 9a shows the output peak voltage of the generated pulses 
for different bias levels. The voltage step-up ratio is shown in 
Fig. 9b revealing a large step-up ratio of about 300 times. 
Using the proposed model in Fig. 2a, one can theoretically 
predict the experimental measurement and simulation results. 
Based on (5), we obtain Z = 4.1 kΩ which results in the 
theoretical step-up ratio of Gv = 273 which is in agreement 
with the measurement results. Such a high level of step-up in a 
miniaturized circuit opens a promising way for future pulsed-
power technology with applications in biology and 
environmental sciences. 
 

V. CONCLUSION 
Here we demonstrated the performance of small-scale GaN-

based HEMTs for pulsed-power switching. DC 
characterization of the fabricated devices showed 2 kV hard 
breakdown voltage together with an ampere-range current 
capability. The device was employed in an inductive-
switching topology and showed 300 times step-up in the 
voltage levels. The main goal of the paper was demonstration 
of pulse generation with very high step-up ratio from a low-
voltage supply in a miniaturized circuit.  
A simple model was provided, which matched explained very 
well the experimental results. This work reveals the enormous 
potential of GaN fast opening switches to take advantage of 
the higher energy density of magnetic materials for efficient 
and miniaturized pulsed-power switches. 
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