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ABSTRACT
This work reports enhanced photoconductive switching performance in Fe-doped b-Ga2O3 PCSS by concurrently optimizing electrode 
geometry and the optical excitation wavelength. By systematically varying the anode grid pitch (20–80 lm) and excitation spectrum 
(235–500 nm), we identify a key sub-bandgap regime centered at 272 nm that activates deep-level defect states and enables efficient bulk car
rier transport. In contrast to above-bandgap excitation, which is limited by shallow surface absorption, sub-bandgap illumination promotes 
strong photocurrent generation and improved carrier collection. Under optimized conditions with a 40 lm pitch, the device exhibits a high 
peak photocurrent of 4.14 A and a low on-resistance of 10.4 X. To quantify this simultaneous achievement, we define a responsivity– 
conductance figure of merit (FoMRC), which reaches a value of 4.7� 10−6 S/W. These results underscore the strong potential of Fe-doped 
b-Ga2O3 for next-generation high-power optoelectronic switching, enabling robust ampere-level photocurrents together with low on- 
resistance through optimized device geometry and sub-bandgap excitation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0316859

Photoconductive semiconductor switches (PCSSs) yield ultrafast 
switching dynamics by optically modulating the conductivity of a 
bulk semiconductor substrate rapidly.1,2 Furthermore, the optical 
excitation of a PCSS prevents backpropagation from a high-voltage 
power stage to a low-voltage microelectronics control unit, which is a 
common issue in typical switching power-electronics systems due to 
high voltage and current slew rates.3 As such, PCSSs have wide appli
cations, including, but not limited to, pulsed power, fly-by-light, 
solid-state circuit breakers, kinetic weapons, electromagnetic launch 
systems, high-power radio frequency power amplifiers, etc. The con
fluence of ultra-wide-bandgap (UWBG) semiconductors,4 which have 
higher critical electric-field strengths that yield high-voltage operation 
and lower device dimensions (and capacitances), and PCSS is 
expected to provide significant impetus to the growth and utility of 
these next-generation ultrafast optically triggered power semiconduc
tor technologies.

Among the UWBG semiconductors, gallium oxide (Ga2O3)5 is 
considered one of the most promising for near-term commercializa
tion, primarily due to its potential for large-area substrates, low cost, 
low threading dislocation density (TDD), and capability for 

large-scale production. High-quality Ga2O3 epilayers are now possible 
using MOCVD, HVPE, and MBE, with excellent wide n-type doping 
control and low background compensation. As such, high-voltage 
electrical power semiconductor devices like power MOSFETs and 
diodes are already being pursued, and preliminary demonstrations 
have been conducted.6,7 Recently, experimental research on Ga2O3 
PCSS, utilizing a longer wavelength optical beam and low current and 
voltage, has been initiated,8 which illustrates the preliminary potential 
of this UWBG material and highlights the need for further explora
tion in this promising area.

This work investigates the impact of varying the anode electrode 
grid pitch separation (which also serves as the optical window) and 
the wavelength of optical excitation on maximizing the responsivity– 
conductance trade-off in a Fe-doped b-Ga2O3 PCSS. The experimen
tal results demonstrate that Fe-doped b-Ga2O3 PCSS supports 
ampere-level current conduction and very low on-resistance under 
medium operating voltages while extending the photo response into 
longer wavelength regimes. These results highlight the advantages 
of Fe-doped b-Ga2O3 over previously reported UWBG PCSS 
devices, demonstrating the former’s potential as a cost-effective 
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optical device for next-generation high-power optoelectronic switch
ing applications.

The b-Ga2O3 PCSS were fabricated using double-side–polished 
450 lm thick, Fe-doped semi-insulating b-Ga2O3 (010) substrates 
obtained from Kyma Technologies with an Fe doping concentration 
of approximately 1� 1018 cm−3.

The Fe-doped semi-insulating b-Ga2O3 (010) substrates were 
grown using the Czochralski (Cz) method. High-resolution x-ray dif
fraction measurements of the (020) reflection yielded rocking-curve 
FWHM values of 86 arc sec (beam k (001)) and 45 arc sec (beam � 
(001)), indicating good crystalline quality of the bulk substrate. Prior 
to fabrication, the substrate was sequentially cleaned in acetone, iso
propyl alcohol (IPA), and de-ionized (DI) water, followed by drying 
with high-purity nitrogen to remove organic residues and surface 
contaminants. Figure 1 presents both the schematic cross section and 
top-view micrographs of the fabricated devices. The device structure 
(Fig. 1) comprises a continuous ground electrode on the back surface 
and a grid-type top electrode on the top surface, allowing direct opti
cal access to the active region. Both electrodes were formed by 
electron-beam evaporation of a Ti/Au (50 nm/100 nm) bilayer. The 
top electrode was patterned by image-reversal lithography (AZ 
5214E) and lift-off to define a grid geometry consisting of alternating 
metal fingers and transparent apertures. The devices were subjected 
to rapid thermal annealing at 480 �C for one minute in a nitrogen 
ambience to achieve Ohmic contact.9

The grid-like anode electrode of the PCSS produces a predomi
nantly vertical electric field across the illuminated region, while fring
ing fields near the finger edges provide lateral components that assist 
in collecting carriers generated close to the surface. To explore the 
role of electrode geometry, the electrode pitch g [Fig. 1(a)] was sys
tematically varied between 20 and 80 lm. A narrow pitch enhances 
carrier collection through strong fringing-field overlap and shorter 
lateral drift paths, whereas a wider pitch increases the optical fill factor 
but introduces extended low-field regions between fingers that limit 
transport efficiency. This response exhibits a strong wavelength 
dependence: short-wavelength UV photons are absorbed within 
nanometer-scale depths, where transport is dominated by lateral drift 
and surface recombination. In contrast, sub-bandgap illumination 
penetrates deeper into the bulk, generating carriers that couple to the 
vertical electric field. This volumetric excitation makes the photocur
rent response highly sensitive to electrode spacing, requiring an opti
mized pitch to balance optical access with field intensity. Importantly, 
the pitch variation does not alter the dominant vertical conduction 

path through the 450 lm substrate but instead modifies the lateral 
access to vertical field lines, thereby shaping carrier collection dynam
ics, peak current, and the observed switching speed. Systematic pitch 
variation, therefore, provides a controlled means of benchmarking 
device performance limits and deriving design guidelines for robust 
high-field switching operation.

A Keithley 2657A source meter, interfaced to a probe station 
using a Keithley 8020 high-power interface channel, is used to mea
sure the dark current and off-state resistance (ROFF). For transient 
response, the PCSS devices were packaged in an optical open-cavity 
package using both thermally and electrically conductive epoxy. 
Connections with the package pins were enabled using wire bonding, 
as shown in Fig. 2(a). Figure 2(b) shows the experimental setup used 
for the optical triggering of the PCSS devices. A 100 nF capacitor is 
charged to the desired DC bias ðVbias) through a 1 kX current- 
limiting resistor. All PCSS devices were triggered using an 
OPOLETTE UX06230U tunable laser delivering �6 ns (FWHM) 
optical pulses. The excitation beam exhibited a near-Gaussian spatial 
profile with a diameter of �3 mm and a divergence of �1–1.6 mrad 
at the device plane. Since the lateral device dimension (�1.2 mm) is 
smaller than the beam footprint, the entire switch area was uniformly 
illuminated without tight optical focusing. The intensity of the laser 
beam varies with respect to wavelength. Once the PCSS device is opti
cally excited, the resulting electrical pulse is measured across a 50-X 

terminating load resistor ðRloadÞ using a Tektronix TPP1000 voltage 
probe and a Tektronix MSO46 oscilloscope, both of which have a 
bandwidth of 1 GHz. The laser pulse profile is simultaneously moni
tored using a high-speed silicon photodetector (DET10A2, Thorlabs).

Figure 3 shows the dark I–V characteristics of the Fe-doped 
b-Ga2O3 devices with different top-electrode pitches. The low-bias 
characteristics measured from −40 to 40 V [Fig. 3(a)] exhibit nearly 
linear, symmetric behavior across all electrode pitches, confirming 
stable low-field conduction without abnormal contact-related nonlin
earity. The high-voltage dark-current characteristics measured up to 
2 kV are shown in Fig. 3(b). Across all electrode pitches, the dark cur
rent remains in the nanoampere (nA) range and below 30 nA at 2 kV, 
corresponding to an apparent off-state resistance exceeding �67 G X 

even for the highest-leakage geometry. At the operating bias of 250 V 
used for transient switching characterization, the dark current 
remains below 3 nA, yielding an off-state resistance greater than 
�83 G X. The low leakage current and stable high-voltage hold-off 
are attributed to strong compensation in Fe-doped b-Ga2O3, which 
suppresses free carrier density and results in bulk-limited conduction 
in the off-state. The gradual deviation from ideal linear behavior at 
higher bias is consistent with field-assisted trap-mediated leakage in 

FIG. 1. (a) Schematic cross section and (b) top view of the fabricated Fe-doped 
b-Ga2O3 PCSS.

FIG. 2. (a) The packaged Fe-doped b-Ga2O3 PCSS. (b) A test setup for transient 
characterization of the PCSS.
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semi-insulating wide-bandgap materials.10 Similar high-field dark- 
current nonlinearities have been reported in semi-insulating GaAs 
and 4H-SiC PCSS devices, where the dark resistance and leakage 
current were shown to vary with applied electric field due to field- 
dependent carrier activation, trapping, and high-field transport pro
cesses.11,12 No premature breakdown is observed within the tested 
voltage range.

The photo responses of four Fe-doped b-Ga2O3 PCSS devices 
with top-electrode pitches of 20, 40, 60, and 80 lm were systematically 
characterized under a DC bias (Vbias) of 250 V over the wavelength 
range of 235–500 nm. These measurements for the PCSS capture both 
above-bandgap and sub-bandgap response regimes. The normalized 
responsivity and the responsivity–conductance figure of merit 
(FoMRC) of Fe-doped b-Ga2O3 PCSS devices with different electrode 
gaps as a function of incident wavelength are shown in Figs. 4(a) and 
4(b), respectively. To isolate the intrinsic switching performance from 
the circuit-limited current saturation, a quantitative metric for switch
ing efficiency, FoMRC, is introduced. This metric is defined as the 

increase in on-state conductance-per-unit optical power; that is, 
FoMRC ¼ GON=POPT , where GON � 1=RON (RON is the on-state resis
tance of the PCSS) represents the net photoconductance and POPT is 
the peak incident optical power. The proposed FoMRC ¼ GON=POPT is 
a general conductance-per-optical power metric that does not require 
equivalent-circuit modeling. While evaluated here under transient 
excitation from the peak conductive state, it can also be extracted from 
the steady-state illuminated I–V characteristics. Thus, FoMRC enables 
the comparison of photoconductive switching efficiency across differ
ent materials and device architectures. The optical power used for 
FoMRC extraction was estimated by scaling the measured laser output 
power by the ratio of the total device footprint to the beam cross- 
sectional area. The �3 mm-diameter beam was not focused to the 
�1.2 mm device size; instead, the device was positioned within the 
beam footprint so that the entire switch area, including both metal- 
covered and optically transparent regions, was uniformly illuminated.

All devices displayed a pronounced responsivity peak in the 
range of 270–275 nm, occurring at wavelengths approximately 

FIG. 3. Dark-current characteristics of semi-insulating b-Ga2O3 devices with different top-electrode pitches. (a) Low-bias dark I–V characteristics from −40 to 40 V, showing 
nearly linear and symmetric conduction for all electrode pitches. (b) High-voltage dark-current characteristics. The dark current remains below 30 nA up to 2000 V, indicating 
low leakage without abrupt breakdown.

FIG. 4. (a) Normalized responsivity and b) responsivity–conductance figure of merit (FoMRC) of the Fe-doped b-Ga2O3 PCSS with variation in wavelength. 
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12–17 nm longer than the intrinsic absorption edge of b-Ga2O3 
(�258 nm). This offset suggests that contributions from sub-bandgap 
processes may play a significant role in this regime, in addition to, or 
instead of, direct band-to-band transitions. At the intrinsic absorption 
edge, most incident photons are absorbed within a few nanometers of 
the PCSS surface due to the large absorption coefficient,13 which lim
its the effective generation of carriers. The enhanced response near 
272 nm can be considered in relation to Urbach tail absorption as well 
as the possible photoionization of deep-level defect complexes within 
the semi-insulating substrate.14,15 Earlier deep-level optical and tran
sient spectroscopy studies have reported several defect states in 
b-Ga2O3, including EC-0.63 eV, EC-0.81 eV, EC-1.29 eV, EC-2.0 eV, 
and EC-4.48 eV.16–21 The EC-0.81 eV state is often associated with Fe 
dopant activation.22,23 In addition, Angeloni et al.24 identified Fe- 
related states at EC-3.05 6 0.05 and EC-3.85 6 0.05 eV using picosec
ond tunable UV spectroscopy. Sub-bandgap excitation around 
272 nm may therefore facilitate carrier photoionization from these Fe- 
related defect states, which could explain the enhanced responsivity 
observed in this wavelength range. Figure 5 presents a schematic illus
tration of the proposed above-bandgap and Fe-related sub-bandgap 
excitation mechanisms in the b-Ga2O3 PCSS. Measurements for each 
electrode pitch were obtained from one representative device under 
identical bias and optical excitation conditions, indicating that the 

observed non-monotonic trend primarily reflects the balance between 
enhanced optical access and reduced electric-field-assisted carrier col
lection at larger pitch.

Figure 6(a) presents the peak photocurrent (IPeakÞ, while 
Fig. 6(b) shows the corresponding minimum on-resistance (RON) for 
both above- and sub-bandgap excitations. The photocurrent 
responses exhibit distinct regimes determined by the carrier genera
tion profiles, arising from the interplay between wavelength- 
dependent optical penetration depth and the electric-field distribution. 
For deep sub-bandgap excitation (450 and 500 nm), photocarriers are 
generated predominantly through volumetric excitation of Fe- and Ir- 
related deep levels within the bulk. These carriers couple efficiently to 
the vertical drift field, yielding intermediate photocurrent values 
(approximately 1–1.7 A at 450 nm and <1 A at 500 nm). Both wave
lengths exhibit a clear maximum at a 40 lm pitch. This trend reflects 
a trade-off where the active collection volume expands with pitch but 
is eventually overtaken by the reduction in average electric-field inten
sity at larger gaps. Under above-bandgap excitation �(245–260 nm), 
carrier generation is confined to a surface/near-surface region. The 
grid-type electrode geometry produces strong fringing electric fields 
near the metal finger edges, which introduce lateral field components 
that sweep carriers generated within the optical apertures toward 
high-field regions beneath the electrodes. Once collected into these 
regions, carriers couple to the dominant vertical electric field extend
ing through the �450 lm semi-insulating substrate, enabling bulk 
current conduction. However, in this regime, carrier transport is dom
inated by lateral diffusion and surface recombination, resulting in 
reduced photocurrent response (<1 A). The slight increase in photo
current observed with increasing pitch is ascribed to the geometric 
expansion of the photo-active surface area, although the dominance 
of diffusion-limited transport prevents significant scaling.

Near-band edge excitation produces a strong photocurrent 
response owing to an optimal penetration depth that simultaneously 
activates deep levels and maintains strong near-surface generation. 
Specifically, under 272 nm excitation at a 40 lm pitch, the photocur
rent reaches a saturation plateau of �4.14 A. This value corresponds 

FIG. 5. Schematic illustration of the proposed above-bandgap and Fe-related sub- 
bandgap excitation mechanisms in the Fe-doped b-Ga2O3 PCSS.

FIG. 6. (a) Peak photocurrent and (b) minimum on-resistance for different PCSSs when optically excited with sub- and above-bandgap wavelengths. 
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to the circuit-limited peak current [Ipeak ¼ Vbias= Rload þ RONð Þ] 
defined by the 50-X load (Rload) and Vbias of 250 V, indicating that the 
intrinsic FoMRC in this regime is sufficiently high to drive the device 
into a fully conductive state (RON �10.4 X), limited only by the exter
nal circuit. At 300 nm, the pitch dependence resembles that of the 
deep sub-bandgap regime, exhibiting a clear peak at 40 lm followed 
by a sharp drop at 80 lm. In the 272 nm case, the photocurrent 
remains nearly constant over the 20–60 lm range due to saturation. 
However, at 80 lm, both near-band edge wavelengths display a pro
nounced decline. This reduction is attributed to reduced overlap of 
lateral fringing fields at the widest anode spacing, which weakens car
rier funneling into the high-field vertical region and consequently lim
its the overall photo-collection efficiency.

Figure 7 shows the excitation-wavelength dependence of the 
temporal response of the Fe-doped b-Ga2O3 PCSS devices. The 
switch-on time (sr) is defined as the time required for the photocur
rent to reach its peak, while the switch-off time (sd) corresponds to 
the decay from that peak to zero current. The wavelength-dependent 
dynamics can be categorized into distinct regimes, governed by the 
optical penetration depth and the associated carrier generation 
mechanisms. For wavelengths<265 nm, the absorption is strongly 

surface-confined; while this reduces the total collection efficiency due 
to surface recombination, the proximity of photo-generated carriers 
to the anode grid enables rapid extraction via lateral fringing fields, 
resulting in faster rise times of �1–1.5 ns.

In the near-band edge region (�265–280 nm), the switch-on 
time increases due to enhanced photoresponse associated with trap- 
assisted carrier dynamics. The increased photoresponse in this regime 
is consistent with contributions from Urbach tail absorption and pos
sible photoionization of deep-level defect states (including Fe-related 
centers), thereby increasing the population of trapped holes. The trap
ping of photo-generated holes reduces their recombination probabil
ity with mobile conduction-band electrons and introduces delayed 
carrier release, leading to longer rise times (sr) and pronounced per
sistent photoconductivity (PPC), manifested as extended decay times 
(sd). This behavior is further supported by the optical transmission 
spectrum [Fig. 7(c)], which shows a transition from strong absorption 
to increasing transparency in this wavelength range.

For longer wavelengths k > 280 nm), carrier generation is 
defect-assisted. In this regime, sr slows to �2.5–5 ns due to the trap- 
mediated generation and capture–emission kinetics. A substantial 
portion of the temporal variation in this regime correlates with the 

FIG. 7. (a) Switch-on and (b) switch-off times of the Fe-doped Ga2O3 PCSS with variation in excitation wavelength (c) optical transmission spectrum of the b-Ga2O3 sample 
under test and (d) laser pulse energy with wavelength.
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wavelength-dependent laser pulse energy [Fig. 7(d)]. Specifically, the 
marked increase in sr between 320 and 350 nm is consistent with 
slower trap-assisted generation coupled with the high incident pulse 
energy, which increases the total photon flux. At even longer wave
lengths (�400–500 nm), the increased pulse energy leads to higher 
photon flux; however, due to reduced optical absorption, the peak 
photocurrent remains comparatively low, while the increased photon 
flux primarily modulates the temporal response through changes in 
carrier generation rate and trap occupancy.

The decay dynamics shown in Fig. 7(b) exhibit a complementary 
wavelength dependence. For wavelength lower than 265 nm, rapid 
current quenching is observed due to efficient electron–hole recombi
nation following band-to-band absorption. For longer wavelengths 
(k> 280 nm), excitation predominantly activates shallow defect states, 
resulting in weak and short-lived photocurrent. In contrast, illumina
tion in the 265–280 nm range produces a markedly prolonged switch- 
off time. This behavior is attributed to persistent photoconductivity 
arising from the photoionization of deep defect complexes, likely 
associated with Fe-related centers or vacancy-related states,25–28 

which act as long-lived hole traps. Following near-band edge excita
tion, the trapping of photo-generated holes spatially and energetically 
decouples them from mobile conduction-band electrons, thereby sup
pressing recombination. As a result, the decay of the photoconductive 
current is governed by the slow thermal emission or recombination of 
trapped holes, producing delayed conductivity recovery after removal 
of optical excitation. This recombination bottleneck effectively enhan
ces carrier lifetime and photoconductive gain, leading to the observed 
persistent photocurrent.

In summary, excitation at 245 nm yields a relatively low FoMRC 
of �1.42� 10−7 S/W compared to FoMRC of �4.7� 10−6 at 272 nm 
excitation. The comparative 3D plots in Fig. 8 (Table S1 in the 
supplementary material) highlight the improved switching perfor
mance of the developed Fe-doped b-Ga2O3 PCSS relative to previ
ously reported ultra-wide-bandgap photoconductive switches.8,29–33 

As shown in Fig. 8(a), the device demonstrates a significantly reduced 
effective switching resistance (Vbias=Ipeak), indicating efficient 

high-current conduction under moderate bias and sub-bandgap 
optical excitation. In particular, the ability to deliver ampere-level 
photocurrents with an on-state resistance of �10 X represents a sub
stantial improvement over earlier Fe-doped b-Ga2O3 and diamond- 
based PCSS devices, which typically required higher optical excitation 
levels or exhibited considerably larger effective on-state resistance.

Complementarily, Fig. 8(b) presents a comparison of the respon
sivity–conductance figure of merit (FoMRCÞ of previously reported 
Ga2O3- and diamond-based PCSS devices. A high FoMRC of 
4.7� 10−6 S/W is demonstrated at 272 nm. Notably, this high FoMRC 
is achieved alongside a low on-resistance of 10.4 X, demonstrating 
efficient optical-to-conductive conversion under optimized excitation 
and electrode geometry. The improvement is attributed to an opti
mized electrode geometry, which provides a uniform electric-field dis
tribution and enhances carrier collection efficiency. Collectively, these 
results highlight the competitive switching performance of the present 
Fe-doped b-Ga2O3 PCSS among recently reported UWBG photocon
ductive switches, combining high peak photocurrent, low on- 
resistance, and strong optical-to-electrical conversion efficiency 
within a compact and scalable device architecture. A logarithmic ver
tical scale is used to capture the wide dynamic range of responsivity 
and current, allowing both low- and high-level performance regimes 
to be clearly visualized within the same plots.

In conclusion, this work demonstrates the enhanced photocon
ductive switching performance under sub-bandgap excitation in 
Fe-doped b-Ga2O3 PCSS. This performance enhancement is enabled 
through the concurrent optimization of the anode grid pitch, serving 
as both the optical access window and the electric-field shaping ele
ment, and the excitation wavelength. The results show that excitation 
at 272 nm with a 40-lm contact pitch maximizes volumetric carrier 
generation and collection, yielding a peak photocurrent of 4.14 A, a 
low on-resistance of 10.4 X, and a corresponding FoMRC of 4.7� 10−6 

S/W, thereby establishing a new benchmark for UWBG photocon
ductive switching technologies. For excitation at wavelengths 
longer or shorter than this optimum wavelength, device performance 
progressively diminishes due to increased optical transmission 

FIG. 8. Performance benchmarking of the Fe-doped b-Ga2O3 PCSS against previously reported ultra-wide-bandgap photoconductive switches. (a) Effective on-state switch
ing resistance (Reff ¼ Vbias=Ipeak) and (b) responsivity–conductance figure of merit (FoMRC) as functions of excitation wavelength and optical pulse peak power.
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(weaker absorption) and surface-confined photocarrier generation 
(experiencing a weak vertical field), both of which limit collection effi
ciency. Collectively, these results position Fe-doped b-Ga2O3 as a 
highly promising, cost-effective platform for next-generation high- 
power photoconductive switching, offering improved conductance 
and efficiency compared to recently reported UWBG-based PCSS 
counterparts.

See the supplementary material for additional data comparing 
the performance parameters of lateral and vertical electrode PCSS 
structures fabricated using ultra-wide-bandgap Ga2O3 and diamond 
materials.
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