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Abstract

This letter reports the first characterization of InAlN/GaN-on-Si solid-state detectors under 

ultra-high dose-per-pulse (UH-DPP) electron irradiation for FLASH radiotherapy applications. 

Unpassivated Ni/Au metal-semiconductor-metal (MSM) and two-dimensional electron gas 

(2DEG) interdigital transducer (IDT) detectors exhibited the best transient performance, with 

the 2DEG IDT resolving individual pulses as short as 3 μs rise and 325 μs fall times and 

achieving a signal-to-noise ratio (SNR) exceeding 220 under 2 Gy pulses. Across a dose-per-pulse 

(DPP) range of 0.05–0.5 Gy, the 2DEG IDT detector demonstrated consistent, dose-dependent 

voltage responses with sensitivities of 0.5–0.9 V/Gy and a normalized sensitivity of 48.75 

nC/Gy/mm2, one to two orders of magnitude higher than reported SiC and diamond detectors. 

These results establish InAlN/GaN detectors as promising candidates for compact, high-speed, 

and radiation-tolerant dosimetry systems capable of real-time single-pulse monitoring in clinical 

FLASH radiotherapy.
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I. INTRODUCTION

A novel external beam radiotherapy (EBRT) technique called FLASH radiotherapy that 

uses ultra-high dose-rate (UHDR) of at least 40 Gy/s electron/proton/X-ray beams has been 

investigated for cancer treatment to minimize the radiation-induced damage in surrounding 

healthy tissue with fewer and shorter treatments of about 90 ms [1]. However, due 

to the significantly higher dose rate and shorter treatment time, FLASH radiotherapy 

presents challenges in dosimetry compared to conventional EBRT. Traditional techniques 

for dosimetry including ion chambers and radiochromic films offer limited response times 

and saturate high dose rates, precluding accurate in vivo transit dosimetry for safe FLASH 

radiotherapy [1]. In order to overcome these challenges, preliminary demonstrations of 

FLASH radiotherapy dosimeters have been reported [2–5]. Single pulse detection, necessary 

for real-time dose monitoring and in particular to allow stopping the beam when the 

prescribed dose has been reached, has only been demonstrated in diamond-based solid-state 

detectors [6, 7]. Recently, high-pressure high-temperature (HPHT)-grown diamond detectors 

as a cheaper alternative have shown promising performance [8], yet their fabrication and 

scalability remain more restrictive than those of GaN technologies, which enable detector 

arrays and monolithic integration.

In contrast, wide-bandgap gallium nitride (GaN) is significantly cheaper than diamond 

and benefits from a more mature fabrication processes [9]. GaN also exhibits high 
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breakdown voltage and electron saturation velocity [10], making it well-suited for high-

speed detection. Paramount for EBRT applications, GaN-based devices have exhibited 

strong radiation tolerance in high-energy particle and photon environments, maintaining 

performance after exposure to total ionizing doses exceeding tens of kGy and post-

irradiation I-V recovery after hundreds of kGy [11–13]. Additionally, the polarization-

induced two-dimensional electron gas (2DEG) formed in GaN heterostructures enables 

high carrier density and mobility without the need for doping; 2DEG-based GaN devices 

have demonstrated excellent performance in sensing and high-frequency applications [14, 

15]. While aluminum gallium nitride/gallium nitride (AlGaN/GaN) heterostructures are 

primarily used in GaN-based sensing applications, indium aluminum nitride/gallium nitride 

(InAlN/GaN) heterostructures support higher 2DEG density and carrier confinement [16]. 

These attributes make InAlN/GaN attractive for enhancing signal amplitude and reducing 

RC-limited response times, advantageous for fast, high-dose rate dosimetry [17]. In this 

work, we demonstrate for the first time the application of InAlN/GaN solid-state detectors 

for FLASH radiotherapy dosimetry, achieving individual pulse resolution with rise and 

fall times of 3 μs and 325 μs, respectively, and a signal-to-noise ratio exceeding 1600. 

These results establish InAlN/GaN-on-Si metal-semiconductor-metal (MSM) and 2DEG 

interdigital transducer (IDT) devices as promising candidates for high-speed, real-time 

monitoring of FLASH beams across clinically relevant dose rates. Importantly, the observed 

linear relationship between detector signal intensity and dose-per-pulse (DPP) provides a 

pathway for precise system calibration and feedback control.

II. FABRICATION AND MEASUREMENT

A. Device Fabrication

Detectors were fabricated on a commerically-sourced InAlN/GaN-on-Si wafer. The nitride 

epitaxial stack comprises a 10-nm thick In0.17Al0.83N barrier layer, 0.8-nm thick AlN spacer, 

900-nm thick Fedoped GaN strain management buffer layer, and an active 300-nm thick

GaN layer grown on a 675-μm thick p-type Si substrate (Fig. 1a). Hall effect measurements

indicate a two-dimensional electron gas (2DEG) sheet carrier concentration of 13.624 ×

1012 cm−2 and a mobility of 914.5 cm2/V·s. Three key device parameters were evaluated in

this work: the presence of 2DEG formed at the InAlN/GaN interface, the use of the 2DEG

as an interdigitated transducer (IDT), and the deposition of an Al2O3 passivation layer. 

InAlN/GaN MSM and IDT detectors incorporating the 2DEG channel were fabricated on the 

mesa, with the 2DEG IDT fingers defined by chlorine-based reactive ion etching (RIE) of 

the InAlN barrier to a depth of approximately 90 nm. In contrast, the GaN MSM detector 

was realized by fully removing the InAlN barrier in the active region during the same RIE 

etch. Following mesa definition, Ni/Au (50/150 nm) Schottky metal was deposited as the 

electrodes and bond pads of the MSM devices, excluding the etched 2DEG IDT fingers. 

Lastly, a subset of detectors were passivated with 15-nm thick atomic layer deposited (ALD) 

Al2O3. Optical microscope images of the fabricated detectors are shown in Fig. 1(b)–(e). All 

finger widths and spacings are 5 μm and 3 μm, respectively. The active area of all detectors 

is ~4000 μm2.
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B. Measurement Setup

The detector die was adhered to a printed circuit board (PCB) and detector bond pads 

were wire bonded to PCB pads. This inner PCB was connected to an outer PCB via pin 

headers and sockets, which was interfaced with BNC cables via connectors for electrical 

measurements (Fig. 2a). Both the inner and outer PCBs were wrapped in aluminum foil 

to prevent electromagnetic interference. The detectors were measured in-situ using a 15 or 

16 MeV electron beam generated by a modified clinical linear accelerator (Clinac 2100C, 

Varian Medical Systems) [18]. The Clinac was operated in 15 MV (photon) mode with 

the target removed to obtain a pulsed electron beam with a dose of 0.5 Gy per 5 μs 

pulse (instantaneous dose rate: 105 Gy/s; average dose rate: 90 Gy/s) or 0.36 Gy per pulse 

(instantaneous dose rate: 7×104 Gy/s; average dose rate: 65 Gy/s) or in 16 MeV (electron 

mode) to obtain a dose rate of 0.025 Gy per pulse (instantaneous dose rate: 5000 Gy/s; 

average dose rate: 4.5 Gy/s). Source to sample distance was 170 cm. The pulse rate was 

180 Hz for most experiments. For a subset of experiments, a lower pulse rate of 15 Hz 

(0.36 Gy/pulse; 5.4 Gy/s) was used. Gun current and deQing were set as described in [19] 

to achieve the required dose rate. Dose rate was measured using an Advanced Markus ion 

chamber and Unidos E electrometer and verified using EBT3 Gafchromic film (Ashland 

Inc.). Readout was performed using a Keysight B2901A source measure unit (SMU) with a 

1 V bias, and a Digilent Analog Discovery 3 digital oscilloscope for current sampling and 

voltage signals, respectively. Figure 2(b)–(c) shows the CLINAC and detector setup.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The sampled current signal from the Keysight B2901A SMU over time of the Al2O3 Ni/

Au-MSM, Ni/Au-MSM, GaN Ni/Au-MSM, and 2DEG IDT, all exposed under 360 pulses of 

0.36 Gy/pulse dose (total of 129.6 Gy), is displayed in Fig. 3. The total period of irradiation 

was ~2 seconds. This cumulative irradiation sequence not only allowed the evaluation 

of the detector response over a clinically relevant total dose rate, but also served as an 

initial indicator of radiation hardness, as all devices maintained functionality throughout 

extended exposure. Rise and fall times were defined as the time intervals between 10% and 

90% of the signal maximum and vice versa (Table 1). Unpassivated and Al2O3-passivated 

Ni/Au-MSMs were compared first. The rise time of the unpassivated Ni/Au-MSM shown 

in Fig. 3 and Table 1 was the shortest, at τr= 0.89 s. This discrepancy is attributed to 

charge accumulation in the Al2O3 passivation layer and charge trapping at the dielectric-

semiconductor interface. Interface traps can occur due to fabrication defects introduced 

during ALD, such as oxygen vacancies and dangling bonds, as well as lattice mismatch at 

the border. These features capture and release carriers, leading to a higher threshold voltage 

and therefore a slower RC response [20]. Due to this significantly faster fall time without 

passivation, unpassivated GaN Ni/Au-MSM and 2DEG IDT devices were chosen to expose 

under the electron beam as well. Both the GaN Ni/Au-MSM and 2DEG IDT detectors 

exhibited a lower total sampled current compared to the InAlN Ni/Au-MSM devices, 

despite having the same active area. The lower current in the 2DEG IDT is attributed to 

a slight lateral misalignment (25 μm) between the mesa and the MSM layers, resulting in 

asymmetric contacts as seen in Fig. 1(d). A lower current is expected in the GaN MSM as a 

result of its much lower carrier density. The longer apparent fall time in cumulative signals 
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likely arises from charge trapping during repeated pulses; individual pulse response remains 

symmetric and fast (~3 μs).

Due to its superior fall time, the unpassivated 2DEG IDT detector was selected for high-

speed pulse-resolution measurements with a Digilent digital oscilloscope. As shown in 

Figure 4, the detector successfully resolved two consecutive 2 Gy pulses, with a minimal 

voltage variation of 4 mV. Each pulse was detected within 3 μs with a signal-to-noise ratio 

(SNR) of an average of 261. The signal decayed back to baseline within 300 μs, well before 

the arrival of the next pulse in a period of 5.5 ms, corresponding to an effective pulse width 

of ~300 μs. These results demonstrate that the 2DEG IDT can reliably detect individual 

pulses with high temporal resolution and rapid recovery, making it a strong candidate 

for real-time dosimetry tasks such as active gate beaming or precise dose cut-off during 

treatments, a critical requirement for safe administration of FLASH radiotherapy. Fig. 5 

presents the individual pulse voltage signals and sensitivities of the unpassivated 2DEG IDT 

when exposed to different DPP levels, with summarized metrics in Table 2. The detector 

consistently resolved each pulse across the tested range (0.05–0.5 Gy/pulse), with rise times 

remaining within a few microseconds and fall times below 350 μs. The inset highlights the 

calculated sensitivity (V/Gy) based on the peak voltage of each pulse, showing no saturation 

effects. The nearly linear increase in peak signal with dose confirms that the detector output 

is directly proportional to absorbed DPP, establishing a pathway for converting measured 

voltage signals to absolute dose. Fig. 6 further illustrates the clear correlation between 

voltage signal intensity and DPP. The unpassivated 2DEG IDT demonstrates consistent, 

dose-dependent voltage responses across varying DPP levels, with sensitivity ranging from 

0.5 to 0.9 V/Gy. The voltage variation in Fig. 4 and the nonlinear response in Fig. 6 likely 

arise from transient charge trapping and RC limitations in the readout circuit, compounded 

by undersampling of fast transients at the 800 kHz acquisition rate. Future work will employ 

higher-bandwidth readout and extended pulse trains to further quantify and mitigate these 

effects.For comparison with existing technologies, Table 3 tabulates the time to 99.5% 

charge collection, DPP sensitivity, and active area of this work compared to previously 

reported state-of-the-art silicon carbide (SiC) and diamond detectors for FLASH dosimetry. 

The InAlN/GaN 2DEG IDT achieved the fastest rise time, outperforming both SiC and 

diamond. Although the absolute sensitivity of the SiC detector (~450 nC/Gy) is higher, 

it requires a much larger active area (100 mm2), resulting in a relatively low normalized 

sensitivity of ~4.5 nC/Gy/mm2. In contrast, the 2DEG IDT demonstrates a compact active 

area of only 0.004 mm2 with a normalized sensitivity of 870.66 nC/Gy/mm2, nearly three 

orders of magnitude greater than SiC and an order of magnitude higher than diamond. This 

highlights the exceptional efficiency of the InAlN/GaN platform when scaled down to small 

detector footprints, a critical attribute for integration into high-density arrays or minimally 

invasive in vivo probes.

IV. CONCLUSION

In summary, InAlN/GaN-on-Si MSM and IDT detectors demonstrated high-speed 

performance under FLASH-relevant irradiation, with the unpassivated 2DEG IDT achieving 

the fastest response and reliable single-pulse detection. A clear correlation between signal 

intensity and dose-per-pulse was established, enabling straightforward calibration. These 
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results highlight the promise of GaN-based wide bandgap devices as compact, low-cost 

candidates for real-time FLASH dosimetry. Future work will investigate charge trapping 

effects under cumulative irradiation to further elucidate the observed slow decay in sampled 

signals and focus on improving linearity, extending to higher dose-per-pulse regimes, and 

assessing long-term radiation hardness.
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Fig. 1. 
(a) Schematic of the InAlN/GaN two-dimensional electron gas (2DEG) interdigital

transducer (IDT) detector shown in (d). Top view optical microscope images of the

microfabricated (b) Al2O3-passivated InAlN/GaN Ni/Au metal-semiconductor-metal (MSM) 

detector, (c) unpassivated InAlN/GaN Ni/Au MSM detector, (d) InAlN/GaN 2DEG IDT 

detector and (e) GaN Ni/Au MSM detector.
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Fig. 2. 
Experimental test setup for FLASH irradiation of InAlN/GaN detectors. (a) Detector 

die packaged on PCB. (b) Shielded detector assembly mounted on an aluminum frame, 

positioned at the irradiation site. (c) Modified Clinac with arrow indicating the detector 

placement relative to the beam path.
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Fig. 3. 
Sampled current signals over time of the demonstrated Ni/Au-MSM, Al2O3 Ni/Au-MSM, 

GaN Ni/Au-MSM, and 2DEG IDT detectors with annotated rise and fall times. Gray shaded 

regions indicate when the electron beam was on for a total dose of 129.6 Gy.
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Fig. 4. 
Voltage response over time of the demonstrated unpassivated InAlN/GaN 2DEG IDT 

detector under two consecutive 2 Gy pulses with rise time, fall time, and SNR annotated.
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Fig. 5. 
Voltage response over time of the demonstrated unpassivated InAlN/GaN 2DEG IDT 

exposed under varying dose-per-pulse (DPP). The inset shows the sensitivity (V/Gy) 

calculated from the peak voltage signal of the 2DEG IDT across varying DPP.
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Fig. 6. 
Voltage signal peaks of the InAlN/GaN 2DEG IDT detector DPP ranging from 0.05 Gy/

pulse to 0.5 Gy/pulse with linear fit.
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TABLE 1.
Rise and fall times (τr, τf) of fabricated GaN-based detectors under FLASH-relevant 15 MeV electron beam 

irradiation for a total dose of 129.6 Gy for 2 seconds.

Detector τr (s) τf (s)

InAlN/GaN Ni/Au-MSM 0.89 86.94

Al2O3 InAlN/GaN Ni/Au-MSM 1.76 72.85

GaN Ni/Au-MSM 1.26 73.39

InAlN/GaN 2DEG IDT 1.49 41.21
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TABLE 2.
Rise time, fall time, and signal-to-noise ratio (SNR) of the InAlN/GaN 2DEG IDT from 0.05 Gy/pulse to 0.5 

Gy/pulse.

Absorbed Dose (Gy/pulse) τr (μs) τf (μs) SNR

0.05 2 205 70.84

0.12 3 255 134.71

0.33 3 289 361.90

0.475 3 324 529.64

0.5 3 325 1606.15
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TABLE 3.
Comparison of rise time to 99.5% of peak charge, sensitivity, and active areas of 2DEG IDT and reference 

detectors

Detector τr (μs) Sens. (nC/Gy) Active Area (mm2) Sens./Active Area (nC/Gy/mm2)

InAlN/GaN 2DEG IDT (This work) 1.55 3.483 0.004 870.66

SiC [3] - ~450 100 ~4.5

Diamond [10] - 25.16 0.8 31.45
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