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ABSTRACT: We present an approach to water quality monitoring
using gallium oxide (Ga2O3) ultrawide-band-gap semiconductors.
Nitrates, dissolved organic carbon, and suspended solid concen-
trations are three commonly measured water quality parameters
that display optical absorption ranging from the deep ultraviolet to
the visible region. This broad spectral region poses a challenge for
accurate and efficient (simultaneous) measurement of absorption/
extinction arising from varying concentrations of these parameters
because silicon (Si), the classical detector material, has poor
performance across this optical region. To overcome these
limitations, we propose the use of ultrawide-band-gap semi-
conductors to trace changes in optical absorption from varying
water compositions by measuring the photocurrent response at
different wavelengths. Here, we use α-phase Ga2O3 as a suitable material to measure a broad photocurrent response ranging from
200 to 465 nm. The photocurrent response consisted of three well-defined regions inherently linked to the rich electronic landscape
of the material. Region (i) (200−250 nm) corresponds to band-to-band excitation of charge carriers, aligning well with the
absorption characteristics of nitrates. Region (ii) (250−350 nm) corresponds to band tail-related transitions, allowing a
photocurrent response to dissolved organic carbon concentrations. Finally, we utilize defect-mediated transitions in Region (iii)
(350−465 nm) to monitor suspended solid concentrations. It was observed here that the sensitivity of the photocurrent response to
the changing water composition strongly depends on the excitation wavelength, where 225, 260, and 465 nm excitation yielded (for
our setup) the best results for the monitoring of nitrates, dissolved organic carbon, and suspended solid concentrations, respectively.
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■ INTRODUCTION
Ensuring access to clean water is of paramount human and
ecological importance. It is estimated that around 1 billion
people worldwide lack access to clean water, resulting in over 2
million deaths per year.1 With population rapidly expanding,
and industrial applications reducing the availability of water
which is safe for human consumption, there is a growing need
to effectively monitor the quality of water.2,3 The importance
of water quality has been recognized at an international level,
with the United Nations listing clean water and sanitation as a
Sustainable Development Goal, with the target of establishing
clean water for all by 2030.1 The first step to reduce harmful
contaminants in water sources is to develop effective methods
to monitor their concentrations.
The concentration of certain compounds in water can serve

as an excellent metric to define water quality. Three common
impurities are nitrates, dissolved organic carbon (DOC), and
suspended solid concentration (SSC). Nitrates are compounds
that are formed in the natural nitrogen cycle and used in many
applications ranging from fertilizers to explosives. Nitrates are
the most common contaminants in water and can have a

detrimental effect on human health by enhancing pathogenesis
of some gastric cancers.4,5 Furthermore, elevated nitrate levels
will have adverse effects on aquatic animals, causing
histopathological alterations in the gills, esophagus, and
brain.6 Nitrate incorporation in aquatic life will inevitably
have repercussions on human consumption via the food chain.
DOC can come from a variety of sources but usually from the
decomposition of dead organic matter, including plants and
wildlife. It can have staggering effects on water quality due to
its ability to form complexes to alter the mobility of heavy
metals and challenges the efficiency of water treatment
processes.7 Finally, SSC is a measure of suspended solids
residing in water. Suspended solids in large concentrations

Received: December 4, 2025
Revised: January 27, 2026
Accepted: January 29, 2026
Published: February 4, 2026

Articlepubs.acs.org/acsaom

© 2026 The Authors. Published by
American Chemical Society

547
https://doi.org/10.1021/acsaom.5c00620
ACS Appl. Opt. Mater. 2026, 4, 547−552

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Nicol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aurora+Uras"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathalie+Lidgi-Guigui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+J.+Peveler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nu%CC%81ria+Marti%CC%81nez-Carreras"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabien+C%E2%88%92P.+Massabuau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabien+C%E2%88%92P.+Massabuau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaom.5c00620&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00620?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00620?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00620?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00620?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaoma6/4/2?ref=pdf
https://pubs.acs.org/toc/aaoma6/4/2?ref=pdf
https://pubs.acs.org/toc/aaoma6/4/2?ref=pdf
https://pubs.acs.org/toc/aaoma6/4/2?ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaom.5c00620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaom?ref=pdf
https://pubs.acs.org/acsaom?ref=pdf
https://creativecommons.org/licenses/by/4.0/


reduce light penetration and can act as an absorber altering the
physical, chemical, and biological properties of water.
Increased water temperatures and reduced dissolved oxygen
levels through a reduction in the photosynthesis process are
linked to high SSC levels absorbing light.8 To deliver the
United Nations’ Sustainable Development Goal 6 of access to
clean water for all, it will be critical to develop solutions to
effectively monitor nitrate, DOC, and SSC levels in water in a
convenient way that can be widespread, energy-efficient, and
simple to use.
Recently UV−vis spectrophotometry has been gaining

attention as an effective water monitoring method able to
trace impurity concentrations over a wide spectral range.9 The
aforementioned water quality parameters exhibit different
absorption characteristics; nitrates strongly absorb light in
the 200−250 nm spectral region, DOC exhibits characteristic
absorbance in the 250−350 nm range, and SSC dominantly
affects absorption in the 350−700 nm range.10,11 However,
several system requirements limit the practical use of UV−vis
spectrophotometry to conduct water quality monitoring in situ
in water streams. To monitor the water absorbance over a wide
spectral range, UV−vis systems employ light sources, often a
combination of xenon and halogen bulbs, which are inefficient,
bulky, and fragile and having a limited lifetime. The
requirement to spectrally resolve the broad light sources
means that an extra monochromator is necessary. Lastly, Si-
based photodetectors and photomultiplier tubes are the
current industry standard in terms of detectors12−14 but are
not well suited for nitrate or DOC monitoring due to their
poor responsivity�typically <0.1 A/W�in the ultraviolet
(UV) range. Furthermore, with a band gap energy of 1.1 eV,
exposure to UV light would result in an acceleration of Si-
based device aging; degradation of Si-based devices under UV
exposure has been reported in UV sensors15,16 as well as
photovoltaic modules.17,18 Overall, this presents a current
challenge in the field to be able to monitor nitrate, DOC, and
SSC levels simultaneously while ensuring that the detection
device is cost-effective and compact.
The recent emergence of ultrawide-band-gap semiconduc-

tors such as gallium oxide (Ga2O3), with band gap energies

nearing 5 eV (ca. 250 nm), is opening new opportunities for
deep UV sensing with greater efficiency as well as reduced size
and power consumption requirements compared to Si-based
detectors. Although the performance of Ga2O3-based photo-
detectors varies widely between studies�with reported
responsivities ranging from 10−5 to 105 A/W depending on
the fabrication method, crystal phase, device architecture, or
measurement conditions�state-of-the-art devices now rou-
tinely achieve responsivities of 1−103 A/W in the UV range,
significantly greater than conventional commercial UV-
enhanced photodiodes.14,19 Ga2O3 is typically referred to as
a solar-blind photodetector, implying that the material is
insensitive to light with a wavelength longer than 280 nm.
However, experimental and theoretical studies have shown that
a large distribution of defect states within the band gap in
Ga2O3 facilitate the absorption of light at sub-band-gap
wavelengths.20,21 In this study, we demonstrate that we can
take advantage of the different electronic transition pathways
(band-to-band, defect-to-band) in Ga2O3 to realize a simplified
setup, allowing the monitoring of nitrate, DOC, and SSC levels
in water.

■ METHODS
A 250 nm-thick film of undoped α-phase Ga2O3 was deposited on a c-
plane sapphire (α-Al2O3) substrate using plasma-enhanced atomic
layer deposition following the growth procedure detailed in 22. The
sample was processed into a planar photodetector device by
deposition of Cr/Au metal contacts with 3/30 nm thickness in an
interdigitated finger configuration with 15 μm spacing, as shown in
Figure 1a,b. X-ray diffraction (XRD) diffractograms (Figure 1c) reveal
a dominant reflection centered near 2θ = 40.25°, which is associated
with the 0006 reflection from α-Ga2O3 and a peak at 2θ = 38.20°
associated with the 111 reflection from the Au electrode (the Cr
electrode is too thin to produce sufficient signal). On similarly grown
samples, the rocking curve on the 0006 reflection had a full width at
half-maximum (FWHM) of 22 arcsec, while the 101̅4 reflection had a
FWHM of 5469 arcsec. Transmission electron microscopy (TEM)
measurements supported the XRD conclusion that the material was
dominantly α-Ga2O3, and Figure 1d confirms that the film consisted
of α-Ga2O3 columns (lighter contrast) with inclusions of amorphous

Figure 1. (a) Schematic of the cross-section of the Ga2O3-based photodetector. (b) Scanning electron micrograph of the device structure, with the
inset showing a magnified image of the interdigitated fingers. (c) XRD diffractogram revealing reflections from the substrate (α-Al2O3), film (α-
Ga2O3), and electrode (Au). (d) Cross-sectional TEM image of the device. (e) Photodetector responsivity and (f) photo-to-dark current ratio
versus wavelength, with labeled characteristic absorption ranges of nitrates, DOC, and SSC based on refs 10,11.
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and κ-Ga2O3 between the columns (darker contrast), in line with
previous findings.22

Optical excitation was carried out under two different regimes. To
test for nitrate absorption, a Thorlabs SLS204 deuterium light source
coupled to a SolarLS ML44 monochromator was used to illuminate
the sample. For DOC and SSC testing, a range of Thorlabs LEDs with
different peak wavelengths (250, 260, 275, 375, 405, and 465 nm)
were used. The generated light was collimated through a quartz
cuvette before illumination of the Ga2O3 photodetector. A Signatone
probe station coupled with a Keithley 6487 picoammeter was used to
apply a 10 V bias across the device and measure the photocurrent.
The dark current in this device was 18 pA at 10 V bias. Upon
illumination, the photocurrent was first allowed to reach a steady state
with an empty cuvette, and the cuvette was subsequently filled with
water containing various concentrations of nitrates, DOC, and SSC,
following which the new steady-state photocurrent was recorded.
Water samples with nitrate (N-NO3) concentrations ranging from

1.69 to 67.7 mg/L were prepared using a 1000 mg/L NO3− (225.8
mg/L N-NO3) standard for IC (Sigma-Aldrich, St. Louis, MO, USA).
Water samples with DOC concentrations ranging from 1.99 to 6.7
mg/L were collected from different streams within the Attert River
basin (northwest Luxembourg), acidified for preservation, and
analyzed using a Torch combustion TOC analyzer (Teledyne-
Tekmar, USA). Water samples with SSC ranging from 22.4 to 1247
mg/L were prepared using fine particles (ca. 30 μm).

■ RESULTS AND DISCUSSION
The key characteristics of the Ga2O3 photodetector against the
illumination wavelength are displayed in Figure 1e,f. Here, the
spectra are obtained through direct illumination, i.e., no light is
passing through a water sample, using the spectrally filtered
deuterium lamp from 200 to 300 nm and LEDs for longer
wavelengths, as the deuterium lamp was too weak to generate a
measurable photocurrent. The responsivity R describes the
photogenerated current per incident optical power P, which
provides useful insights into the fundamental properties of the
photodetector. Here, we can see that the photogenerated
current is maximal in the deep UV region corresponding to the
band gap of the material (ca. 230−250 nm). At longer incident
wavelengths, the responsivity exponentially decays from ca.
250 nm, the extent and steepness of which are indicational of
disorder and defectivity in the material.23 The photo-to-dark
current ratio (PDCR) (Figure 1f) is a related metric describing
the photogenerated current Iphoto compared to the dark current
Idark, without normalization for incident illumination power.
This metric holds great significance in technological
applications because it allows for the consideration that over
a broad spectral range, the available output power of
illumination sources will vary significantly. The detector
characteristics highlighted here demonstrate the broad
response properties of Ga2O3 extending from the deep UV
into the visible wavelength range. While the responsivity and
PDCR plots show similar trends, we see that the decrease in
the PDCR at long wavelengths is less pronounced than for the
responsivity, spanning 3 orders of magnitude instead of 5, and
is due to the availability of more powerful LEDs in visible and
near-UV regions (typically 5−10 mW) compared to the deep
UV (typically 0.5−1 mW) or spectrally resolved deuterium
source (approximately 10−60 nW). Looking at the curves in
more detail, we can distinguish three regions relating to the
electronic band structure of the material, as schematized in
Figure 2.
The first region, Region (i), extends from 200 to 250 nm.

Given the reported band gap of ca. 5.1−5.3 eV for α-
Ga2O3,

24−26 the photoresponse in Region (i) is attributed to

intrinsic photogeneration of free carriers in the conduction
band excited from the valence band. In that region, the
photocurrent is ca. 300 times greater than the dark current,
demonstrating excellent sensing capabilities at these wave-
lengths. The UV sensing capabilities in Region (i) align
perfectly with the characteristic absorption of nitrates.10,11

Region (ii) extends from 250 to 350 nm and is related to the
photocurrent arising from carriers generated through tran-
sitions between band tail states. In a direct-band-gap
semiconductor with no states in the band gap, the absorption
coefficient should fall rapidly to zero at photon energies lower
than the band gap energy, scaling as (hν−Eg)1/2.27 However, as
the material quality degrades, attributed to a number of factors
including point defect incorporation, extended defects, and
phase purity, the absorption edge broadens into the band gap,
referred to as a “band tail”. Typically, for high-quality single-
crystal materials, the band tail would be in the order of 10s of
meV (e.g., for ZnO28 and GaN29), but is of the order of 100−
200 meV for Ga2O3.

20,30 In this study, thin-film α-Ga2O3 was
used, and XRD data in Figure 1c show a single narrow peak for
α-Ga2O3, but previous analysis by TEM revealed the presence
of small inclusions of amorphous and κ-phase Ga2O3 (as
shown in Figure 1d)22 as well as high densities of dislocation
and grain boundaries.31 The results of these measurements
justify the broadening of the absorption edge that we observe
here. The broad exponential tail in semiconductors may be
considered a negative aspect in terms of structural quality;
however, it is beneficial in the context of water quality testing
capabilities since a measurable photocurrent can be extracted
at wavelengths below the band gap energy of the material. The
photocurrent measurements and absorption characteristics
shown in Figure 1e indicate that Region (ii) aligns well with
the absorption characteristics of DOC.10,11 Finally, Region (iii)
extends from 350 nm to the visible range and relates to defect-
assisted transitions to the conduction band. Ga2O3 is a
relatively new material, incorporating a large number of defects
resulting in a high density of states distributed throughout the
band gap.21 While the photocurrent generated through these
transitions is 4−5 orders of magnitude lower than for band
edge transitions, the availability of powerful LEDs (typically
several mWs) in this wavelength range makes it a practical
region to probe SSC contamination for the purposes of water
quality testing.10,11 Therefore, Figure 1e,f shows that, in
principle, we can take advantage of the different electronic
transition pathways in α-Ga2O3 to monitor nitrate, DOC, and
SSC levels in water.
We assessed the ability of the Ga2O3 photodetector to sense

variations in the concentrations of these water quality
parameters. According to the Beer−Lambert law,9,32 the

Figure 2. Diagram indicating the various electronic pathways to the
conduction band to enable water quality monitoring for (i) nitrates,
(ii) DOC, and (iii) SSC.
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luminous intensity on the photodetector (at the relevant
wavelength for the water constituent) is expected to be an
exponential function of its concentration; this behavior was
verified for our samples using UV−vis spectrophotometry. The
photodetector then converts that luminous intensity into a
photocurrent following a power law (Iphoto ∝ Pγ), where the
coefficient γ depends on the photosensitive material as well as
experimental parameters, including the illumination power
itself.23 Where the light impinging the photodetector spans a
relatively small range of power, γ can be considered constant,
leading to an exponential dependence of the photocurrent with
the water constituent concentration. However, for a wide
power range, γ has been shown to vary for our device,23 leading
to a nonexponential trend between the photocurrent and the
water constituent concentration.
Figure 3a shows the effect of the nitrate concentration on

the measured photocurrent using the above band gap 225 nm
illumination. Here the excitation was generated from a
deuterium light source due to the low availability of LEDs in
the suitable wavelength range; however, it is noteworthy that
rapid advances in UV LED technology suggest that these will
soon be commercially available with optical power in the mW
range,33 offering a significant improvement in terms of optical
power, lifetime, system size, and power consumption compared
to the deuterium sources. Here, we observe a nonexponential
behavior which we attribute to the γ coefficient varying over
the wide range of compositions tested, which leads to
variations of 2 orders of magnitude in illumination power.
We nevertheless observe a substantial change in the photo-
current with the nitrate concentration, which underlines the
advantage of Ga2O3 over Si-based detectors owing to its
greater responsivity in the deep UV range. While nonexpo-
nential, that clear trend presents a method of calibration which
can be used to estimate concentration levels in untested water
samples. Figure 3b shows the effect of the DOC concentration
on the measured photocurrent. Using a 260 nm LED as the
illumination source providing below-band-gap excitation, we
observe an exponential relationship between the DOC
concentration and the photocurrent with a goodness of fit R2
of 0.86. This demonstrates the excellent capabilities of Ga2O3
for DOC detection in water. Lastly, Figure 3c shows the
impact of SSC levels on the measured photocurrent using a
465 nm LED to provide below-band-gap excitation. We
observe an exponential relationship between the SSC
concentration and the photocurrent with an excellent goodness
of fit R2 of 0.98. We observe a deviation from that trend for
SSC levels below ca. 60 mg/L, which we ascribe to light-

scattering effects induced by the initial introduction of the
particles. Figure 3c illustrates the capability to advantageously
use the presence of crystal defects in Ga2O3 for detecting SSC
in water.
The photocurrent measured as output of the water

monitoring process is a convolution of different factors, in
particular, the light source emission power, the absorption
spectrum of water, the system response of the optical setup,
and the spectral response of the detector. Therefore, it is
expected that there will be an optimal illumination wavelength
to obtain a maximal detection performance for a given water
quality parameter. Figure 4 therefore illustrates the influence of
the illumination wavelength on the limit of detection (3.3σ/S,
with σ being the standard deviation of the response and S
being the slope of the calibration curve34) and photocurrent
contrast ((Iphoto max − Iphoto min)/(Iphoto max + Iphoto min)).

Figure 3. Photocurrent measurements versus the concentration of (a) nitrates using 225 nm optical excitation, (b) DOC using 260 nm optical
excitation, and (c) SSC using 465 nm optical excitation. The data point marked in red signifies the photocurrent response of the cuvette filled with
deionized water. Error bars are based on standard deviation from the steady-state photocurrent, which was greater for panel (c) due to the large
particles in suspension.

Figure 4. Effect of the illumination wavelength on the (a) limit of
detection and (b) photocurrent contrast for water quality monitoring
of nitrates (pink), DOC (purple), and SSC (green). For clarity, the y-
axis is renormalized for each water quality parameter.
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For nitrates, we show that changing the illumination
wavelength from 225 to 250 nm results in a stark decrease
in the limit of detection, from 2.3 to 24 mg/L, as well as a 7-
fold decrease in contrast. These strong variations are most
likely linked to the absorption properties of nitrates, which
exhibit a significant drop in the absorption coefficient between
225 and 250 nm.35 Similarly, for DOC, we observe a noticeable
wavelength dependence on both the limit of detection and the
contrast. The 260 nm excitation yields a superior detection
performance of 1.6 mg/L, compared to 250 and 275 nm
illuminations, as well as a 2-fold increase in contrast. A clear
dependence on the excitation wavelength is also observed for
SSC contamination detection, with 465 nm excitation yielding
a limit of detection of 39 mg/L, a 6- to 9-fold improvement
over the limits of detection realized for 375 and 405 nm
excitations. Here, we note that there is not much effect of the
illumination wavelength on contrast values, which might be
explained by the low response of the detector in the sub-band-
gap region. In this work, excitation with wavelengths greater
than 465 nm could not be used, as they resulted in a
photocurrent response comparable to the dark current.
Overall, these wavelength dependence results suggest the
possibility to realize orthogonal determinations of water quality
parameter concentrations through careful selection of the
probing wavelengths. This might be achieved alongside an
improvement of the detection performance through further
engineering of the photosensitive material and device as well as
optical design of the water monitoring setup. Importantly, this
study underscores the value of defect engineering in this
rapidly developing material, demonstrating that tailoring defect
populations, e.g., through growth methods36 or post-annealing
treatments,37 can enable new applications.

■ CONCLUSION

In conclusion, we present α-Ga2O3 as a material showing great
promise for water quality monitoring with greater sensitivity,
system size, and power consumption requirements compared
to Si-based technology. Ga2O3 exhibits a broad photoresponse
spanning the UV and visible spectral ranges, which is a key
component in detecting water constituents that absorb in
different spectral regions. Making advantageous use of different
carrier excitation pathways in the material, photocurrent
measurements reveal three distinct regions matching the
absorption characteristics of key water quality parameters.
Region (i) (200−250 nm) corresponds to band-to-band
transitions and is ideal for nitrate detection, Region (ii)
(250−350 nm) is related to band tail transitions and fits the
absorption peak of DOC, and finally, Region (iii) (350−465
nm) addresses SSC detection using defect-mediated tran-
sitions. For the selected wavelengths for water constituent
testing, strong correlations were observed between concen-
trations of nitrates, DOC, and SSC and the photocurrent. The
detection performance is also strongly dependent on the
illumination wavelength, which demonstrates the good
selectivity of the photodetectors. This work opens the door
to more sensitive, compact, and energy-efficient systems to
monitor water quality.
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Núria Martínez-Carreras − Catchment and Eco-hydrology
Research Group (CAT), Environmental Sensing and
Modelling Unit (ENVISION), Luxembourg Institute of
Science and Technology, L-4422 Belvaux, Luxembourg

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaom.5c00620

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge support from the European Crucible
fund, the Engineering and Physical Sciences Research Council
(Grant Nos. EP/T517938/1 and EP/V034995/1), and the
Royal Society (Grant No. RGS/R1/201236). W.J.P. acknowl-
edges support from a UKRI FLF (MR/Y015983/1).

■ REFERENCES
(1) Summary progress update 2021: SDG 6 − water and sanitation for
all; UN-Water. https://www.unwater.org/publications/summary-
progress-update-2021-sdg-6-water-and-sanitation-all (accessed
2026−01−19).
(2) Foley, J. A.; Ramankutty, N.; Brauman, K. A.; Cassidy, E. S.;
Gerber, J. S.; Johnston, M.; Mueller, N. D.; O’Connell, C.; Ray, D. K.;
West, P. C.; Balzer, C.; Bennett, E. M.; Carpenter, S. R.; Hill, J.;
Monfreda, C.; Polasky, S.; Rockström, J.; Sheehan, J.; Siebert, S.;
Tilman, D.; Zaks, D. P. M. Solutions for a cultivated planet. Nature
2011, 478, 337.
(3) Ward, M. H.; Jones, R. R.; Brender, J. D.; De Kok, T. M.; Weyer,
P. J.; Nolan, B. T.; Villanueva, C. M.; Van Breda, S. G. Drinking water
nitrate and human health: an updated review. Int. J. Environ. Res.
Public Health 2018, 15, 1557.
(4) Spalding, R. F.; Exner, M. E. Occurrence of nitrate in
groundwater�a review. J. Environ. Qual. 1993, 22, 392.
(5) Lundberg, J. O.; Weitzberg, E.; Cole, J. A.; Benjamin, N. Nitrate,
bacteria and human health. Nat. Rev. Microbiol. 2004, 2, 593.

ACS Applied Optical Materials pubs.acs.org/acsaom Article

https://doi.org/10.1021/acsaom.5c00620
ACS Appl. Opt. Mater. 2026, 4, 547−552

551

https://doi.org/10.15129/83c2259f-ad55-4340-b6d7-50b01a554394
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabien+C%E2%88%92P.+Massabuau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1008-1652
https://orcid.org/0000-0003-1008-1652
mailto:f.massabuau@strath.ac.uk
mailto:f.massabuau@strath.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Nicol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aurora+Uras"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-5002-338X
https://orcid.org/0009-0004-5002-338X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathalie+Lidgi-Guigui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+J.+Peveler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9829-2683
https://orcid.org/0000-0002-9829-2683
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nu%CC%81ria+Marti%CC%81nez-Carreras"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00620?ref=pdf
https://www.unwater.org/publications/summary-progress-update-2021-sdg-6-water-and-sanitation-all
https://www.unwater.org/publications/summary-progress-update-2021-sdg-6-water-and-sanitation-all
https://doi.org/10.1038/nature10452
https://doi.org/10.3390/ijerph15071557
https://doi.org/10.3390/ijerph15071557
https://doi.org/10.2134/jeq1993.00472425002200030002x
https://doi.org/10.2134/jeq1993.00472425002200030002x
https://doi.org/10.1038/nrmicro929
https://doi.org/10.1038/nrmicro929
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.5c00620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(6) Banerjee, P.; Garai, P.; Saha, N. C.; Saha, S.; Sharma, P.; Maiti,
A. K. A critical review on the effect of nitrate pollution in aquatic
invertebrates and fish. Water Air Soil Pollut. 2023, 234, No. 333.
(7) Kritzberg, E. S.; Hasselquist, E. M.; Škerlep, M.; Löfgren, S.;
Olsson, O.; Stadmark, J.; Valinia, S.; Hansson, L.-A.; Laudon, H.
Browning of freshwaters: consequences to ecosystem services,
underlying drivers, and potential mitigation measures. Ambio 2020,
49, 375.
(8) Bilotta, G. S.; Brazier, R. E. Understanding the influence of
suspended solids on water quality and aquatic biota. Water Res. 2008,
42, 2849.
(9) Guo, Y.; Liu, C.; Ye, R.; Duan, Q. Advances on water quality
detection by UV-Vis spectroscopy. Appl. Sci. 2020, 10, 6874.
(10) Causse, J.; Thomas, O.; Jung, A.-V.; Thomas, M.-F. Direct
DOC and nitrate determination in water using dual pathlength and
second derivative UV spectrophotometry. Water Res. 2017, 108, 312.
(11) Thomas, O.; Brogat, M. Organic constituents. In UV-Visible
Spectrophotometry of Waters and Soils; Thomas, O.; Burgess, C., Eds.;
Elsevier, 2022; pp 95−160 .
(12) Zhao, Z.; Zhang, Z.; Jing, J.; Gao, R.; Liao, Z.; Zhang, W.; Liu,
G.; Wang, Y.; Wang, K.; Xue, C. Black silicon for near-infrared and
ultraviolet photodetection: a review. APL Mater. 2023, 11,
No. 021107.
(13) Polyakov, S. V. Photomultiplier tubes. In Single-photon
generation and detection: physics and applications; Migdall, A.;
Polyakov, S. V.; Fan, J.; Bienfang, J. C., Eds.; Academic Press,
2013; Vol. 45, pp 69−82 .
(14) Xie, C.; Lu, X.-T.; Tong, X.-W.; Zhang, Z.-X.; Liang, F.-X.;
Liang, L.; Luo, L.-B.; Wu, Y.-C. Recent progress in solar-blind deep-
ultraviolet photodetectors based on inorganic ultrawide bandgap
semiconductors. Adv. Funct. Mater. 2019, 29, No. 1806006.
(15) Yampolsky, M.; Pikhay, E.; Roizin, Y. Embedded UV sensors in
CMOS SOI technology. Sensors 2022, 22, 712.
(16) Gupta, R.; Lykke, K. R.; Shaw, P.-S.; Dehmer, J. L.
Characterization of UV-induced radiation damage to Si-based
photodiodes. Proc. SPIE 1999, 3818, 27.
(17) Sinha, A.; Qian, J.; Moffitt, S. L.; Hurst, K.; Terwilliger, K.;
Miller, D. C.; Schelhas, L. T.; Hacke, P. UV-induced degradation of
high-efficiency silicon PV modules with different cell architectures.
Prog. Photovoltaics 2023, 31, 36.
(18) Yan, Y.; Zhang, Z.; Cang, Q.; Yao, M.; Tang, M. A
comprehensive understanding of UV-induced degradation of silicon
PV modules. Proc. SPIE 2025, 13972, No. 139720W.
(19) Moore, A.; Rajique, S.; Llewelyn, C.; Lamb, D.; Li, L. A review
of Ga2O3 heterojunctions for deep-UV photodetection: current
progress, methodologies, and challenges. Adv. Electron. Mater. 2025,
11, No. 2400898.
(20) Hao, S.; Hetzl, M.; Kunzelmann, V. F.; Matich, S.; Sai, Q.; Xia,
C.; Sharp, I. D.; Stutzmann, M. Sub-bandgap optical spectroscopy of
epitaxial β-Ga2O3 thin films. Appl. Phys. Lett. 2020, 116, No. 092102.
(21) Nicol, D.; Reynolds, S.; Barr, K.; Roberts, J. W.; Jarman, J. J.;
Chalker, P. R.; Massabuau, F.C.-P. Constant photocurrent method to
probe the sub-bandgap absorption in wide bandgap semiconductor
films: the case of α-Ga2O3. Phys. Status Solidi B 2024, 261,
No. 2300470.
(22) Massabuau, F.C.-P.; Roberts, J. W.; Nicol, D.; Edwards, P. R.;
McLelland, M.; Dallas, G. L.; Hunter, D. A.; Nicolson, E. A.; Jarman,
J. C.; Kovács, A.; Martin, R. W.; Oliver, R. A.; Chalker, P. R. Progress
in atomic layer deposited α-Ga2O3 materials and solar-blind detectors.
Proc. SPIE 2021, 11687, No. 116870Q.
(23) Nicol, D.; Hadizadeh, F.; Douglas, S.; Reynolds, S.; Massabuau,
F. C. P. Consistent reporting of performances in Ga2O3 UV-C
photodetectors. APL Electron. Devices 2025, 1, No. 026108.
(24) Shinohara, D.; Fujita, S. Heteroepitaxy of corundum-structured

α-Ga2O3 thin films on α-Al2O3 substrates by ultrasonic mist chemical
vapor deposition. Jpn. J. Appl. Phys. 2008, 47, 7311.
(25) Sun, H.; Li, K.-H.; Torres Castanedo, C. G.; Okur, S.; Tompa,
G. S.; Salagaj, T.; Lopatin, S.; Genovese, A.; Li, X. HCl flow-induced

phase change of α-, β-, and ε-Ga2O3 films grown by MOCVD. Cryst.
Growth Des. 2018, 18, 2370.
(26) Penman, L. T.; Johnston, Z. M.; Edwards, P. R.; Oshima, Y.;
McAleese, C.; Mazzolini, P.; Bosi, M.; Seravalli, L.; Fornari, R.;
Martin, R. W.; Massabuau, F.C.-P. Comparative study of the optical
properties of α-, β-, and κ-Ga2O3. Phys. Status Solidi B 2025, 262,
No. 240061.
(27) Pankove, J. I. Optical Processes in Semiconductors; Dover
Publications Inc., 1975.
(28) Rai, R. C. Analysis of the Urbach tails in absorption spectra of
undoped ZnO thin films. J. Appl. Phys. 2013, 113, No. 153508.
(29) Knobloch, K.; Perlin, P.; Krueger, J.; Weber, E.; Kisielowski, C.
Effect of internal absorption on cathodoluminescence from GaN.
MRS Internet J. Nitride Semicond. Res. 1998, 3, No. 4.
(30) Reynolds, S.; Nicol, D.; Smith, M.; Nandi, A.; Charan Vanjali,
S.; Kuball, M.; Massabuau, F. Carrier transport and electronic defects
in gallium oxide studied by photoconductivity techniques. J. Phys.:
Conf. Ser. 2025, 2952, No. 012001.
(31) Mullen, R.; Roberts, J. W.; Chalker, P. R.; Oliver, R. A.;
Hourahine, B.; Massabuau, F.C-P. Atomic scale observation of
threading dislocations in α-Ga2O3. AIP Adv. 2024, 14, No. 115018.
(32) Swinehart, D. F. The Beer-Lambert law. J. Chem. Educ. 1962,
39, 333.
(33) Kolbe, T.; Kyong Cho, H.; Hagedorn, S.; Rass, J.; Ruschel, J.;
Einfeldt, S.; Weyers, M. 226 nm far-ultraviolet-C light emitting diodes
with an emission power over 2 mW. Phys. Status Solidi RRL 2024, 18,
No. 2400092.
(34) ICH Harmonised Tripartite Guideline: Validation of Analytical
Procedures: Text and Methodology Q2(R1); International Conference
on Harmonisation: Geneva, 2005.
(35) Zhang, H.; Wu, Q.; Li, Y.; Xiong, S. Simultaneous detection of
nitrate and nitrite based on UV absorption spectroscopy and machine
learning. Advances in UV−vis−NIR Spectroscopy 2021, 36, 38.
(36) Rahaman, I.; Ellis, H. D.; Chang, C.; Mudiyanselage, D. H.; Xu,
M.; Da, B.; Fu, H.; Zhao, Y.; Fu, K. Epitaxial growth of Ga2O3: a
review. Materials 2024, 17, 4261.
(37) Jesenovec, J.; Weber, M. H.; Pansegrau, C.; McCluskey, M. D.;
Lynn, K. G.; McCloy, J. S. Gallium vacancy formation in oxygen
annealed β-Ga2O3. J. Appl. Phys. 2021, 129, No. 245701.

ACS Applied Optical Materials pubs.acs.org/acsaom Article

https://doi.org/10.1021/acsaom.5c00620
ACS Appl. Opt. Mater. 2026, 4, 547−552

552

https://doi.org/10.1007/s11270-023-06260-5
https://doi.org/10.1007/s11270-023-06260-5
https://doi.org/10.1007/s13280-019-01227-5
https://doi.org/10.1007/s13280-019-01227-5
https://doi.org/10.1016/j.watres.2008.03.018
https://doi.org/10.1016/j.watres.2008.03.018
https://doi.org/10.3390/app10196874
https://doi.org/10.3390/app10196874
https://doi.org/10.1016/j.watres.2016.11.010
https://doi.org/10.1016/j.watres.2016.11.010
https://doi.org/10.1016/j.watres.2016.11.010
https://doi.org/10.1016/B978-0-323-90994-5.00006-X
https://doi.org/10.1063/5.0133770
https://doi.org/10.1063/5.0133770
https://doi.org/10.1016/B978-0-12-387695-9.00003-2
https://doi.org/10.1002/adfm.201806006
https://doi.org/10.1002/adfm.201806006
https://doi.org/10.1002/adfm.201806006
https://doi.org/10.3390/s22030712
https://doi.org/10.3390/s22030712
https://doi.org/10.1117/12.364158
https://doi.org/10.1117/12.364158
https://doi.org/10.1002/pip.3606
https://doi.org/10.1002/pip.3606
https://doi.org/10.1117/12.3094239
https://doi.org/10.1117/12.3094239
https://doi.org/10.1117/12.3094239
https://doi.org/10.1002/aelm.202400898
https://doi.org/10.1002/aelm.202400898
https://doi.org/10.1002/aelm.202400898
https://doi.org/10.1063/1.5143393
https://doi.org/10.1063/1.5143393
https://doi.org/10.1002/pssb.202300470
https://doi.org/10.1002/pssb.202300470
https://doi.org/10.1002/pssb.202300470
https://doi.org/10.1117/12.2588729
https://doi.org/10.1117/12.2588729
https://doi.org/10.1063/5.0255413
https://doi.org/10.1063/5.0255413
https://doi.org/10.1143/JJAP.47.7311
https://doi.org/10.1143/JJAP.47.7311
https://doi.org/10.1143/JJAP.47.7311
https://doi.org/10.1021/acs.cgd.7b01791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b01791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pssb.202400615
https://doi.org/10.1002/pssb.202400615
https://doi.org/10.1063/1.4801900
https://doi.org/10.1063/1.4801900
https://doi.org/10.1557/S1092578300000764
https://doi.org/10.1088/1742-6596/2952/1/012001
https://doi.org/10.1088/1742-6596/2952/1/012001
https://doi.org/10.1063/5.0235005
https://doi.org/10.1063/5.0235005
https://doi.org/10.1021/ed039p333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pssr.202400092
https://doi.org/10.1002/pssr.202400092
https://doi.org/10.3390/ma17174261
https://doi.org/10.3390/ma17174261
https://doi.org/10.1063/5.0053325
https://doi.org/10.1063/5.0053325
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.5c00620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

