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Common ultraviolet (UV) photodiodes or detectors for measuring the intensity of UV-light-emitting
diodes (LEDs) in UV disinfection systems are costly. This study explores the potential of using low-cost
UV-LEDs as photometers for monitoring UV intensity in water systems. Reverse LEDs (rLEDs) generate a
small current proportional to the incident light intensity on the p—n junction when operated in unbiased
mode. rLEDs with different wavelengths and power levels were examined to find the optimal rLED for
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monitoring the intensity of a 275 nm LED strip, achieving less than 1% deviation from a calibrated spec-
troradiometer. The influence of temperature was also examined on rLED measurements and found non-
DOI: 10.1039/d3ya00554b negligible. This work demonstrates the feasibility of using rLEDs as intensity monitoring sensors for UV-

C LED sources, offering a low-cost and reliable alternative for UV intensity monitoring in UV-LED water
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1. Introduction

The World Health Organization (WHO) reported in March 2021
that over 2 billion people globally still lack safe water services.
Resolving this issue necessitates substantial efforts to scale up
and extend the water supply to individual households and
implement strategies for treating contaminated water at its
source. In these settings, it is essential that water treatment
technologies are durable and robust, minimizing the require-
ment for frequent and expensive maintenance. These technol-
ogies should also be easy to operate, independent of external
inputs, and affordable.’

Ultraviolet (UV) light-based water disinfection technology is
used for the inactivation of pathogens in both drinking water and
wastewater effluents.’ Low-pressure (LP) UV-mercury vapor lamps
are the most prevalent UV-based point-of-use (POU) systems with
several significant drawbacks; despite their effectiveness.” These
lamps are fragile, lack adaptability for smaller-scale systems, and
contain toxic mercury, thus necessitating the availability of
disposal facilities. LP lamps are monochromatic in nature and,
thus, less effective in preventing the recovery of microorganisms
post UV, compared to polychromatic medium-pressure (MP)
lamps.® Additionally, these lamps consume substantial energy
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due to their low wall plug efficiency, which ranges from approxi-
mately 15% to 35%, and they have a relatively short lifespan of
less than 10 000 hours.*®

UV light-emitting diodes (LEDs) are emerging as a POU
UV-based technology for water disinfection; UV-LEDs are com-
pact and have low energy consumption compared to other light
source technologies such as mercury and excimer lamps.” This
characteristic allows using solar panels®’ and innovative
design architecture for UV disinfection systems based on LED
technology for point-of-use systems.’ ! UV-LEDs are character-
ized by a gradual degradation in radiation intensity over their
operational lifetime (more than 10000 hours,'?), avoiding
catastrophic failures."®'* UV-LEDs have the capability to emit
light at specific wavelengths, allowing a flexible tailored design
for POU UV-based systems that can combine selected wave-
lengths for optimal inactivation of different pathogens."®

Currently, the determination of UV intensity primarily relies
on the use of spectroradiometers or radiometers, which, despite
their accuracy, come with significant drawbacks: they are notably
expensive, fragile, and require skilled personnel for operation,
thus limiting their suitability for remote areas.'® Moreover, the
design and dimensions of these probes do not accommodate the
measurement of UV intensity in real UV-LED flow-through sys-
tems, where varied geometries and flow conditions significantly
complicate the process. Alternatively, chemical actinometers (e.g.,
ferrioxalate, iodide-iodate, nitrate, uridine) offer a method to
determine UV light intensity across different sources, given their
known quantum yields."”° Each actinometer requires specific
conditions for optimal use, along with distinct protocols for
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operation. While this approach is adaptable and reliable, it
necessitates laboratory execution under controlled conditions,
such as a dark room or specific temperatures, thus precluding its
use in field settings.'®*"?**

Despite the potential of UV-LED technology in water disin-
fection, the lack of affordable and reliable UV intensity mon-
itoring systems remains a significant challenge. Linden et al.*®
highlighted the necessity for robust monitoring solutions that
can operate effectively in diverse environmental conditions,
particularly in low-income regions where access to safe water
is critically needed. The need for low-cost UV sensors is further
emphasized by the work of Chatterley and Linden (2010),* who
explored the demonstration and evaluation of germicidal
UV-LEDs for point-of-use water disinfection, identifying the gap
in affordable monitoring technologies. Thus, there is a need to
develop a low-cost UV LED sensor that can be integrated into water
disinfection systems in rural and low-income settings.

One interesting UV sensor called a paired emitter detector
diode (PEDD) relies on the electroluminescence effect in direct
bandgap semiconductors that act in a reverse mode. UV-vis LEDs
operate based on the electroluminescence effect in direct bandgap
semiconductor materials***> and their emission spectrum is
determined by the materials it is made of and the junction
temperature.?® The UV-vis LED is considered one of the critical
components in optoelectronic devices due to the multitude of
factors that drive its development.>®*” The most important ones
are brightness, efficiency, flexibility, lifetime, durable construction,
low power consumption, and suitable operating voltage.”®

Based on the PEDD concept, a simple UV LED can be used in
a reversal mode as a photometer, termed in this study reverse LED
(r'LED). When light with sufficient energy is irradiated upon the
LED’s p—n junction, a small current is produced, proportional to the
light intensity. This photocurrent can be measured and therefore,
the source intensity can be determined. Pioneering studies in the
1970s formed the basis for LED-based optical absorption detectors
(LED-based photometers).**** O'Toole et al. developed a paired
emitter detector-diode (PEDD) flow cell*** and applied this device
as a detector in liquid chromatography.**>* Lau et al. also developed
a multi-LED photometer as an alternative reflectance-based optical
sensor configuration.® This sensor employs an array of LEDs as
light sources (40-880 nm), which surrounds a central detector LED
(940 nm). This approach facilitated the analysis of multiple dyes
both separately and in mixtures. Lange et al. (2011) demonstrated
the use of multicolor LEDs in luminescence sensing applications for
environmental properties like temperature and pressure, highlight-
ing their effectiveness as both excitation sources and detectors due
to their wavelength selectivity and sensitivity.*®

LED-based sensors offer greater accuracy and are much
more cost-effective than conventional devices.’” LED-based
detectors can detect light with wavelengths equal to or shorter
than their spectral emission band, as electrons undergo band
transition to generate a photocurrent. LED application as an
intensity sensor for the visible range is well known,*® with low
power consumption, and can respond to a broad spectral range
(247 nm to >900 nm). However, the generated photocurrent is
extremely small, typically in the picoampere range. This poses a
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significant challenge in measuring such low currents with
simple devices, as highly sensitive current meters tend to be
expensive and bulky in size.

To address this gap, the current research concept was
inspired by publications from Dermot Diamond’s group.®®*° The
rLED photometer operates by applying a reverse bias to the p—n
junction for a sufficient duration, allowing it to function as a
capacitor. When the external reverse bias is removed, the photo-
current generated by the incident light discharges the capacitance
of the junction. During this time, a voltage meter measures the
potential of the junction. The light intensity can be directly
determined by measuring the time taken for this discharge process
through a simple circuit. Moreover, the intensity of LEDs is
strongly influenced by temperature.*® Experiments showed a
negative correlation between LED intensity and temperature.
Various theoretical models have been developed to estimate this
temperature-dependent behavior. When utilizing rLEDs as photo-
meters, it is crucial to account for the thermal effects on measure-
ments and implement appropriate compensation techniques if the
impact is significant.

An extensive review of UV light detection solutions, including
conventional sensor alternatives, is illustrated in a tree diagram
showing diverse approaches for monitoring UV intensity, both
as an integral part of a system and as a standalone device (ESI, T
Fig. S1). This research aims to determine the performance of
rLEDs in UV-LED disinfection systems and the sensitivity of
rLED measurements to temperature variations, while evaluating
the potential accuracy and reliability of these measurements.

2. Materials and methods
2.1 UV LED source

Twelve UV LED diodes (Violumas VC12X1C48LB-275 series), emit-
ting light at a wavelength of 275 nm, were coupled with a heat sink
(VC12X1) to ensure balanced heat distribution across the LED strip.
The UV spectra of the UV-LED strip were measured using an Ocean
Optics USB4000 spectroradiometer equipped with a cosine correc-
tor (OCF-104447, EOS-A1241604). The strip UV LEDs exhibited peak
wavelength emissions at 267.2 nm with FWHM bandwidths of
13.5 nm. The UV source was controlled by an analog dimming unit
that employed a resistor to manage the input current, allowing for
the adjustment of the light source power within the range of 0 to
34 Watts. Five working points were examined, covering a broad
power range of 9 W, 15 W, 21 W, 27 W, and 33 W (ESL,T Fig. S2).
To reduce the incident irradiance, a neutral density (ND) filter
(FDU-0.4, OFR, NJ, USA) was used with UV-C region transmission of
~40%. The transmission curves for the ND filters were measured
with a spectrophotometer (V1100D, MRC Ltd, Holon, Israel)
equipped with an integrating sphere attachment (diffuse reflec-
tance accessory [DRAJ-CA-3330, Labsphere) to confirm no change
in the spectrum (ESL T Fig. S3).

2.2 rLED

Five types of rLEDs were examined, each type featuring two
independent LEDs, with identical emission parameters. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 rLEDs list and characteristics

1st rLED ID 2nd rLED ID Peak wavelength [nm)] Power [W] Forward current [mA] Forward voltage [V] FWHM [nm]
L1 L7 310 1 100 6 10

L2 L8 365 1 300 3.5 10

L3 L9 405 3 600 3.5 14

L4 L10 365 3 600 3.5 9

L5 L6 365 10 1300 6.9 13

rLEDs are commercially available products from the temperature influence on rLED measurements, a 365 nm/3 W

“UVTaoYuan” company. A detailed list of LEDs and their
characteristics is presented in Table 1.

2.3 Experiment set-up

Fig. 1 illustrates a schematic diagram of the system setup. In
brief, the UV LED strip is positioned horizontally with its face-
down orientation on an aluminum stand (Fig. S4, ESIT presents
a photo of the study setup). Directly beneath the center of the
UV strip, the photometers were placed (spectroradiometer or
rLED). The distance between the UV-LED source and the sensor
front plane was 17.5 cm and 11.5 cm for rLEDs and the
spectroradiometer (Ocean Optics USB4000), respectively, con-
strained by the sensor’s geometry. The neutral density filter was
placed horizontally on the optical path to reduce irradiance
density to avoid invalid saturated values caused by optical
dazzling. The rLED sensor was electrically connected to an
Arduino Nano developing board (ESI,{ Fig. S5) and then linked
to a monitor display. All the experiments were conducted with
the same configuration and set up and conditions.

2.4 Experiment design

The feasibility of using rLED photometers as a UV intensity
monitor was tested for rLED parameters (wavelength and
forward power) and the rLED temperature. To test the influence
of the rLED parameters, five types of rLEDs were tested (as
mentioned in Section 1.2). For measuring the external

(e) i

rLED contact has been capsulated with a domestic heat melting
glue and the whole rLED was placed in a small water bath to
avoid condensation effects on the rLED lens due to temperature
differences. Two temperature sensors were applied to the
device (ESI,T Fig. S6), one was attached to the rLED backside
and the other monitored the environment to avoid source
intensity errors due to thermal changes. The water temperature
changed in the range of 5 °C to 40 °C, while the light source was
kept at a constant intensity.

2.5 Data analysis

Following the introduction, the Arduino board collects the
values of time taken to the rLEDs getting discharged between
two potential levels (4.5 V and 1.5 V) during 100 re-biasing
cycles (typically in the range of hundreds of milliseconds)
(program code can be found on ESI,{ Appendix S1). The time
taken for the discharging process of the rLED should decay
exponentially, so in order to get a sensible result, the output of
the calculation is the multiplicative inverse of averaged time.

These values vary depending on the system configuration,
geometry, and components; therefore, they should be consid-
ered relatively.

The measured data was analyzed using SAS JMP 17 statis-
tical software including all calculations and statistical tests. In
a box plot format, the middle bar represents the median, the
“x” sign indicates the average values and the box contains 50%

v (b)

(g) (f)

A i A

Fig. 1 Test configuration schematic diagram. (a) Light source stand; (b) light strip source; (c) neutral density filter; (d) rLED sensor or spectroradiometer;
(e) light control unit; (f) Arduino developing board; (g) display monitor; (h) temperature-controlled bath, applied only for the thermal dependency test.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Comparison between 365 nm rLED power differences from reference. (B) Comparison between rLED power standard deviation.

of all data points, with the box edges representing the high and
low quartiles (as presented in Fig. 2 and 3). IQR corresponds to
the length of the box in the box plot and is used to define the
length of the graph’s whiskers. The whiskers (the two thin bars)
present the closest data point, which can be found in the range
of 1.5 x IQR from the closest box edge. Data points that fell out
of the boxplot amplitude were suspicious as outliers and drawn
as a single point.

2.6 Statistical analysis

All pairwise comparisons among group means were performed
using the Tukey-Kramer test to determine significant differ-
ences between datasets, using JMP statistic software. All statis-
tical analyses were conducted at a 95% confidence level using
JMP statistic software. Error bars correspond to the 95% con-
fidence interval on the mean unless otherwise noted. The
correlation between source power and rLED output can be
found in ESI,T Fig. S7.

2410 | Energy Adv, 2024, 3, 2407-2415

3. Results and discussion

3.1 Influence of rLED properties

This study examined the use of reverse LEDs as UV-LED intensity
detectors. All five source power working points (using all ten
rLEDs as outlined in Table 1) were measured and analyzed to
examine if rLED readings align with the values obtained from the
calibrated spectroradiometer. This data was subsequently nor-
malized to the maximum values within their respective groups
and then compared to the calibrated spectroradiometer, which
was also normalized to its maximum value, designated as the
reference value. Table S4, ESI{ presents a summary of the
results. Fig. 2 illustrates the comparison between rLED power,
expressed as percentage differences from the reference values,
and the standard deviation of the measurements, which indicates
the measurement noise level.

1 W rLED was tested and compared for illuminated and
unilluminated modes. The differences showed significant and
allowed unilluminated signal filtration, for the unilluminated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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case where the discharging process took a few hours and for the
illuminated case it took less than 1.5 s. The 1 W setting exhibits
the best performance, with a difference from the reference
measurements of less than 1% for the median and a relatively
small standard deviation.

The 3 W setting performs similarly, with the median differ-
ence from the reference being less than 1.5%. The Tukey-
Kramer statistical tests show a significant difference between
these two rLEDs, with a p-value < 0.02. The 10 W rLED
produced notably inferior results, with an approximate 12%
difference from the reference and a higher standard deviation.
Its Tukey-Kramer p-value is < 0.001, signifying a highly
significant statistical difference compared to the reference.

This discrepancy may be attributed to geometry differences
between 10 W and the 1 W and 3 W LEDs. It is essential to
consider the differences in design when comparing the influ-
ence of rLED power. The 1 W and 3 W models share the same

© 2024 The Author(s). Published by the Royal Society of Chemistry

(A) Comparison between rLED wavelength —1 W. (B) Comparison between rLED wavelength —3 W.

geometry, while the 10 W model differs slightly, featuring a
larger (double) cover transparent lens and being attached to a
copper heat sink instead of aluminum. These design disparities
may have an impact on the observed performance variations.

Fig. 3 presents a comparison of two distinct splits, with each
split comprising rLEDs that share similar forward power levels.
This comparison allows us to find the influence of the wavelength
with constant rLED power. The deviations from the reference
were compared between 310 nm and 365 nm for the 1 W rLEDs
and between 365 nm and 405 nm for the 3 W rLEDs.

When transitioning from the 310 nm rLED to the 365 nm
rLED, the difference from the reference shifts from 18% to
approximately —1%. Similarly, for the 3 W rLEDs, there is a
similar trend, but with a much smaller magnitude. The 365 nm
rLED exhibits a —1% difference from the reference, while the
405 nm rLED shows approximately —1.4%. These results show
that maintaining a significant frequency gap between the rLED

Energy Adv., 2024, 3, 2407-2415 | 241
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and the monitored source is crucial. For instance, using an
rLED with a frequency approximately 33% lower than that of
the source has been employed to achieve satisfactory results.
This suggests that carefully selecting the rLED wavelength
relative to the source is essential for accurate measurements.
The summary of the two previous comparisons is illustrated in
Fig. 4, with the data ordered based on the absolute difference
from the reference values. All rLEDs, specifically those with
wavelengths longer than 310 nm and lower forward power than
10 W, produce accuracy results of less than 1.5% absolute
difference from the reference and relatively small standard
deviations.

A cross-analysis taking into account both the rLED wave-
length and power, while considering the need for a lower
absolute difference from the reference and a preference for lower
standard deviations, suggests that the optimal working point is
with the 365 nm/3 W rLED. However, it is essential to recognize
that this choice is based solely on the information gathered from
the current experiments and may shift if additional types of
rLEDs are tested. The long-term stability of the 365 nm/3 W rLED
used as a detector under UVC irradiation was tested (under the
same setup and conditions of previous experiments); the sample
was taken every 3 hours, for 240 hours (Fig. S8, ESIT). The graph
depicts the normalized light intensity (normalized for the highest
intensity measured) over a period of 240 hours. Initially, there is
an increase in the source power until the maximum power is
reached, followed by a stabilization phase. The deviations during
this stabilization phase are less than 0.5%, indicating a high level
of consistency between measurements. During the rise phase, the
deviation between the maximum and minimum power is less
than 4%, which falls within an acceptable range of variability.
Overall, the data demonstrates stability throughout the entire
measurement period, confirming the reliability of the UV inten-
sity monitoring system.

2412 | Energy Adv, 2024, 3, 2407-2415

The study conducted by Dasgupta et al. 1993°° examined
visible LEDs with wavelengths of 555, 570, 605, and 660 nm,
both as detectors and emitters. Their findings indicated that
the LED with a wavelength of 660 nm exhibited the best
performance as a detector when measuring photocurrent. The
conclusions drawn from this study were two-fold. It was estab-
lished that LEDs can be employed as dual-wavelength detec-
tors, and the study suggested that this approach is not
practical. However, with the advancement of LED technology,
LEDs have become a reliable source for various applications,
including their use as detectors. Toole et al. 2005°° controlled
the emitter LED emission intensity using a variable resistor.
Therefore, an increase in the resistance resulted in a decrease
in the light intensity of the emitter LED, which in turn resulted
in an increase in the time taken to discharge the detector LED.
They showed that increasing the resistance by 2 kQ improved
the sensitivity by an approximate factor of 4. Toole et al. (2006)
utilized a timer circuit to measure the time taken for the
photocurrent generated by the emitter LED (4pax 500 nm) to
discharge the detector LED (Ayax 621 nm), rather than measur-
ing the photocurrent directly.’® LEDs can detect light with
wavelengths shorter than their emission band due to the band
transition of electrons generating a photocurrent. This inherent
property of LEDs supports the claim that UV-A and UV-B LEDs
can detect UV-C light. Toole et al. 2009%° claimed that using
dual wavelengths increased the LED detector sensitivity and
improved the detection limit by reducing baseline noise in
post-column reaction systems.

3.2 Impact of environmental temperature

The impact of temperature is required to determine if thermal
changes within the range of typical environmental temperature
variations have a significant impact on the rLED monitored
values. This is essential for the practical application of rLEDs in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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water disinfection systems. While the experimental method
employed in this part did not yield quantitatively reliable
results, it does offer valuable qualitative insights. As shown in
Fig. 5, thermal changes within the range of typical environ-
mental temperature variations have a significant impact on the
rLED readings. The measurements show an approximate 8%
drift when cooling down from room temperature; however, this
drift increases significantly to nearly 35% when the tempera-
ture gets warmer. This substantial variation underscores the
importance of accounting for temperature effects for accurate
measurements.

Dasgupta et al. 1993°° demonstrated that the optical output
of the LED increased by a substantial range of 30% to 200%
when the temperature decreased (using dry ice) while the base-
line temperature remained at 22 °C, under the Vis LED operating
at 560 nm. Dasgupta et al. 2003 stated that this temperature
influence should be compensated for in LED-based sensor
instruments,®” and it is obvious that this temperature depen-
dency is a critical factor that must be addressed to obtain
accurate and valid intensity measurements. Subsequent research
is required to determine the thermal effects on rLEDs’ output. To
overcome this challenge, it is recommended to integrate an
environmental temperature sensor as part of the design. Addi-
tionally, a mathematical correction can be implemented to
adjust the sensor’s output for temperature-related variations,
enhancing the accuracy and reliability of the measurements.

326

4. Conclusions

This study examined the use of reverse LEDs as UV-LED
intensity detectors. The rLED concept meets the study

© 2024 The Author(s). Published by the Royal Society of Chemistry

requirements in terms of sensitivity, costs, availability, and
physical dimensions. rLEDs exhibit several advantages over
alternative methods, including system simplicity and proven
feasibility in related technologies (such as absorption sensors),
especially in light of significant advancements in LED quality
over recent years, and the potential for sensor adaptability to
future enhancements (such as simultaneous monitoring of
multiple wavelengths and built-in thermal compensation).
Across a broad range of source power levels, the rLED readings
closely align with the values obtained from the calibrated
spectroradiometer, even when employing low-cost LEDs. All
measurements, except for the thermal effect assessments, were
conducted in duplicates using two independent rLEDs to
enhance reliability and accuracy. rLEDs characterized by the
wavelength of 365 nm and 405 nm and power of 3 W and 1 W,
respectively, showed accurate results (<1.5% difference from
reference spectroradiometer and <2% standard deviation).
One of the 3 W/365 nm rLEDs showed a 0.5% shift from the
reference over all measured power ranges. The effectiveness of
the rLED as an intensity detector depends on the rLED tem-
perature and the rLED environment temperature.

In implementing solutions, and revisiting the initial pro-
blem, it becomes evident that in a “trade-off”’ system where
quality or accuracy is weighed against costs or simplicity, a
minor percentage of drift from the target values is acceptable.
This is because the UV-LED water disinfection system can be
designed to ensure that the UV dose applied to the water
exceeds the minimum required dose by a considerable margin.
By adhering to this design principle, the system can issue alerts
for low-intensity levels even within a defined ‘“safety band”
thereby reducing the risk of contaminated water. However, the
long-term stability of the rLEDs used as detectors under UV-C

Energy Adv, 2024, 3, 2407-2415 | 2413
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irradiation should be intensively studied according to the UVC
LED systems lifespan although the materials used in a UV-A
LED show stability in this study. The most significant contribu-
tion of this work is the proof of the feasibility of utilizing
standard LEDs in reverse mode as UV sensors with acceptable
accuracy, particularly for water disinfection systems installed in
low- and middle-income settings.
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