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Abstract: Monitoring the solar ultraviolet index (UVI) is of great significance to protect human health.
The monitoring of UVI faces several challenges: the accuracy is difficult to control, the complexity of
the filter, the increase in volume and price, the decrease in response sensitivity, and the low accuracy
of measurement. Considering the limitations and insufficiencies in the current technology, this
paper proposes a miniature gallium nitride (GaN)-based erythema response detector. The detector
utilizes a double-diode integrated chip for accurate detection of the erythema response, enabling it to
closely match the spectral response of the erythema spectrum curve determined by the World Health
Organization. This ensures precise correspondence between the output current and ultraviolet index.
The measurement error of each UV detector is determined by analyzing eight sets of UV radiation
spectra. The experimental findings demonstrate that the proposed detector exhibits a measurement
error below 0.4 for each group of UV index measurements. The experimental results show that the
measurement accuracy of the detector on the ultraviolet index is at the advanced level compared to

the current mainstream commercial ultraviolet detector.

Keywords: UV monitoring; gallium nitride; integration; high precision; ultraviolet index; erythema
response

1. Introduction

The wavelength of ultraviolet (UV) radiation falls between visible light and X-rays, and
it can be divided into four bands: UVA (320400 nm), UVB (280-320 nm), UVC (200-280 nm),
and VUV (10-200 nm). When sunlight reaches the Earth, UV radiation in the 200280 nm
range is absorbed by the ozone layer in the atmosphere and does not reach the surface
of the Earth [1-4]. Moderate exposure to UV radiation is beneficial for human health,
but excessive exposure can lead to various health hazards, including the risk of cancer.
The International Agency for Research on Cancer (IARC) has classified solar ultraviolet
radiation as a Group 1 carcinogen, emphasizing its potential danger [5,6]. The UV radiation
from the sun has significant impacts on the Earth’s ecosystem. Moderate levels of UV
radiation are beneficial for plant growth, but excessive exposure can lead to leaf yellowing
and wilting and can affect photosynthesis and growth. Furthermore, UV radiation also
influences the growth, reproduction, and behavior of certain animals. For example, some
aquatic organisms and insects are highly sensitive to UV radiation, and excessive exposure
poses a threat to their survival. These effects could have serious consequences for global
ecosystems and human well-being. The Earth’s ozone (O3) layer serves as a natural barrier
against excessive harmful UV radiation. However, human activities contributing to ozone
depletion are exacerbating, leading to increased UV radiation reaching the Earth’s surface.
Consequently, the potential impact of solar UV radiation on human health is growing.
Therefore, real-time monitoring of UV radiation is of great significance for protecting
human health and maintaining the ecological balance of the Earth. The UVI is a measure
of the intensity of surface UV radiation calculated considering its effects on human skin.
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A higher UVI indicates stronger UV radiation, which increases the risk of skin and eye
damage over a short period. UV intensity is categorized into five levels based on the UVI,
as shown in Table 1 [7,8].

Table 1. UVI intensity.

Ultraviolet Index Potential Impact on Human Body (Sunburn Time/min)
0-2 100~180
34 60-100
5-6 30-60
79 20-40
10+ <20

Ultraviolet detection technology has been applied in many fields, such as modern
medical treatment, optical communication, and fire warning [9,10]. The photomultiplier
tube is currently widely used in devices for detecting weak ultraviolet signals. However,
its further application development has been limited due to factors such as its large size,
susceptibility to damage, high cost, and the requirement for high precision and voltage
power supply [11]. The traditional first-generation and second-generation semiconductor
materials have a small bandgap width and large cutoff wavelength, so they often need to
add a filter layer when they are used for UV detection, which increases the device size and
costs, and cannot meet the current development needs well [12]. With the development of
the UV detection industry, the traditional silicon material can no longer meet the emerging
demand due to its material characteristics, and people are paying more and more attention
to the third-generation semiconductor [13].

After sunlight enters the atmosphere, water vapor, oxygen, and ozone in the atmo-
sphere absorb specific wavelengths of sunlight. The absorption of sunlight at different
wavelengths does not follow a simple linear relationship. Relative air mass is the ratio
of the distance the sun’s light travels through the Earth’s atmosphere to the distance it
travels when the sun is at its zenith position, also known as atmospheric mass. Figure 1
shows the influence of relative air quality on the spectral irradiance of a certain wavelength
(300-400 nm) given by CIE (Commission Internationale de I'Eclairage) NO. 85 and other
atmospheric attenuation parameters: The 500 nm optical thickness of aerosol is 0.2, the
ozone content is 0.3 cm, the water vapor content is 2 cm of deposited water, and the surface
reflectance is 0.2. The model is a LOWTRAN Rura (IRH is 0%) model [14].
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Figure 1. Spectral irradiance at different relative air qualities.
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From Figure 1, it is evident that the spectral radiance intensity exhibits significant
variations across different levels of air quality. Specifically, a higher relative air quality
corresponds to lower spectral irradiance reaching the ground. The spectral radiance under
various relative air qualities was multiplied by the erythema weight and subsequently
subjected to integral calculation. To facilitate a comparison, the result at a relative air quality
of 5.6 was recorded as 100%. The erythema action spectrum denotes the capacity of UV
radiation to induce erythema on human skin, which heavily depends on the wavelength of
the radiation [15].

The obtained results are shown in Figure 2.
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Figure 2. The results of spectral irradiance weighted by the erythemal action spectrum under different
relative air qualities.

The influence of cloud optical thickness on the solar radiation spectrum is shown
in Figure 3. Other atmospheric attenuation parameters: relative air quality is 1.5, ozone
content is 0.3 cm, water vapor content is 2 cm of deposited water, and surface reflectance is
0.2, and the model is a LOWTRAN Rural (RH is 0~60%) model.
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Figure 3. Variation in spectral irradiance across varying cloud optical thicknesses.
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From Figure 3, it can be observed that there is a significant difference in the spectral
radiance intensity under different cloud optical thicknesses. As the cloud optical thickness
increases, the spectral irradiance reaching the ground decreases. The spectral radiance
under various cloud optical thicknesses should be multiplied by the erythema weight,
followed by conducting integration calculations. To facilitate a comparison, the results
obtained with an optical thickness of 5.6 for the cloud layers are denoted as 100%. The
results obtained after spectral weighting by the red band are shown in Figure 4.
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Figure 4. The results of spectral irradiance weighted by the erythemal action spectrum under different
cloud optical thicknesses.

The clouds absorb, scatter, and reflect sunlight, while the processes of light propagation
and attenuation within the cloud layer exhibit intricate characteristics. This phenomenon
leads to variations in the spectral radiation intensity across different wavelengths, resulting
in discrepancies between the light intensity received by detectors and the actual conditions.
Additionally, the relative air quality also influences the propagation of solar radiation. In
reality, various influencing factors do not occur in isolation but rather interact together,
leading to complex variations in the level of ultraviolet radiation over the course of a
day and year. Some existing traditional UV detectors assume linear attenuation of solar
radiation after it enters the Earth, leading to significant errors in the measured UVL

2. Novel UV Detector
2.1. Novel Materials and Design Methods for UV Detectors

The present paper introduces a novel ultraviolet detector based on GalN, aiming to
address the deficiencies and limitations observed in the aforementioned existing technolo-
gies. This detector is characterized by its compact size, high efficiency, absence of the
need for an additional filtering apparatus, and capability to accurately monitor the solar
UVI. GaN-based materials consist of compounds formed by Group III elements aluminum,
gallium, and indium and the Group V element nitrogen (GaN, AIN, and InN), as well as
their multicomponent alloys (InGaN, AlGaN, etc.) [16-19]. In comparison to ultraviolet
photodetectors based on silicon materials, ultraviolet detectors utilizing GaN-based ma-
terials demonstrate stable physical and chemical properties, as well as robust radiation
resistance. The band gap, electron mobility, and saturation drift rates of Si, SiC, and GaN
are shown in Table 2 [20,21].
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Table 2. Band gap, electron mobility, and saturation drift rate of Si, SiC, and GaN.
Parameters Units Si SiC GaN
E¢ eV 1.12 3.26 3.39
Un cm?/V-s 1400 950 1500-2000
Veat 107 cm/s 1 2 25

GaN-based material possesses a wide band gap, which allows them to filter out
electromagnetic waves with photon energy lower than their band gap. This eliminates the
need for costly additional filters required for Si-based detectors. This property presents
vast opportunities for the development of emerging electronic and optoelectronic devices,
such as ultraviolet detectors. GaN-based materials are considered the most promising
semiconductor detectors to replace photomultiplier tubes [22-25]. In GaN-based materials,
the composition of Al and Ga can be varied in order to adjust the threshold energy of
photodetectors within the range of 3.4~6.2 eV, thereby covering the ultraviolet wavelength
band. This flexibility, which is not found in other semiconductors, makes it highly suitable
for the fabrication of ultraviolet photonic devices. Hence, AlyGa;_yN holds immense
potential for applications in ultraviolet detection technology [26].

2.2. Structure and Parameters of the New UV Detector

The novel ultraviolet detector proposed in this paper, which utilizes a dual-diode inte-
grated chip, overcomes the challenges associated with material growth and high dark cur-
rent issues commonly found in high-aluminum components. By fine-tuning the thickness
and composition of the short-wave filtering layer, the detector achieves precise alignment
with the erythemal response curve. Its structure is depicted in Figure 5.

Diode one | Diode two

4
W
4
A

300 nm Al 33Gag N

100 nm Al, ;Ga, (N

‘ 500 nm i-GaN ’ 500 nm i-GaN
1 um n-GaN

1 um n-GaN

Sapphire Substrate

Figure 5. Schematic diagram of the detector structure.

The detector achieves differentiation by etching to form two distinct structural units.
The detector unit one consists of a six-layer epitaxial material structure, resembling a
narrow-bandpass PIN ultraviolet detector. The detector unit two consists of a four-layer
epitaxial structure, resembling a conventional PIN ultraviolet detector. Both detector units
possess the same photosensitive area, with etching that extends into the substrate. Currently,
the primary challenge encountered by AlyGa;_4IN materials lies in the generation of high-
density structural defects within epitaxial AlyGa;_xN films during growth and subsequent
growth treatments. The presence of these defects results in high dark currents and unusually
large absorption in the visible light range, severely limiting the performance of AlyGa;_xN
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ultraviolet detectors [27]. The diode one is covered on top with an Aly4GaggN barrier
layer, which has a thickness of 100 nm, and an Aly33Gag 7N filter layer with a thickness of
300 nm. The filter layer exhibits a significantly high level of photon absorption intensity
for wavelengths below 310 nm. This design obviates the necessity of preparing an AlGaN
absorption layer possessing low-density structural defects in order to attain the desired
cutoff wavelength.

The light-dark suppression ratio is the ratio of photocurrent to dark current, which
essentially represents the UV detector’s ability to suppress noise. Generally, the higher
the light-dark suppression ratio, the higher the SNR, and the greater the ability to resist
noise. To address the issue of a large lattice mismatch coefficient between AlGaN with a
high Al component and the traditional sapphire substrate, as well as the less than ideal
thermal mismatch coefficient, a buffer layer is added between the substrate and GaN
material. The buffer layer exhibits a relatively low lattice mismatch coefficient with GaN,
thereby contributing to the reduction in dislocation density to some extent. Incorporating
Alp33Gag 7N as the filtering layer in the structure can effectively mitigate high dark current
concerns, thereby enhancing the detector’s anti-noise ability. The carrier diffusion in
Alg33Gag g7N can be effectively suppressed by the 100 nm Al 4Gag¢IN grown using the
MOCVD method, thereby enhancing the short-wave rejection ratio of the diode.

3. Design Results and Analysis
3.1. Simulation Parameter Setting

In order to accurately and truthfully describe the performance of the device, the
simulation process will utilize the experimental and published optoelectronic performance
as inputs, including absorption coefficient, bandgap, lifetime, generation-recombination
model, mobility physical model, and high-field saturation model. The detailed parameters
are listed in Table 3.

Table 3. Parameters [28-31].

Parameters Value Units

Temperature 300 K
Band gap of GaN 342 eV
Electron SRH lifetime 10 ns
Hole SRH lifetime 10 ns
Electron effective mass (relative) 0.222 -
Hole effective mass (relative) 1.0 -

Electron mobility 480 cm?/Vs

Hole mobility 20 cm?/Vs

The theoretical calculations have been performed with the SENTAURUS DEVICE, a
powerful simulator from Synopsys Incorporated [32]. The Poisson equation and continuity
equation were solved for each grid point in the two-dimensional structure while consid-
ering three recombination processes: Auger, Shockley-Read-Hall, and photo-generated
recombination.

Poisson equation in a steady state:

9% o ldedy

2~ ¢ edzdz @
Continuity equation:
1 Ip _
gv-]p—G—l—R—l-E—O )

1 on
—§V~]n—G+R+§—O 3)
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The q represents the charge. ], and ], respectively, denote the electron current density
and the hole current density, while p and n represent the hole and electron concentrations.
G stands for the carrier generation rate, while R represents the carrier recombination rate.

Hole current and electron current:

Jp = —quppVey 4)
Jn

—quunV ¢y ©)

3.2. Simulation Results

The response results of Diode Unit one and Diode Unit two are shown in Figure 6.

—O— Diode Unit one
—{— Diode Unit two

Normalized spectral response

=
()

0.0F
240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 6. Normalized spectral responses of Diode Unit one and Diode Unit two.

Due to the utilization of the GaN PIN structure in both Diode Unit one and Diode
Unit two, featuring a band gap width of 3.4 eV for GaN corresponding to a wavelength of
365 nm, an evident cutoff at 365 nm is observed in both Diode Unit one and Diode Unit two.
Diode Unit one and Diode Unit two are interconnected in a reverse configuration, resulting
in an overall response that represents the disparity between their individual responses. The
overall normalized spectral response of the device is shown in Figure 7.

=== CIE Erythema action spectrum
—&&— Response of the detector

Normalized spectral response
o o o o
8] £ N o]

g
=)
T

260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 7. Normalized spectral response and CIE erythemal action spectrum of the device.
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The normalized spectral response of the proposed GaN UV detector closely aligns
with the CIE erythemal action spectrum, as depicted in Figure 7.

4. Discussion of the Results
4.1. Comparison of the Spectral Responses

The normalized spectral response of the detector was compared to those of four
commercially available UV detectors, as well as the standard erythemal spectral response.
These detectors include the Apogee UV detector, XAR-UAB Radiometer, radiometer 5.0,
and GaN p-i-n ultraviolet photodetectors [33,34], and the obtained results are shown
in Figure 8.

1.2 e C|E Erythemal action spectrum|
: == Apogee UV detector

XAR-UVB Radiometer
= =Solarmeter 5.0 Radiometer
== Our proposed detector
=== GaN UV PD

_
o
\
.

<
)
T

o
o
T

o
AN
\

Normalized spectral response
S
T
\

o
o
T

260 280 300 320 340 360 380 400
Wavelength(nm)

Figure 8. Normalized spectral response and CIE erythemal action spectrum of multiple detector devices.

The spectral response of the detector is evaluated in relation to the CIE erythemal
action spectrum by employing Equation (6), which calculates the mismatch factor for each
ultraviolet detector’s ideal spectral response (in comparison to the CIE theoretical response),
as expressed in Equation (6) [35].

400
R — Ser(A)[dA
MF — f280| dez(z;)e er( )| ©)

250 Ser(A)dA

where Rqpico(A) represents the normalized spectral response of each detector, and S,,(A)
represents the CIE erythemal action spectrum. The spectrum can be expressed through rela-
tively simple functions within three distinct spectral regions, according to the International
Organization for Standardization (ISO).

1 f0r250nm < A <298nm
Ser(A) = { 1000942 f0r298nm < A < 328nm ?)
100015(139-4) £or328nm < A < 400nm

The mismatch factor of each detector and the response coverage range of each detector
are calculated through Equation (8), as shown in Table 4.
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Table 4. Coverage areas and mismatch factors of each detector.
Type of Detector Covering Range (nm) Mismatch Factor

Our proposed detector 250 nm—-400 nm 8.63%

The Apogee UV detector 290 nm-390 nm 36.58%

XAR-UAB Radiometer 210 nm-380 nm 21.15%

Solarimeter 5.0 Radiometer 250 nm-390 nm 13.06%

GaN p-i-n ultraviolet photodetectors 250 nm—450 nm 101.18%

Our proposed detector covers the entire range from 280 nm to 400 nm, with superior
matching compared to the detectors currently available on the market. In contrast, the
Apogee UV detector only spans from 290 nm to 390 nm, while the XAR-UAB Radiometer
covers a range from 210 nm to 380 nm. Additionally, there are discrepancies between
the XAR-UAB Radiometer, Apogee UV detector, Solarimeter 5.0 Radiometer, GaN p-i-n
ultraviolet photodetectors, and the actual CIE response, with mismatch factors exceeding
10% for each. Thus, in terms of both the coverage range and similarity to the standard
CIE response, our proposed detector outperforms the four popular detectors currently on
the market.

To obtain the UVI value, it is necessary to multiply the spectral irradiance within a
certain wavelength range (250400 nm) by the erythemal weighting function [36] and then
perform an integration calculation.

~400
Ly = ker/ EASer()\)d/\ (8)
250

where E, is the solar radiation intensity, R;(A) is the spectral response, k. is the constant

equal to 40 m?w~ 1, and each unit wavelength contributes i(A) = E,.R;(A) to the output
current of the detector. Therefore, we can derive Formula (9):

400 j(A)

Lip =k —2-S(A)dA 9

uv er 250 RZ<A) 67‘( ) ( )

The spectral response of the detector proposed in this paper exhibits a relatively ideal

match with the erythemal action spectrum curve, allowing for the elimination of both R;(A)

and S,,(A) within an acceptable margin of error:

~400
Lo = ker [ i(A)dA (10)

The ratio of the detector’s output current to the UV index forms a coefficient, with the
detector’s output current directly corresponding to the UV index. Therefore, the calculation
expression for the UVI can be represented as

Liw = KI (11)

4.2. Experimental Setup
4.2.1. Test Spectra
Below, eight sets of typical ultraviolet radiation spectra [37-39] will be selected to

compare the measurement accuracy of the detector, utilizing the depicted ultraviolet
spectral irradiance in Figure 9.
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Figure 9. Ultraviolet spectral irradiance.

4.2.2. UVI Calculation

The overall response of our proposed detector in the wavelength range of 280-400 nm
can be expressed by Equation (12):

1.3060(~ ((1—290.8)/1155)%) For298nm < A < 400nm (12)

Replace the standard erythemal response with the spectral responses of various detec-
tors and weigh them with solar radiation under different conditions, as shown in Figure 9.

400
Iu'g - ker/zso R()\)Ser(/\)dA (13)

The results obtained are shown in Figure 10 (sort in ascending order by weight).

By comparing the theoretical and actual UVI values obtained from our proposed
detector with those from other commercial detectors, it is evident that a significant error
arises due to the spectral response of the detector in the UVB band and its mismatch with
CIE for UVI measurement. However, there is relatively less error in UVI measurement
caused by the mismatch between the detector spectral response and CIE in the UVA and
UVC bands. The skin damage caused by solar spectral irradiance primarily occurs in the
UVB (280 nm-310 nm) region, which aligns with the weightage assigned to this band
according to the CIE action spectrum. This explains why research on ultraviolet radiation
measurements has predominantly focused on UVB. Nevertheless, it should be noted that
UVA also affects skin health by accelerating darkening and aging processes; however, since
it does not have as sensational an association with skin cancer as UVB does, it tends to
receive comparatively less attention [40].
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4.3. Experimental Results

Using Equation (11) to calculate the theoretical values of the UVI measured by these
five detectors and comparing them with the actual UVI, the horizontal axis represents the
actual UVI, while the vertical axis represents the theoretical values of UVI measured by
these five detectors. The results are shown in Figure 11.
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Figure 11. Comparison of the theoretical and actual values for five detectors.

The results curve indicates that, compared to the mainstream UV detectors currently
available on the market, our proposed detector demonstrates a higher similarity between
their theoretical weighted results and the standard erythemal weighted results, showcasing
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their capability for high-precision measurement of the UVI. The measurement error of the
UVI of the detector can be calculated using Equation (14):

400 400
W=k [ i(A)A — ke / ExSer(A)dA (14)
250 250

The UVI obtained through standard erythema weighting is set to the standard value,
and the measurement error of each detector is shown in Figure 12.
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Figure 12. Theoretical errors of the five detectors.

The experimental results indicate that the miniaturized UV detector proposed in
this paper is capable of accurately measuring the UVI in most cases, outperforming the
XAR-UVB Radiometer, Apogee UV detector, and Solarmeter 5.0 Radiometer. The short-
wave filtering layer of the detector only absorbs short-wave UV radiation, so the signal
current does not pass through it. This reduces the requirements for crystal quality and
manufacturing costs. The existing commercial silicon photodiodes exhibit a broad spectral
response and necessitate the incorporation of an additional optical filter, thereby resulting
in escalated manufacturing costs. The Alj33Gag 7N layer in the detector structure proposed
in this paper has the filtering function itself, so there is no need to add an expensive filter
and reduce the manufacturing cost. For AlGaN materials, achieving high-quality (low
defect density) AlGaN with increased Al composition is challenging in processing. In this
structural configuration, the high-Al content AlGaN material functions solely as a selective
filter layer for the efficient absorption of short-wavelength UV light, thereby relaxing the
stringent crystal quality requirements for this particular layer. Electrodes are fabricated on
GaN material, which can be readily obtained with high-quality crystals through doping
and epitaxial growth techniques, resulting in a reduced dark current.

5. Conclusions

In traditional UVI monitoring, the use of erythema response detectors with matching
filters presents several issues, including difficulty in controlling the accuracy, large size,
high cost, and low measurement precision. The current study presents a GaN-based ul-
traviolet detector that utilizes an integrated chip mode with a dual-detection unit. The
spectral response of the device closely aligns with the erythema spectrum curve estab-
lished by the World Health Organization, obviating the necessity for supplementary filters.
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Through the utilization of dual-detector unit matching and the exclusive implementation
of epitaxial GaN material as the absorption layer, the challenges associated with growing
high-aluminum composition materials and experiencing high dark currents are effectively
circumvented. The short-wave filter layer is only used to absorb short-wave ultraviolet light,
and the signal current does not pass through this layer, which reduces the requirements for
crystal quality and lowers manufacturing costs. The experimental results, demonstrating a
measurement error of less than 0.4 when utilizing eight sets of ultraviolet radiation spectra
to calculate the performance of the ultraviolet detector, indicate that the portable sunlight
UVI monitoring device based on semiconductor ultraviolet photoelectric detectors can
accurately and continuously measure the sunlight ultraviolet intensity under diverse con-
ditions in real time. This serves as a reminder for individuals to safeguard themselves and
the environment against the detrimental effects of ultraviolet radiation, thereby mitigating
potential harm to human health and ecological well-being.
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