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ABSTRACT

In this study, we develop a highly sensitive visible light photodetector that uti-
lizes a thin-film structure composed of low-cost aluminum-doped zinc oxide
(AZO) and n-type silicon. The AZO thickness can be adequately controlled to fit
the different wavelengths of interest for photodetectors in the visible light range
using interrupted flow atomic layer deposition (ALD). This in situ aluminum
doping method ensures a uniform aluminum distribution within the AZO thin
films and effectively increases the internal film reflections and photoresponsivity.
The Schottky interface with n-type silicon is created by degenerated AZO due to
the lower Fermi level, and visible light can effectively penetrate the underlying
depletion zone. Optical simulation of the high conductivity of AZO indicated that
the optimal thickness was 54.6, 65.8, and 91.7 nm for devices illuminated with
450 nm blue, 525 nm green and 700 nm red light, respectively. Hall effect measure-
ments confirmed that the AZO film can achieve a low resistivity of 5 x 10~ Q-cm
and high carrier concentration of 3 x 10%’ cm™ at a suitable precursor ratio. Addi-
tionally, AZO films offer multifunctionality by providing optical antireflective
properties and forming Schottky junctions with n-type silicon to enable photoelec-
tric conversion. This multifunctional role of AZO was experimentally validated
through electrical, optical, and optical-to-electrical experiments, which showed
that the optimized device can reach an optical responsivity of approximately 10.7
AW at specific visible light wavelengths. The significant photoelectrical conver-
sion efficiency and simple thin-film structure design facilitate future applications
in light intensity measurement, such as in colorimetry or fluorometry.
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1 Introduction

Within the context of contemporary technological
advancements, sensors play a critical role in automa-
tion systems, facilitating the acquisition of environ-
mental parameters and their subsequent conversion
into electrical signals. The semiconductor device
places significant emphasis on the research and devel-
opment of sensors, constituting a pivotal dimension in
technological progress. Extensive exploration of sen-
sor technologies, such as thermal [1, 2], gas [3, 4], pres-
sure [5, 6], and optical sensors [7, 8] has been reported.
Notably, photodetectors have emerged as a focal point
in current mainstream research, garnering substantial
interest owing to their versatile utility and energy-effi-
cient attributes. In biomedicine, photodetectors play
a significant role in optical imaging and diagnosis,
offering noninvasive benefits. Photodetectors are also
integrated into fiber optic communication systems for
communication purposes. They convert optical signals
into electrical signals to enable high-speed and long-
distance data transmission. The versatility of photode-
tectors underscores their irreplaceable role in modern
society and their potential to drive future technique
innovations [9, 10].

A visible light sensor is a specialized photodetector
for detecting specific light bands, which is useful for
systems that require single-wavelength detection. The
integration of a visible light sensor typically includes
microlenses, color filters, light pipes, metal wire layers,
photodetector arrays, and accompanying electrical cir-
cuit items [11]. This integration makes circuit assembly
complex and limits miniaturization. The majority of
photodetectors are conventional p—n junctions that are
simpler to fabricate than photodetectors at Schottky
junctions. However, p—n junctions have slower oper-
ating speeds because of the minority carrier storage
effect as device switching is poorly suited for detecting
rapid changes in light signals.

In the realm of advanced sensor technologies, gra-
phene-based photodetectors have garnered increased
amounts of attention due to their unique properties.
These devices, which are known for their high speed,
sensitivity, and bandwidth, operate across a broad
spectrum range, making them versatile for various
applications, including high-speed communications
and biomedical imaging. The high electron mobility
of graphene enables these detectors to achieve rapid
response times, which is crucial for quick optical sig-
nal detection [12-14]. However, despite their potential,
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graphene-based photodetectors face challenges in
optical optimization due to the low optical absorp-
tion efficiency of graphene, which is attributed to its
monolayer structure. While certain studies employ
substrates to craft nanostructures that can enhance
the optical properties of these devices, achieving sig-
nificant efficiency [15, 16], the intricate nature of these
structures poses challenges. These issues complicate
cost reduction efforts and integration with existing
semiconductor manufacturing processes.

In the conventional metal-semiconductor Schottky
junction, incident light traverses the metal layer to
reach the junction depletion region, which is differ-
ent from the conventional p-n junction wherein light
must navigate a thick neutral region. Nonetheless, the
conventional Schottky junction presents a challenge
in facilitating effective absorption of incident light by
the semiconductor, which is primarily attributable to
the heightened reflectivity and absorption character-
istics inherent in the metallic device. This is a signifi-
cant impediment in optical performance and manifest
as limitations in achieving optimal photoelectrical
responses.

The proposed methodology entails the utilization
of a nanohole array positioned on a thin metal film
to address the previously described challenges [17].
This strategy optimizes device dimensions by capital-
izing on the surface plasmon resonance inherent in the
metal and the optical cavity interference phenomena.
Consequently, this configuration selectively permits
the passage of a defined spectral band for addressing
these issues. While the metal in this method serves the
triple function of an electrode, a filter, and a Schottky
junction former, endowing the metal hole array with
good transmittance for specific wavelength, its sensi-
tivity remains suboptimal due to the elevated refrac-
tive coefficient and extinction coefficient of the metal.
Moreover, the implementation of a nanohole array
through precise lithography technology increases
the overall complexity and cost of the process. Many
studies have focused on utilizing active devices, such
as bipolar junction transistors (B]JTs) or field-effect
transistors (FETs), which amplify electrical signals to
enhance photoelectric signal output, thereby achiev-
ing superior light sensitivity. However, such active
devices require additional power for biasing, conflict-
ing with the increasing emphasis on green energy
solutions. Consequently, this investigation seeks to
devise a light detector design that operates without
bias voltage, aligns with green energy principles, and



] Mater Sci: Mater Electron (2024) 35:922

is being simple, cost-effective, and highly sensitive.
Additionally, if the optical properties can be adjusted
across any visible light spectrum, this technology
could synergize with other green energy systems,
such as photocatalysis for dye degradation [18-23].
In scenarios where dye concentrations are minimal,
the system should exhibit heightened sensitivity to
swiftly detect low dye concentrations. Moreover, a
visible light sensor with enhanced sensitivity could
be pivotal in monitoring hydrogen gas leaks within
hydrogen storage systems [24]. Notably the junction-
based photosensor operates without any voltage bias,
underscoring its status as a green energy device.

Zinc oxide (ZnO) is a promising material for trans-
parent electrodes [25-27] due to its potential appli-
cations in photoelectric and piezoelectric devices
[28-31]. Despite its many advantageous properties,
the high resistivity of ZnO limits its effectiveness as
a conducting electrode. To enhance the conductivity
of ZnO-based electrodes, Group III elements such as
aluminum, gallium, or indium are often doped into
ZnO [32-36]. For example, aluminum-doped zinc
oxide (AZO) is a popular transparent conductive metal
oxide with higher conductivity than ZnO [37-40]. In
addition to the electrical properties of the AZO mate-
rial, the low refractive index and near-zero extinction
coefficient of AZO under visible light make it an excel-
lent transparent electrode. Compared to indium tin
oxide (ITO), which is a more commonly researched
and mature transparent conductive electrode material,
AZO does not require expensive or toxic metal ele-
ments [41]. Furthermore, the AZO material has better
thermal stability and visible light transparency, mak-
ing it more suitable for high-power, long-term use in
light detectors. Various methods such as sputtering
[42], sol-gel methods [43], chemical vapor deposition
[44], and atomic layer deposition (ALD) have been
used to prepare AZO films. The conventional oxide
diffusion method for doping ZnO through ALD
involves growing a layer of Al,O; on a multilayer ZnO
thin film in advance. The aluminum then diffuses into
the ZnO via post-annealing at relatively high process
temperatures. Additionally, this method requires mul-
tiple ZnO layers to dilute the aluminum concentration,
which affects the ability to control the thickness of the
AZO film and results in a nonuniform distribution of
aluminum in the overall AZO film [45]. Compared to
the oxide diffusion method, the in situ ALD doping
method can control the uniform dopant concentration
in the AZO film.
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In this study, a new visible light sensor design using
a heavily doped AZO thin film as a multifunctional
material is proposed. The AZO films are fabricated
by interrupted flow ALD with precise thickness con-
trol, enabling natural color filtering through thin-film
interference. The AZO films also serve as transparent
electrodes and Schottky junction formers with n-type
silicon, simplifying the device structure and enhanc-
ing the photoelectric conversion efficiency. This study
adopts a simple film stack structure that requires only
one fabrication process and achieves an ultrahigh
responsivity of 10.7 AW™ at specific wavelengths.
Optical simulation revealed the optimal thickness of
the AZO film for different visible light wavelengths
of interest.

2 Materials and methods
2.1 Thin-film material

In this study, AZO films were prepared through an
ALD system with an interrupted flow method, which
is different from the conventional continuous flow
method typically utilized in ALD systems. In the
ALD process with the continuous flow method, the
precursor is grown during flow, which potentially
hinders the complete reaction of the precursor. The
interrupted flow method incorporates an additional
soaking time, allowing the precursor to fully exploit
the self-limiting effect. This ALD method contributes
to superior film uniformity and crystallinity.

The in situ doping method is employed in this
study. The process is described as follows: During the
ALD deposition of the ZnO layer on a silicon wafer,
the aluminum precursor undergoes simultaneous
injection into the chamber. Due to the disparity in
binding energies among zinc, aluminum, and oxy-
gen, aluminum supplies zinc, resulting in the forma-
tion of n-type-doped AZO. The fabrication sequence
of the in situ doping method is presented as follows:
The first precursor, DI water, is introduced into the
reaction chamber within 50 ms and allowed to soak
for 2s without pumping. Subsequently, the residual
precursor is purged from the chamber using N, gas
within 3s, followed by pumping for 8s. Next, the
second precursor, diethylzinc (DEZ), is introduced
into the reaction chamber within 50 ms and soaked
for 2s without pumping. Then, the third precursor,
trimethylaluminum (TMA), is introduced into the
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«Fig. 1 Depth profile of Al and Zn atoms from secondary ion
mass spectrometry (SIMS) and cross-sectional scanning elec-
tron microscopy (SEM) images of AZO thin films under dif-
ferent growth conditions. a Layered ZnO film and Al,O; film
subjected to diffusion annealing treatment; b AZO film after
interrupted flow and in situ doping method ALD; ¢ AZO thick-
ness of 54.6 nm in the SEM image; d SEM image of AZO with
a thickness of 65.8 nm; and e AZO thickness of 91.7 nm in the
SEM image

reaction chamber within 10 ms to displace some of
the original lattice sites of Zn. Afterward, the residual
precursor is purged from the chamber using N, gas
within 8s and pumped out within 10s. This method
exhibits enhanced effectiveness in doping compared to
conventional oxide diffusion method, enabling a more
uniform aluminum distribution within fewer ZnO lay-
ers, which is crucial for the precise adjustment of AZO
film thickness. The uniformity of the aluminum distri-
bution in the AZO films produced via in situ doping,
in contrast to those prepared via conventional meth-
ods, was confirmed through secondary ion mass spec-
trometry (SIMS) analysis, as illustrated in Fig. 1a-b.
The superior uniformity of AZO doped by the in situ
doping method is advantageous for the stringent con-
trol of optical properties and thickness modulation in
optical sensors. In contrast to the conventional thermal
diffusion method, which involves a layered ZnO and
Al,O; structure followed by high-temperature anneal-
ing to induce aluminum diffusion, this method results
in nonuniform doping in the range of 20 nm (as illus-
trated in Fig. 1a) on the surface. In contrast, the in situ
doping method from interrupted flow ALD (Fig. 1b)
ensures a more homogeneous atom distribution for
minimizing light scattering at interfaces and enhanc-
ing the performance of optical devices. The precursor
for Zn in this work was diethylzinc (DEZ), and the pre-
cursor for Al was trimethylaluminum (TMA). These
precursors were purchased from PentaPro Materials.

2.2 Optical simulation

Various thicknesses of ZnO films from ALD were char-
acterized by ellipsometry, and the ellipsometry model
used in this work was an Ellipsometer M2000. The
refractive index and extinction coefficient of the AZO
film can be determined from the visible light spectra.
Prior to the ALD experiment on the AZO film, opti-
cal simulation was achieved using the Macleod opti-
cal thin-film simulation software. The simulation is
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beneficial choosing the optimal AZO thickness that
contributes to the lowest surface reflection and best
light absorption for red, green, and blue visible light.

2.3 Device fabrication and photoelectric
characterization

The fabrication of the device begins with a thorough
RCA cleaning process for the n-Si wafer surface. Fol-
lowing cleaning, TiN is deposited on the n-5Si back
side via the PVD, acting as a back electrode. In situ
Al doping of ZnO occurs at reaction temperature of
250 °C. The desired thickness of AZO is subsequently
deposited to attain the optimal thickness at blue,
green, and red wavelengths. A UV-Vis spectrometer
is used to measure and confirm the optical proper-
ties of the fabricated devices via the optical simula-
tion. The spectrometer used in this work was Hitachi
UH5700 instrument. The I-V curve of the device was
measured in a dark room to determine the Schottky
junction of the device. The ammeter mode was used to
measure the photoelectric current on—off curve of the
device under illumination. This approach ensures that
the signal originates solely from the light-to-electric
signal and that the photoelectric current output of the
device can be accurately observed.

In this study, the light sources included blue
(450 nm), green (525 nm), and red (700 nm) LED lights
with an intensity of 65 uWem™. The device area is
1 cm x 1 cm and the light spot encompasses the entire
device. All electrical measurements were conducted
using a Keithley 2400 instrument. The tool has a theo-
retical measurement limit of one pA for current and
100 nV for voltage, meeting the signal requirements
for the photoelectric signals.

3 Results and discussion
3.1 Design of the AZO thin film

The in situ doping method employed in this research
demonstrates superior efficacy in doping compared to
the conventional oxide diffusion approach, facilitat-
ing a more homogeneous distribution of aluminum
across fewer ZnO layers. This homogeneity is vital
for the precise calibration of AZO film thickness.
Unlike conventional methods, the uniformity of the
aluminum distribution within AZO films produced
via in situ doping was validated through secondary
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«Fig. 2 a Device structure for an AZO film Schottky junction
with an n-type Si and TiN film as the back electrode; b band dia-
gram of AZO and an n-type silicon Schottky junction; ¢ refrac-
tive index (n) and extinction coefficient (k) for the obtained AZO
film from in situ-doped interrupted flow ALD; d refractive coef-
ficient (n) for the AZO and Si materials; e surface reflectance
spectra of the AZO device from the interrupted flow and in situ-
doped ALD films with thicknesses of 54.6, 65.8, and 91.7 nm
obtained from a UV-vis spectrometer

ion mass spectrometry (SIMS) analysis, as depicted
in Fig. 1. This enhanced uniformity, attributed to the
in situ doping approach, is beneficial for the meticu-
lous regulation of optical properties and thickness
modulation in optical sensors. Diverging from the tra-
ditional thermal diffusion technique, which involves a
stratified ZnO and Al,Oj; structure followed by high-
temperature annealing to foster aluminum diffusion—
leading to uneven doping within the top most 20 nm
(as illustrated in Fig. 1a)—the in situ doping method
via interrupted flow atomic layer deposition (ALD)
(shown in Fig. 1b) guarantees a more uniform atomic
distribution. This uniformity is crucial for reducing
light scattering at interfaces, thereby boosting the
performance of optical devices. Moreover, the in situ
doping technique requires a lesser quantity of alu-
minum atoms for doping, subsequently necessitating
a reduced amount of ZnO film to counterbalance the
aluminum atoms. This aspect is particularly advan-
tageous for the stringent regulation of the AZO film
thickness. SEM cross-sectional images of three distinct
AZO thicknesses in visible light detectors, established
in this study —Fig. 1c (54.6 nm), Fig. 1d (65.8 nm), and
Fig. 1e (91.7 nm)—demonstrate consistency with the
predetermined thicknesses. This consistency under-
scores the ability of the ALD with interrupted flow
and in situ doping methods to cultivate high-quality
films at precise thicknesses that are fully aligned with
the requirements of optical devices.

The design structure of the visible light sensor is
illustrated in Fig. 2a. An AZO film with the optimal
thickness is deposited on the surface of n-type Si, and
TiN film is obtained as the ohmic contact metal elec-
trode for the back electrode. Figure 2b shows the band
diagrams of AZO and n-type silicon. In this study,
AZO, with a doping concentration of 10%, qualifies
as a degenerate semiconductor, effectively rendering
it a metallized material. Conversely, the n-type sili-
con utilized possesses a doping concentration of 10'°,
which leads to the formation of a Schottky junction
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between AZO and n-type silicon with the depletion
region exclusively situated on the silicon surface.
According to the band diagram depicted in Fig. 2b,
upon the absorption of light by silicon, which results
in the generation of electron-hole pairs, electrons and
holes migrate toward silicon in the conduction band
and toward AZO in the valence band, respectively.
Under closed-circuit conditions, this process culmi-
nates in the generation of an effective photoelectric
current, which is denoted as the short-circuit current
(Isc). Conversely, in an open-circuit scenario, the sys-
tem yields a photoelectric voltage output, which is
referred to as the open-circuit voltage (Voc).

The optical properties of AZO are crucial for
designing simple AZO thin films of different thick-
nesses rather than optical nanostructures for visible
light sensors. The optical properties of the refractive
coefficient n and extinction coefficient k for AZO film
are shown in Fig. 2c. The obtained refractive coeffi-
cient of the AZO film is approximately 1.5 to 2 under
visible light. In contrast, the extinction coefficient of
the AZO film is almost zero in the visible wavelength
range. These observations confirm the low reflection
and high transmission properties of the AZO film in
the visible light region.

Figure 2c compares the refractive coefficient n of
the AZO film and silicon substrate in the visible light
range. Compared with the n value of 4-5 for silicon,
the 1.5-2 refractive coefficient of the AZO film is bet-
ter for the interface with the refractive coefficient of
air. The optical properties of AZO can effectively
reduce the optical reflection of visible light sensors
and achieve high optical absorption according to the
thin-film interference principle. Because of the very
low extinction coefficient of AZO, increasing the thick-
ness of AZO film in the visible range did not alter the
optical absorption of the film. This phenomenon is
beneficial for light absorption in the ultrashallow light
region at the silicon interface for direct enhancement of
photoelectric conversion. Notably, the refractive index
of silicon abruptly increases in the blue light band,
as shown in Fig. 2d. This often leads to a substantial
increase in the light reflectivity of silicon-based photo-
detector devices within the blue band. Hence, the sen-
sitivity of photodetectors can be affected by blue light.
As shown in Fig. 2c, AZO exhibited a low refractive
index and near-zero extinction coefficient in the blue
light band. By maintaining strict control over the thick-
ness of the AZO film to fulfill thin-film interference
conditions, a state of zero reflection can be achieved,
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which allows for high transmission, thereby enabling
silicon to exhibit high absorption. Notably, the AZO
thin film permits the nearly unimpeded transmis-
sion of light, enabling it to directly impinge upon the
silicon surface, precisely at the depletion zone. The
band diagram presented in Fig. 2b elucidates that the
electron-hole pairs, engendered by the absorption of
light within the depletion zone, can be effectively seg-
regated by the built-in electric field, thereby generat-
ing an electrical signal. This phenomenon underscores
the notion that light absorption is only consequential
within the depletion zone. The architectural design
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employed in this study optimizes the conditions such
that light is not only intensely focused but also effec-
tively absorbed by the depletion zone, culminating
in the efficient generation of an electrical signal. This
enhancement increases the sensitivity of the silicon-
based photodetector. Figure 2d shows the UV—visible
light spectra measured by three distinct visible light
sensors. Each sensor demonstrates an optical reflec-
tion of 0% within its respective detection band. These
findings confirm when the thickness of the AZO film
is well controlled, the device can exhibit exceptional
optical absorption for a specific band. Consequently,
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it is anticipated that a device will demonstrate supe-
rior sensitivity within this band. The ability of ALD to
control film thickness enables precisely control of the
thickness of high-quality AZO films.

Optical simulation of the AZO film shown in Fig. 3a
revealed zero reflection regions in the visible light
range of 300—800 nm. These thickness and wave-
length intervals are also chosen as the sensor regions.
The regions of the sensors in Fig. 3a designed to
detect visible light in the blue, green, and red spectra
are indicated by star marks in corresponding colors.
The simulation results also demonstrate the ability
of the created visible light sensors to detect different
wavelengths with specific AZO film thicknesses. In
other words, optimal optical performance at a given
wavelength can be achieved when the sensor thick-
ness meets the sensor area shown in Fig. 3a, at which
point the visible light sensor has the highest sensitiv-
ity to this wavelength. Figure 3b shows the simulated
reflection spectrum of the AZO film between 400 and
800 nm. This optical reflectance behavior from the
simulation for AZO film is similar to that of the experi-
ment film, as shown in Fig. 2e. Other optical properties
for transmittance and absorptance from simulation are
illustrated in Fig. 3c—d. We depict the respective color
regions for the red light (700 nm), green light (525 nm),
and blue light (450 nm) bands in Fig. 3b—d. The optical
simulation clearly suggests that red, green, and blue
sensing capabilities can be achieved by deposition
of the AZO film by ALD at thicknesses of 91.7, 65.8,
and 54.6 nm, respectively. In addition, the AZO films
exhibited high transmittance (larger than 90%) of blue,
green, and red light at wavelengths of 450, 525, and
700 nm, respectively, as shown in Fig. 3c. Moreover,
Fig. 3d shows that the absorptance of the AZO film is
very low (lower than 10%). The results of low reflec-
tion, low absorption, and high transmittance for the
AZOQ film reveal the effectiveness of our precise design
of the AZO thickness for visible light sensors. Con-
sequently, when the light detection device, featuring
an optimally calibrated AZO film thickness, is sub-
jected to illumination, the light traverses the AZO film
with very little loss or reflection. This process enables
the light to directly reach the n-type silicon surface,
which is the depletion region of the AZO/n-type sili-
con Schottky junction. Here, silicon efficiently absorbs
light, facilitating the generation of electron-hole pairs.
These pairs are subsequently segregated by the built-
in electric field within the depletion region, resulting
in the formation of effective electrical signals. Hence, it
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is anticipated that the light detector will exhibit height-
ened sensitivity toward specific light wavelengths.

3.2 Photoelectronic performance of the visible
light sensor

The I-V curves in Fig. 4a demonstrate similar behavior
for bias frequencies between — 1 and 1 V in the dark.
This observation confirms that all three blue, green,
and red light devices can form an effective Schottky
junction between the AZO film and the n-type Si sub-
strate. The current repeatability of the turn-on and
turn-off properties of the device under dark or differ-
ent light illuminations (red/700 nm, green/525 nm, and
blue/450 nm) is illustrated in Fig. 4b—d. The periodic
turn-on current is obtained at a light illumination of
65 uWcem 2 light reaches ~7 x 10 A for red, green, and
blue light. This observation suggests that the thick-
ness of the device sensor with AZO thicknesses of 91.7,
65.8, and 54.6 nm can provide excellent photoelectric
conversion efficiency.

Figure 4e illustrates the responsivities of the three
devices corresponding to their respective optimal
detection light bands mentioned in Fig. 2e. Their
responsivities can reach 10.7 AW™ at their respective
detection wavelengths. This responsivity is approxi-
mately two orders of magnitude greater than that of
previously reported metal nanopore array detectors
(0.15~0.35 AW ™). According to the optical simulation
result shown in Fig. 3, the thickness of the AZO thin
film only needs to be changed to achieve an excel-
lent responsivity of 10.7 AW™! for visible light in the
design of the visible light sensor. The high device
responsivity is attributed to the transparent AZO
conducting electrode with better conductivity, very
good antireflection capability at specific wavelengths,
and shallow surface of the silicon. Owing to the mini-
mal attenuation of incident visible light by AZO and
the meticulous regulation of the AZO film thickness,
which yields exceptionally low reflectivity, a substan-
tial portion of the light can directly impinge on the
surface of n-type silicon, which is the depletion zone
within the AZO/n-type silicon Schottky junction. This
interaction facilitates the efficient generation and sep-
aration of electron-hole pairs by the built-in electric
field, thereby contributing to the high photosensitivity
observed. Figure 4f provides various publications on
the surface maximum responsivity for different device
designs, and our device design has the best photoelec-
tric conversion efficiency and responsivity [17, 46-53].
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«Fig. 4 AZO devices from in situ-doped interrupted flow ALD
films with thicknesses of 54.6 nm (blue sensor), 65.8 nm (green
sensor), and 91.7 nm (red sensor): a I-V curve of AZO/n-Si
Schottky junction device in the dark and the inset of the log scale
for the current; b 700-nm red light switching on—off current for
the Schottky device with a 91.7 nm AZO film; ¢ 525-nm green
light switching on—off current for the Schottky device with a
65.8-nm AZO film; d 450-nm blue light switching on—off current
for the Schottky device with a 54.6-nm AZO film; e responsivity
of the three types of visible light sensors under illumination at
their respective optimal detection wavelengths; and f comparison
of the responsivity of the visible light sensors in this work with
that of other light sensors [17, 46-53]

Table 1 presents a systematic collation of the results
depicted in Fig. 4f, facilitating more intuitive obser-
vation and comparative analysis. Numerous investi-
gations have been conducted to compare a variety of
entities ranging from complex structures and partial
two-dimensional materials to photodetectors employ-
ing identical AZO materials. Within this diverse spec-
trum of studies, the photodetector developed herein
demonstrates superior photoresponsivity, achieving a
remarkable figure of 10.7 AW which is several orders
of magnitude greater than that of the comparative sub-
jects. Additionally, the visible light detector devised in
this research obviates the need for any voltage bias,
enhancing a relatively simplistic design. This simplic-
ity is promising because of its potential for integration
with chemical identification techniques, such as color-
imetry or fluorescence methods, enabling the detec-
tion of intensity variations in specific wavelength light
sources. Consequently, this integration is anticipated
to facilitate self-powering, rapid, cost-effective, and
highly efficient detection.

The carrier concentrations from Hall measure-
ments for the AZO films obtained at different pre-
cursor compositions in the ALD reactor are shown
in Fig. 5. Optimization of the concentration ratio of
the precursor at 1:7 for TMA/DEZ results in the best
carrier concentration of 3 x 10 cm™ and a lower
film resistivity of 5x 107 Q-cm. This low resistivity
confirms the effective control of aluminum doping
in AZO through the in situ doping method, allow-
ing AZO to function as an electrode for the photo-
detector and eliminating the need for additional
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metal electrodes that could compromise the optical
performance of the device. In contrast, a precursor
ratio of 1:9 for TMA/DEZ results in a lower carrier
concentration and higher film resistivity. The higher
film resistivity is attributed to the lower Al doping in
AZO, which yields a lower carrier concentration. In
addition, a lower carrier concentration and a higher
film resistivity were also observed at 1:6 for TMA/
DEZ, which is attributed to the excess Al atoms not
being able to fully replace the Zn atoms but rather
easily forming Al,O; to cause this phenomenon.

4 Conclusion

This work introduces a device with a controllable
wavelength under visible light and a high responsiv-
ity utilizing heavily doped AZO thin films on n-type
silicon. The AZO films are engineered via ALD using
an interrupted flow and in situ doping method.
The ability of the AZO films to control the thick-
ness enables an antireflection coating at a specific
wavelength through thin-film interference to facil-
itate optical absorption of the visible light sensor.
Beyond serving as an antireflection coating at spe-
cific wavelengths, AZO films function as transparent
electrodes and Schottky junctions form over n-type
silicon to produce multifunctional AZO materials.
This simplifies the device structure for enhancing the
photoelectric conversion efficiency at specific wave-
lengths. The sensor exhibits ultrahigh responsivity,
reaching 10.7 AW™', which is significantly superior
to that of existing technologies. Consequently, this
work demonstrates the potential of AZO as a multi-
functional material for photodetector applications to
provide advantages in optical (spectral/high optical
absorbance in specific wavelengths), electrical (high
conductivity), and fabrication aspects (accurately
controlled thickness by ALD) for significant advance-
ments in the field of high sensitivity photodetector
applications, including biomedicine, communica-
tions, and environmental monitoring.
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Table 1 Comparison of light detectors with different materials
and device structures

Material and device structure Photo respon- Bias

sivity (AW~ 1) voltage

M)
Al/n-type silicon with nanohole array 0.25 0
(17]
AZO/n-type silicon [46] 0.128 2
AZO/TFB [47] 0.025 0
AZO/CuCrO, [48] 0.001645 0
Ag nanodisk array on n-type silicon 0.0915 0
[49]
7ZnO/Perovskite/NiO [50] 0.55
Double organic bulk heterojunction 0.2 0
(51]
Fe;0,/MoS, [52] 0.0000101 0
MoS, field-effect transistor [53] 0.008 40
AZO/n-type silicon (this work) 10.7 0
[
5.1x107 13x102%
g :
T -3
£ 4.1x10 8
L =
8 3 8
33.1X10 1 4 2X10203
s ]
@ 2.1x107 1 o
7 ]
Y 6]
& 1.1x10° l1x1023
&
1.0x10+ . ; T
1-6 1-7 1-9

TMA:DEZ

Fig. 5 Carrier concentration and film resistivity for the AZO
films obtained at different precursor compositions of 1:6, 1:7, and
1:9 for TMA/DEZ in the interrupted flow ALD reactor
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