ano

esearch

Open Access

Study on the linear dynamic range and anti-background light
interference of n-Si/n-ZnQO heterojunction photodetectors

enhanced by transient current

Yongle Zhang, Xue Feng, Feng Yang, Yingfeng Duan, Yuwei Zhao, Tuo Chen, Peng Wang, Junmeng Guo, Zuliang Du,

and Gang Cheng

Key Lab for Special Functional Materials of Ministry of Education, School of Nanoscience and Materials Engineering, Collaborative
Innovation Center of Nano Functional Materials and Applications, Henan University, Kaifeng 475004, China

Cite this article: Nano Research, 2025, 18, 94907007. https://doi.org/10.26599/NR.2025.94907007

ABSTRACT: The self-powered photodetectors (PDs)

have

gained much attention due to they do not require additional
external energy and can be well applied in distributed
optoelectronic detection networks. However, the small built-in
electric field and rich interface states of self-powered PDs, make
it a severe challenge to achieve large linear dynamic range
(LDR) and high responsivity. Herein, a n-Si/n-ZnO heterojunction
structure self-powered PD is constructed, fully utilizing the
characteristics of transient current less affected by the excitation
power and interface states, and using transient current as the
detection signal significantly improves the PD’s photocurrent
responsivity (R) and the LDR. Under the excitation of 365, 530,
660 and 970 nm light, the device’s maximal peak-to-peak
transient current responsivity (Ry) values are 89.3, 341, 439 and
542 mA-W-'. The device’s corresponding LDR is 113.8, 112.5,
105.9 and 74.6 dB, which are 25.9, 29.9, 20.3 and 14.4 dB
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higher than steady-state current (/;), respectively. Furthermore, in the presence of background light, the device’s transient
current exhibits enhanced light intensity change resolution and background light interference resistance. Finally, the 6 x 6
detector array’s transient current (/;) response has a good consistency and LDR, which significantly improves the device’s
imaging quality and resolution. This work provides new ideas for improving the R and LDR of self-powered PDs, and will
promote the development and application of transient current responsive self-powered PDs in the fields of high-sensitivity

detection and fast imaging.

KEYWORDS: n-Si/n-ZnO heterojunction photodetectors, linear dynamic range, anti-background light interference, transient

current, wide spectrum response characteristic

1 Introduction

With the rapid development of new-generation information
technologies such as the Internet of Things, big data and artificial
intelligence, the demand for the speed and quality of information
collection, transmission and processing continues to increase [1-3].
Photodetectors (PDs) are the basic units for photoelectric sensing,
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imaging and the Internet of Things, and their performance
determines the speed and quality of data collection [4-7].
Therefore, the development of new high-performance PDs with
low power consumption, high detection sensitivity, high detection
speed and good environmental adaptability has attracted extensive
attention from researchers [8—10]. The linear dynamic range (LDR)
of optical power (or light intensity) is an important performance of
the PD, which determines the imaging quality of the detector [11,
12]. Traditional metal oxide semiconductor technology has a
dynamic response range of only 70 dB [12], which is significantly
less than the 280 dB dynamic range of natural light intensity [13].
The detection and imaging of devices are significantly impacted by
the limited spectral LDR. To increase the LDR of PDs, researchers
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have adopted methods such as controlling optical aperture, liquid
lens, adjusting exposure time and utilizing algorithmic post-
processing [14-16]. However, these methods typically require
complex hardware and software resources. Recently, devices with
visual adaptive capabilities have been able to improve the dynamic
response range of optical power and reduce hardware complexity
[13]. For example, gate voltage-regulated MoS, transistors [13],
CsPbBry/two-dimensional (2D) MoS, heterojunctions [17, 18] and
complementary bulk heterojunction (BHJ) transistors, etc [19].
However, the devices of the above strategies usually require external
voltage driving or gate voltage regulation of device performance,
which increases the energy consumption of the device. The LDR of
a device’s optical power can be greatly increased by using novel
materials like perovskite materials [20—-22] and two-dimensional
materials [13, 23-25]. However, the stability, adaptability and
preparation process of new material devices still face some
challenges, which restrict their application in high-speed detection
and imaging.

Heterojunction PDs with self-powered characteristics do not
require additional external energy, and can be well applied in
distributed optoelectronic detection networks and the Internet of
Things [9, 26-28]. This structural device can also satisty the
demands of high-speed detection and imaging because of its quick
responsiveness feature. Especially recently, using the transient
current generated by devices when it is light-excited or turned off as
a detection signal can effectively increase the photoelectric
responsivity and response speed of photoelectric detection without
changing the device structure [29-31]. For example, significant
improvements in device response performance were achieved in p-
Si/n-ZnO heterojunctions [29, 32, 33], Si/NiO/ZnO heterojunctions
[34], ZnO/SnS heterojunctions [35], ZnO/ZnTe, hetero-junctions
[36]and Si/SnS heterojunctions [37]. Additionally, using transient
photocurrent as the detection signal can increase the environmental
and temperature adaptability of the PD [28, 29, 38]. The LDR of
optical power (light intensity) of PDs is an important performance
of PDs. However, to our knowledge, there are currently no research
reports on the enhancement of the LDR of device optical power by
transient photocurrent. The reason for this phenomenon may be
due to the different transient photocurrent response characteristics
of n—n heterojunction and p-n heterojunction, while most previous
studies were based on p-n heterojunction. Additionally, the
photoelectric performance of devices in the absence of background
light is usually studied, while real devices typically operate in
environments with background light. The impact of background
light interference on the photoelectric response performance of
devices is rarely reported. Therefore, studying the LDR of the device’
s transient photocurrent and exploring the ability of transient
current to resist background light interference is of great
significance for achieving high-speed photoelectric detection and
imaging of distributed signals in complex environments.

This article constructs an n-Si/n-ZnO heterojunction structure
self-powered PD, using transient current as the detection signal to
significantly improve the photocurrent responsivity and LDR of the
PD. Under the excitation of 365, 530, 660 and 970 nm wavelength
light, the device’s maximal peak-to-peak transient current
responsivity (Ry) values are 89.3, 341, 439 and 542 mA-W,
respectively. They are 6.6, 15.6, 9.7 and 7.5 times higher than the
responsivity of the I (Ry), respectively. The LDR of the device’s
transient current (I,) is 113.8, 112.5, 105.9 and 74.6 dB, which are
259, 29.9, 20.3 and 14.4 dB higher than steady-state current (I),
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respectively. Secondly, the effect of background light on the
optoelectronic response performance of the device is studied. The
results show that transient current has a higher resolution of light
intensity changes and resistance to light intensity interference.
Under 530, 660 and 970 nm wavelength light excitation, the
maximum relative responsivity (R’y) of the device is 428.8, 601.5
and 621.7 mA-W™, respectively. Under 530, 660 and 970 nm light
excitation, when the power density of the background light is
30 times that of the variable light pulse power density, the peak-to-
peak current relative responsivity retention factors of the device are
0.61, 0.59 and 0.61, respectively, which are 41.9%, 22.9% and 68.1%
higher than the steady-state current relative responsivity retention
factors, respectively. Finally, a 6 x 6 detector array was constructed
to investigate the imaging effect of array devices on 530 nm
wavelength light, and the results show that using the device’s I, as
the detection signal significantly improved the imaging quality and
resolution of the device. This work provides new ideas for
improving the responsivity and the LDR of photocurrent and will
promote the development and application of transient current
responsive self-powered PDs in fields like high sensitivity detection
and rapid imaging.

2 Experimental

2.1 Preparation of devices

The 500 pm n-type silicon wafer (with a crystal surface (100) and a
resistivity of 10-20 - cm) was cleaned by ultrasonic cleaning with
ethanol and deionized water, and dried with nitrogen gas. Firstly, a
layer of ZnO thin film (approximately 50 nm) was sputtered on the
Si surface as a seed layer using magnetron sputtering (75PRO line,
power 80 W, sputtering time 25 min). Secondly, the sample with
ZnO seed layer was placed into a mixed solution containing 30 mM
Zn(NO,),, 30 mM hexamethylenetetramine (HMTA) and 1.6%
ammonia by volume 62.5 mL to grow ZnO nanowire arrays. The
reaction temperature was 90 °C and the reaction time was 120 min.
Then, deionized water was used to clean the residual reaction
solution on the ZnO nanowire array, and let the sample dry
naturally in air. Finally, a layer of indium tin oxide (ITO) thin film
was sputtered at the end of ZnO nanowires using magnetron
sputtering as the upper electrode, and 10 nm chromium and 50 nm
gold thin films were evaporated on Si wafers using electron beam
evaporation (DZS-500) as the bottom electrode. The upper and
bottom electrodes were connected to the test electrode through
silver adhesive bonding wires. The preparation process of array
devices was similar to the above, where 6 x 6 polyethylene
terephthalate (PET) mask plates were placed above the device
before sputtering the ITO electrode.

2.2 Material characteristics

The microstructure and crystal type of ZnO were characterized by
field emission scanning electron microscopy (FESEM, JEOL JSM-
7610F Plus) and X-ray diffraction (XRD) analyzer (D8-
ADVANCE), respectively.

2.3 Optical and electrical measurements

The absorption of ZnO and Si materials was measured using a
ultraviolet-visible (UV-Vis)-near infrared spectrophotometer (PE
Lambda 950), where ZnO nanowire arrays were grown on quartz
substrates and measured using the transmission method, while Si
sheets were measured using reflection method. Current-voltage
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(I-V) and capacitance-voltage (C-V) of the devices were measured
using a semiconductor analyzer (Keithley 4200-SCS). The transient
current-time (I-f) and voltage-time (V-f) characteristics of the
device were measured through a built optoelectronic measurement
system, including a software-controlled sensitive ammeter (SR570)
data acquisition card (USB-6361). The light sources at 365, 530, 660
and 970 nm wavelengths used in the experiment were provided by
light-emitting diode (LED) fiber couplers (Thorlabs M365FP,
MS530F2, M660FP1 and M970F3) and controlled by LED drivers
(Thorlabs DC2200). Finally, they were irradiated onto the sample
through fiber coupling. The size of the optical power density, the
current with or without background light passing through the
driver, and the broadband filter were precisely controlled. The
measurement of corresponding optical power density was
measured using a power meter (Thorlabs PM 320E). The sample
was placed at room temperature and atmospheric pressure on the
probe table (CRYOX80).

3 Results and discussion

Figure 1(a) is a schematic diagram of the structure of n-Si/n-ZnO
devices (the detailed preparation process of the device can be found
in the experimental section). Figure 1(b) is the SEM image of ZnO
nanowires grown by the hydrothermal method. From the top view,
it can be seen that there are several nanowires arranged in a
columnar structure. The nanowire vertical substrate grows
preferentially along the [002] direction (Fig. S1(c) in the Electronic
Supplementary Material (ESM)). From the side view SEM image of
Si/n-ZnO devices, it can be seen that ITO has a thickness of over
200 nanometers and is wrapped around ZnO nanowires (in the
illustration of Fig. 1(b) and Fig. S3 in the ESM). The energy band
diagrams of various materials used to construct the device are
shown in Fig. 1(c). The valence band positions of ZnO and Si
relative to the vacuum energy levels are —7.71 and —522 eV,
respectively [29, 39, 40]. According to the absorption curves of ZnO
and Si materials, the band gaps of ZnO and Si materials are 3.2 and
1.13 eV, respectively (Figs. S1(a) and S1(b) in the ESM). According
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to the absorption spectrum of ZnO material, the high
photoluminescence intensity corresponding to the 450-650 nm
wavelength band indicates that the ZnO nanowires obtained by the
hydrothermal method have rich defect states (Fig. S1(d) in the
ESM) (33, 41]. From the I-V curve of the device, it can be seen that
the formed n-ZnO/n-Si device has good rectifying characteristics
(illustrated in the device measurement diagram), indicating that the
ZnO and Si interfaces have good contact to form a heterojunction
(Fig. 1(d)). At a bias of +1 V, the rectification ratio of the device’s
current is approximately 1:68.8. According to the I-V curve in the
exponential coordinate system, the current transport of the device
under negative bias can be divided into four regions with the
increase of negative bias: generation recombination current region,
diffusion current region, large injection region and series resistance
effect region [42].

The device’s I-V curves at various 530 nm light excitation power
densities are displayed in Fig. 1(e). During forward bias, the current
of the device varies less with the optical power density, while during
reverse bias, the current of the device increases rapidly with the
increase of reverse bias voltage. As the optical power density
increases, the current of the device at reverse bias increases rapidly.
Figure 1(f) displays the device’s I-t curves at various 530 nm light
excitation power densities with a 20 Hz excitation frequency.
Within a single pulse cycle, the device’s I-t curve displays four
distinct response processes (Fig. S4(a) in the ESM). The
corresponding currents are the transient current (I) at the
switching moment, the steady-state current response (), the
transient current response (I;) at the turning-off moment, the
current returning to the dark state (I;), and peak-to-peak transient
current (I = I, — I). As the power density of the excitation light
increases, the current for each device process increases. Among
them, I, and I, are more significant increases, which provides
favorable conditions for improving the photoelectric response of
the device at higher power density.

The current response of the device remains linear over a large
power density range with excitation power density, which is of great
significance for both optoelectronic detection and imaging. Figure
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Figure1 (a) Schematic diagram of an n-Si/n-ZnO device. (b) SEM image of ZnO nanowire array (illustrated as a cross-sectional view of n-Si/n-ZnO device). (c) Energy
band diagrams of various materials that make up the device. (d) The device’s I-V characteristic curve in the dark condition. ((e) and (f)) The device’s (e) I-V and (f) I-¢

curves at various power densities during 530 nm light excitation.
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Figure2 The characteristics of the device’s photoelectric response to light pulse excitation in the absence of ambient light. ((a)-(d)) The relationship curve between the
(a) current, (b) responsivity, (c) enhancement factor and (d) external quantum efficiency of the device and the excitation light power density under 530 nm wavelength
light excitation. (e) The current linear factor and (f) linear response range the device under various wavelengths of light excitation. (g) Imaging effect of the device’s various
process currents (where (gl) is the original image, and (g2)—(g4) respectively simulates the imaging of I, I, and I of the device). (h) The maximum current responsivity,
specific detectivity and (i) external quantum efficiency of the device under different wavelengths of light excitation. The error bar is obtained from the 5 data.

2(a) shows the relationship curve of the device’s I, I, and I, with
variations in optical power density. In the double logarithmic
coordinate system, the device’s I, I, and I, all monotonically
linearly increase with an increase in excitation optical power density
(P) when P < 135 uW-cm™, with corresponding slopes of 0.99, 0.93
and 0.98, respectively. This indicates that using I, and I,; as optical
detection signal devices has better linearity with the increase of
optical power density. However, as power density increases, the
device’s I, I and I, all gradually deviate from linearity, with
corresponding power densities of 135.3, 4234 and 1314 uW-cm?,
respectively. The device’s current responsivity can be described
as [43, 44]

R= (Ilighlfldmk)/Pin (1)

where I, and I, are the photocurrent and dark current of the self-
powered PD, respectively. Py is the effective excitation optical
power, and the R,, R, and Ry, are the responsivity of the I, I, and I,
respectively. As the power density increases, the device’s R, R, and
R, show an increasing and then decreasing law (Fig. 2(b)). When
the R, R, and R, of the device begin to decrease, there is also a
significant  difference in the corresponding optical power
density, which is 829.3, 0.097 and 76.6 pW-cm?, respectively. To
describe the enhancement effect of transient current relative to
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steady-state current, the current enhancement factor («) can be
expressed as [45]

a=1/I—1 ©)

the &, and a, are the enhancement factor of I, and I, respectively.
The device’s o, and a; first slowly increase with the power density,
and then rapidly increase (Fig. 2(c)). To better characterize the
detection ability of PDs, the specific detectivity is defined as [29]

D* =R/ (2l /S)" (3)

where S is the effective area of the device, e is the electronic charge.
D¢, D and Dy* are the specific detectivity of the device’s I, I, and
I;, respectively. Due to the formation of a good heterojunction
between Si/ZnO, it can effectively improve the photoelectric
response characteristics of the device and suppress the dark current
response of the device. The device has high responsivity and specific
detectivity, the maximum R, and Dy* are 341 mA-W™ and 7.72 x
10" Jones, respectively (Fig. S5 in the ESM). The external quantum
efficiency () of the device is defined as

7 =Rhv/e (4)

where v is the frequency of the light wave and h is the Planck
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constant. 7; and 7, are external quantum efficiencies corresponding
to the device’s R, and R, respectively. The device’s #, and #, show a
decreasing trend with the increase in power density (Fig. 2(d)), and
the corresponding maximum #; and #, are 55.6% and 36.8%,
respectively.

The Si/ZnO heterojunction, as a broad-spectrum PD, has good
response characteristics to both ultraviolet and near-infrared light
(Figs. S6-S9 in the ESM). The relationship between the device’s
photocurrent response and the optical power density can be
expressed as [46]

1= AP (5)

where I is the device’s photocurrent, A is the coefficient, P is the
excitation power density, and S is the linear factor of current
response. 3, f5; and f3; represent the linear response factors of I,
and I, respectively. Under different wavelengths of light excitation,
the device’s f3, 5, and fB; are all more than 0.9, and the device’s f; is
highest and f3; is lowest (Fig. 2(e)). This further indicates that using
the device’s I, as a detecting signal can improve the device’s light
intensity resolution. Both device’s f; and f; have significant
wavelength-dependent characteristics. The device’s f; are 0.94, 0.99,
0.99 and 0.98 under the excitation of 365, 530, 660 and 970 nm
wavelength light, and the corresponding f3, are 0.9, 0.93, 0.93 and
0.93, respectively. The LDR of the PD is defined as [21, 25]

LDR = 2010g(P,u. /P (6)

where P, and P,;, are the maximum and minimum optical power
density of photocurrent deviation from linearity, respectively. Based
on the device’s I response, the LDR of the device is less than 90 dB
under different wavelength light responses (Fig. 2(f)). The
maximum LDR of the device under 365 nm wavelength light
excitation is 87.9 dB. Due to the limitation of the lowest power
density excited by the device, the LDR of the corresponding device
may be underestimated. Using the device’s I; and I; as detection
signals can effectively improve the LDR of the device. Under the
excitation of 365, 530, 660 and 970 nm light, the LDR of the device
with I, as a detection signal is 113.8, 112.5, 105.9 and 74.6 dB,
respectively, which is 25.9, 29.9, 20.3 and 14.4 dB higher than that
with I as a detection signal and its performance is comparable to
that of commercial devices (Table S2 in the ESM). The difference in
LDR of devices under different wavelengths of light excitation may
be influenced by the distribution of photo-generated carriers within
the material.

To intuitively demonstrate the importance of the linear factor of
the device’s optical power in imaging, the changes in brightness and
contrast of the image after detecting the imaging with different
responsiveness linear factors using software simulation are shown
in Fig. 2(g). Figure 2(gl) shows the original image of China rose,
while Figs. 2(g2)-2(g4) show f taking 0.99, 0.98 and 0.93, the
corresponding photocurrent is used as the output simulation
diagram. The brightness and contrast of the output image vary with
B increasing indicating a high S (close to 1) has important
applications in the field of optoelectronic detection and imaging.
Figure 2(h) shows the maximum values of the responsivity and
specific detectivity of the device under various wavelengths of light
excitation. The device’s R, first increases and then decreases with
the increase of wavelength, which is consistent with the absorption
characteristics of the material (Fig. S1(b) in the ESM). However, the
device’s R, and R, monotonically increase with the increase of
wavelength. Using transient current as a detection signal can
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effectively improve the performance of the device. When the
excitation wavelengths are 365, 530, 660 and 970 nm, the
maximum values of Ry are 89.3, 341, 439 and 542 mA-W™, and the
corresponding D,* are 2.02 x 10”, 7.72 x 10%, 9.94 x 10” and 1.23 x
10 Jones, respectively. The influence of Si and ZnO material’s
reflection and absorption characteristics, the devices’s #, at 365 and
970 nm are only 14.5% and 16.4%, respectively (Fig. 2(i)). When
using I, as the detection signal, the device’s #, under various
wavelength light excitation is 20.0%, 55.6%, 60.1% and 44.3%,
respectively, reaching a high level.

The actual working conditions of devices often have background
light, exploring the light detection ability and resolution of devices
under background light is of great significance for expanding the
application scenarios of PDs. The device exhibits a significant
transient current response at the moment of optical power change
(Fig. 3(a)). However, when there is background light, the high
steady-state current noise of the device will affect the resolution of
the device’s optical detection. When the optical power density
increases (decreases), the device generates a forward (reverse)
transient current spike response (Fig. 3(b)). By utilizing the high
sensitivity of transient current response to changes in light intensity,
it is possible to detect changes in light intensity in the environment
with high sensitivity. Under the cycle the excitation of 5.1 +
0.5 uW-cm?, 530 nm wavelength light, the absolute values of the
device’s 1, I, I; and I, monotonically increase with the increase of
background light excitation power density (Fig. 3(c)). To
characterize the effect of increasing background light power density
on the device’s optical responsivity, each current’s relative
responsivity of the device under background light conditions is R,
R, R and Ry, respectively. The device’s Ry, Ry , R and R
show a rule of slowly decreasing with the increase of background
light power density (Fig. 3(d)). The device’s enhancement factor
(o) and external quantum efficiency (1) as the background light
power density monotonically increases (Fig. S12(b) in the ESM)
and decreases (Fig. S12(c) in the ESM), respectively.

As a detector with a wide spectral response, the device’s R, R,
R, and R’ first rapidly increase, and then tend to saturate with
increasing wavelength (Fig. 3(e)). Under the condition of
background light, the device has almost the same current response
Ry and R at the moment of switching light. Except at a
wavelength of 365 nm, the maximum relative photocurrent
responsivity of the device has been improved to some extent in the
presence of background light. This may be because the photo-
generated carriers generated under background light can partially
neutralize the defect state, reducing the probability of the material’s
defect state capturing the newly generated photo-generated carriers
when excited by pulsed light. Additionally, the photo-generated
carriers generated by background light can effectively reduce the
resistance of the device. The combined effect of the above two
improves the device’s photoelectric current responsivity. Utilizing
the transient current response generated by switching light as the
detection signal, the device has a high #* (Fig. 3(f)). Under the
excitation of 530 and 660 nm wavelength light, the device’s 7
values are 63.3% and 69.7%, respectively. By treating the surface of
the material and increasing the absorption of the material and
device, the device’s 71’ can be further improved.

To characterize the current response ability of various parts of
the device to resist interference from background light, we define
the photocurrent retention factor (7”) of the device as
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Figure3 The photoelectric response characteristics of the device under light pulse excitation when there is background light. (a) The device’s I-¢ curve without
background light and 10 times excitation power density (P/APp, = 10) under excitation of 20 Hz, 5.1 uW-cm™, 530 nm light (APp, is the change in optical power density).
(b) Maintain excitation light power of 5.1 uW-cm™, the It curve of the device with background light power density increases and decreases. ((c) and (d)) The relationship
curve between the (c) current and (d) relative responsivity of each process of the device and the background light power density. (e) The maximum relative responsivity
and (f) external quantum efficiency of the device varies with the excitation wavelength. (g) When P/APy, = 30, the relationship between the current retention factor of the
device and the excitation wavelength. (h) The maximum enhancement factor of the device’s various process currents when excited by different wavelengths of light within
the range of P/APy, = 0-30. (i) The photocurrent responsivity of Si/ZnO heterojunction self-powered PDs. (Ref 1-Ref 9 corresponds to preliminary experimental data of
the devices with the same structure [26, 29, 33, 47-51], where blue (red) represents the condition without (with) background light in this work). The error bar is obtained

from the 5 data.

7’]” = R,O/R,30 (7)

where R’; and R’y are the relative photocurrent responsivity of the
device when the background light power density is 0 and 30 times
the excitation light intensity, respectively. The 1", #”, 7y and 17
are the retention factor of the device’s Ry, Ry, R and R,
respectively. Under 530, 660 and 970 nm light excitation, the device’
s /"y are 0.61, 0.59 and 0.61, respectively, which are 41.9%, 22.9%
and 68.1% higher than the device’s 17”;, respectively (Fig. 3(g)). The
device’s 7y, 1 and y”y are less affected by the excitation
wavelength, and gradually decrease from 0.62, 0.58 and 0.65 with
the increase of the excitation wavelength, and then remain stable.
However, the device’s n’y is significantly influenced by the
excitation wavelength, and when the wavelengths are 365 and
970 nm, the corresponding #” are 0.6 and 0.36, respectively. The
thermal effect during excitation gradually increases as the excitation
light's wavelength increases. The thermal effect has little effect on
the transient current response of the device, but significantly affects
the steady-state current response of the device [28]. This causes a
decrease in the anti-interference ability of the device’s steady-state
current. Therefore, the device’s enhancement factor o/, &’y and o’
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(the definition of corresponding parameters under the condition of
background light can be found in part C in the ESM)
monotonically increases with the increase of excitation light
wavelength (Fig. 3(h)). When the excitation wavelength is 970 nm,
the device’s oy, o and o’ is 8.33, 4.67 and 4.65, respectively. The
n-Si/n-ZnO heterojunction device has a high photocurrent
responsivity (both blue and red pentagrams) via using the device’s
transient photocurrent as the detection signal (Fig. 3(i)). Under the
excitation of 365, 530, 660 and 970 nm wavelength light, the device’
s maximum responsivity under background light (red pentagrams)
are 68.6, 428.8, 601.5 and 621.7 mA-W™', respectively. It has the
highest photocurrent responsivity among the same type of PDs
(Table S3 in the ESM) [26, 29, 33, 47-51].

To understand the large linear factor and LDR of the device’s
transient current, the distribution of photo-generated electrons and
holes in the depletion region of the device and the energy band
diagram of the device at the moment of 530 nm light excitation are
shown in Fig. 4(a). According to the energy level positions of ZnO
and Si (Fig. 1(c)), an internal electric field directed from Si to ZnO
is formed at the n-Si/n-ZnO interface. Defect state energy levels are
formed in the bandgap of ZnO as a result of the abundant defect
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Figure4 (a) At the moment of 530 nm light excitation, the depletion layer, carrier distribution and energy band diagram of the device. (b) The process of transitioning
from a non-equilibrium state to a new equilibrium state is driven by an internal electric field, the depletion layer, carrier distribution and the energy band diagram of the
device (Ec, E and Ey are the conduction band, Fermi level and valence band of semiconductor materials, respectively).

states in ZnO materials. At the moment of 530 nm light excitation,
the photo-generated electron-hole pairs in the depletion layer are
separated under the driving force of the built-in electric field E.
Driven by the built-in electric field, photo-generated electrons will
transport through n-Si material to the Au electrode, while photo-
generated holes will transport from Si material to the n-Si/n-ZnO
interface. The device’s photo-generated electrons and holes are
currently in a non-equilibrium state. Transient current is generated
in the external circuit due to the transport of photo-generated
electrons during the transition from a non-equilibrium state to a
new dynamic equilibrium in the n-Si/n-ZnO heterojunction device
when excited by light. At this point, the charge carriers within the
device have not yet formed a stable distribution. The electric field
generated by the steady-state photovoltaic effect (opposite to the
built-in electric field direction) has not yet formed, and the
equivalent built-in electric field of the device is relatively large,
which can effectively drive the separation of photo-generated
electrons and holes. Therefore, the LDR of the transient current of
the device is relatively large and the linear factor is close to 1.

As the illumination time increases, the photo-generated carrier
distribution in the device reaches equilibrium through transport
and recombination. Due to the stable and exponential distribution
of charge carriers in the neutral region of the material, an electric
field opposite the direction of the built-in electric field is generated,
weakening the magnitude of the built-in electric field (Fig. 4(b)). At
this time, the equivalent built-in electric field is E, (E,; < E), and the
current response of the external circuit is the steady-state current I
(I, > I). Due to the monotonic decrease of E; with the increase of
excitation light power density, the separation efficiency of photo-
generated carriers in the device decreases, thereby reducing the
photocurrent response of the device. Within a certain power range,
the size of E is almost unaffected by the excitation luminescence
power density and the capture probability of photo-generated
carriers by interface states is relatively small. Therefore, compared
to the device’s I, the device’s I, has better linearity and larger LDR
with increasing power density (Figs. 2(a) and 2(f)). The number of
photo-generated carriers generated in the depletion region increases
with the increase of excitation light power density, resulting in a
decrease in the separation efficiency of photo-generated carriers
driven by the built-in electric field E. Additionally, as the excitation
light power density increases, the recombination probability of
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photo-generated charge carriers also increases. The combined effect
of the above two causes the device’s I, to gradually deviate from
linearity as the excitation light power density further increases.

The above research results indicate that using transient current as
a detection signal can improve the LDR and anti-interference ability
of the device. Therefore, transient current responsive devices have
broad application potential in optoelectronic imaging. Figure 5(a)
shows the schematic diagram of the imaging of the digital “6”
under 530 nm wavelength light excitation using a 6 x 6 detector
array. Measure devices’ photocurrent response one by one using an
ammeter (the prepared devices are shown in the illustration in Fig.
5(b)). Figure 5(b) shows the array device’s current variation with
power density. The device’s I; increases linearly with the optical
power density and responds with good consistency, demonstrating
that using the device’s I, can effectively perform optoelectronic
imaging of images. However, as the optical power density rises, the
device’s I, exhibits poor linear response, and the steady-state
photocurrent variations of various devices are substantial, which is
not advantageous for the photoelectric detection of images (Fig.
S16(a) in the ESM). The device’s 3 are all greater than 0.95 and
91.7% of devices’ 8 in the range of 0.97-1.0, this indicates that the
array device has good linearity in the photoelectric current response
(Fig. 5(c)). 75% of devices™ o, larger than 100 indicates that using
transient current [, significantly improves the device’s photoelectric
current response (Fig. S16(b) in the ESM). Without background
light, the response characteristics of the device’s entire array of
photocurrent imaging when 110.5 pW-cm? 530 nm wavelength
light is excited with the number “6” (Fig. 5(d)). Although the device’
s I, imaging can roughly distinguish the contour of the number “6”
the corresponding resolution is extremely low (Fig. 5(e)). Using the
device’s I, imaging can clearly distinguish the number “6” (Fig.
5(f)). The distribution map of light power density with the number
“6” in the case of background light (Fig. 5(g)), where the light
power densities with lower brightness and higher brightness are
2319 and 462.6 uW-cm?, respectively. The device’s I imaging is
completely unable to detect the number “6” in the presence of
background light (Fig. 5(h)), whereas I, imaging can better
distinguish the number “6” (Fig. 5(i)). To better demonstrate the
imaging quality of array devices, the optical power density has been
increased from 1.2 to 3411.4 uW-cm™ divided into 17 steps and the
number “6” as shown in Fig. S17(a) in the ESM. The device’s I
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Figure5 (a) Measurement schematic diagram of 6 x 6 PD array. (b

) The relationship curve between the array devices’ I, and the optical power density. (c) The statistical

diagram of the linear response factor of the PD array current I,. (d) The light intensity distribution map of the number “6” under no background light conditions (P is the

power density of the detection light). ((e) and (f)) The I and I, imaging maps of the device. (g)

illumination background. ((h) and (i)) The I, and I, imaging maps of the device.

imaging cannot distinguish the stepped variations in light intensity
(Fig. S17(b) in the ESM), whereas I, imaging can better distinguish
the variations in light power density (Fig. S17(c) in the ESM). The
above research results indicate that using devices’ I, imaging can
significantly improve the light-detecting sensitivity and imaging
quality of devices.

4 Conclusion

By using the transient current generated by the device during
optical switching as the detection signal, in this article we build an n-
Si/n-ZnO heterojunction  structure self-powered PD, greatly
enhancing the photoelectric current responsivity and LDR of the
PD. Under 365, 530, 660 and 970 nm light excitation, the device’s
maximum R, values are 89.3, 341, 439 and 542 mA-W7,
respectively. These values are 6.6, 15.6, 9.7 and 7.5 times higher
than R, respectively. The device’s LDR is 113.8, 112.5, 105.9 and
74.6 dB, which are 259, 29.9, 20.3 and 14.4 dB higher than I,
respectively. The research results on the influence of ambient light
on the photoelectric response characteristics of devices indicate that
the device’s transient current response has a higher resolution of
light intensity changes and resistance to light intensity interference.
The research results of 6 x 6-array PDs for imaging 530 nm light
show that using the device’s I, as the detection signal significantly
improves the imaging quality and resolution of the device. This
work provides new ideas for improving the responsiveness and
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The light intensity distribution map of the number “6” under the

LDR of self-powered PDs, and will promote the development and
application of transient current responsive self-powered PDs in
fields like high-sensitivity detection and rapid imaging.

Electronic supplementary material: Supplementary material
(characterization of material properties, such as absorption of ZnO
and Si and XRD spectra of ZnO; definition of device dynamic
response  process; the dynamic photoelectric  response
characteristics of the device in the absence and presence of
background light conditions; the relationship curve between device
response time and power density; the photoelectric response
characteristics of array devices) is available in the online version of
this article at https://doi.org/10.26599/NR.2025.94907007.
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