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Abstract: There are urgent demands of ultraviolet (UV) photodetectors with high sensitivity
and fast response due to the wide application of ultraviolet light in the fields of medical treatment,
space exploration, optical communication and semiconductor industry. The response speed of
traditional ZnO-based UV photodetectors is always limited by the carrier mobility and electrical
resistance caused by the external circuits. Utilizing the all-optical detection method may replace
the complex circuit structure and effectively improve the response speed of photodetectors. Here,
a fast-response fiber-optic UV photodetector is proposed, where a ZnO micro-pillar is fixed on
the end face of a fiber-tip and acts as a Fabry-Pérot interferometer (FPI). Under the irradiation
of UV light, the photo-generated carriers change the refractive index of the ZnO micro-pillar,
leading to a redshift of the interference wavelengths of the ZnO FPI. To enhance this effect, a
discontinuous Ag film with an island-like structure is coated on the surface of ZnO micro-pillars
through magnetron sputtering, and therefore the sensitivity of the proposed device achieves to
1.13 nm/(W·cm−2), which is 3.9 times higher than that of without Ag-decoration, due to the
intensification of photo-carrier change with the help of the Schottky junction formed between Ag
film and ZnO micro-pillar. Meanwhile, since the response speed of the proposed device is mainly
determined by the temporal RI change of ZnO micro-pillar, the fiber-optic UV photodetector also
shows very fast response with a rise time of 35 ns and a decay time of 40 µs. The demonstrated
structure takes full advantage of optical fiber devices, exhibiting compactness, flexibility, fast
response and immune to electromagnetic interference, which paves a new way for the next
generation of photodetection devices.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Due to the increasingly wide application of ultraviolet (UV) light in medical health [1], space
detection [2], optical communication [3], semiconductor industry [4] and other fields, high-
performance UV photodetector (PD) based on different wide bandgap semiconductor are playing
an increasingly significant role in UV detection [5–8]. In order to meet the needs of device
miniaturization and high sensitivity, UV PDs based on nano-materials have been investigated
extensively [9,10]. Zinc oxide (ZnO) is a kind of wide bandgap (≈3.37 eV) semiconductor with
large exciton binding energy (≈60 meV), high transparency and excellent UV absorption, so it has
become one of the most ideal materials for UV detection [11,12]. In addition, ZnO nanomaterials
may significantly shorten the carrier transport time and result in significant photoconductivity
gain due to its intrinsic small-sized active region and large specific surface area [13,14]. Yang
and his colleagues used ZnO single nanowires for UV detectors in 2002 and obtained excellent
UV response [15], which caused an upsurge in the use of ZnO nanomaterials for UV sensing.
Furthermore, metal doping have been proven to significantly improve the UV performance of
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ZnO by abundant studies [16–18]. Yang et al. demonstrated that Ag-doping can modulate the
surface states and Schottky barrier of ZnO, which greatly affect the response time of UV [19].
Huang et al. adjusted the width of depletion layer by decorating Ag nanoparticles to enhance the
detection performance of Ag-ZnO photodetectors [20]. Rainer et al. obtained UV nanosensors
based on a single nanowire of silver-doped ZnO, proving that the sensitivity and response speed
of the device was significantly improved through Ag-doping [21]. Here, Ag, as one of the
metal elements, not only optimizes the nanomaterial’s electronic structure but also improves
the sensitivity of UV detection [22,23]. Although the performance of UV PDs based on ZnO
nanomaterials has achieved great breakthroughs continuously with the deepening of research,
the response speed is intrinsically limited to the physical principle and optoelectronic design of
PD devices. At present, most of UV PDs are based on photovoltaic or photoconductive effect
[24–27] that requires an external circuit to capture the current gain, which often introduces series
resistors and increases the carrier migration time, resulting in a longer response time and increase
of power consumption. If only the instantaneous carrier change of the material itself can be
used to reflect UV intensities [28,29], the response time of the device can be greatly reduced.
PDs constructed by an all-optical approach tend to be much faster than that of traditional circuit
architectures because photons travel much faster than carriers. To replace the complex circuit in
traditional PDs, all-fiber structure should be a satisfactory scheme since optical fiber is a flexible
and stable optical transmission medium that enables the steady transmission of optical signals.
Meanwhile, by combining with appropriate materials, fiber optic PDs can be realized with fast
response and most of the expected operation wavelengths [27,30,31].

In this paper, we propose an all-fiber UV PD that based on a single Ag-decorated ZnO
micro-pillar lying on the end face of a single mode fiber (SMF). A Fabry-Pérot interferometer
(FPI) is formed by two parallel sidewalls (both are parallel to the fiber end facet) of the ZnO
micro-pillar. Under UV irradiation, the photo-generated carriers accumulate instantly due to
the small volume size of the ZnO micro-pillar, which leads to the increase of material refractive
index (RI) and thus an interference wavelength redshift (shift to the longer wavelengths) of the
FPI. And this effect can be dramatically enhanced through decorating ultra-thin discontinuous
Ag-film via simple metal sputtering. With coating discontinuous island-like Ag-film onto the
ZnO micro-pillar, the sensitivity of the proposed device can be improved up to 3.9 times higher
than that of without Ag-decoration, achieving to 1.13 nm/(W·cm−2). More importantly, the
device also shows very fast response, with a rise time of 35 ns and a fall time of 40 µs, which is
much better than that of the similar type of devices previously reported [28,29].

2. Operation principle and device fabrication

Figure 1(a) shows the schematic diagram of the proposed fiber-optic UV PD. Broadband near
infrared probing light delivered through the SMF fiber core reaches to the ZnO micro-pillar and
is reflected back into the fiber core by two sidewalls of ZnO micro-pillar, thus forming a fiber-tip
FPI. For clarity, a 2D schematic of the UV sensing area is presented in Fig. 1(b), where one can
see more clearly that the Ag-decorated ZnO micro-pillar is lying on the endface of the fiber core
and its upper and lower parallel sidewalls act as reflection mirrors of the fiber-tip FPI. Under UV
illumination, photo-generated carriers increase the material RI of ZnO and hence the optical path
length of the FPI, resulting in a redshift of the interference wavelengths.

The fabrication flowchart of the proposed PD is illustrated in Fig. 1(c). Firstly, a single ZnO
micro-pillar on a silicon substrate is transferred to lie in the center of the cleaved end of a
SMF with a core/cladding diameter of 8/125 µm by a tungsten probe, which is attached to a
computer-controlled micromanipulator with a spatial resolution of 120 nm. The ZnO micro-pillar
and the optical fiber tip were directly adsorbed by the Van der Waals force. Note that the
preparation method of ZnO micro-pillars can refer to the chemical vapor deposition method
reported by Xu et al. [32]. Then the fiber-tip ZnO micro-pillar is coated with Ag-film by direct
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Fig. 1. (a) 3D schematic diagram of the proposed fiber-optic UV PD. (b) 2D magnification
of the UV sensing head as shown in (a), where the upper and lower parallel sidewalls of ZnO
micro-pillar reflect the detection light delivered through the fiber core, forming a fiber-tip
FPI. (c) Fabrication flowchart of the proposed device.

current (DC) magnetron sputtering technique. The sputtering targets is Ag (99.99% purity) disk
with a diameter of 2 inches. During deposition the sputtering current is 40 mA and the Argon
pressure is kept at 2.0 Pa. The deposition rate is estimated to be 4 nm/s and the film thickness can
be controlled by sputtering time. These procedures ensure the simplicity and high repeatability
of the device fabrication.

3. Result and discussion

Figure 2(a) shows the crystal structure of pure ZnO micro-pillars, characterized by X-ray
diffraction (XRD), which is in consistence with the standard diffraction pattern of ZnO crystal.
It indicates that the hexagonal ZnO micro-pillar with high crystallinity has been successfully
prepared. After the ZnO micro-pillar is sputtered with Ag for 60 s, electron diffraction X-ray
(EDX) spectrum analysis is performed to evident the existence of Ag and the element proportion
of the decorated ZnO micro-pillar, as shown in Fig. 2(b). The scanning electron microscope
(SEM) images of the proposed device are presented in Fig. 2(c)-(e) with magnification times
of 2000, 35000 and 60000, respectively, where a single Ag-decorated ZnO micro-pillar with
smooth sidewalls can be seen clearly to be placed on the core region of the SMF fiber end.
Moreover, the discontinuous island-like structure of the Ag-film can be observed on the surface
of ZnO micro-pillar, which is expected to improve the sensitivity of the fiber-optic UV PD
through plasmonic effect. The element distribution and relative proportion of O, Ag and Zn of
the abovementioned device can be observed in Fig. 2(f)-(h). It should be noted that Ag element
distribution exceeds the ZnO micro-pillar area due to the non-ideal mask used during sputtering
coating.

Figure 3 shows the experimental setup for sensitivity test of the proposed fiber-optic UV PD.
A femtosecond (fs) laser (Light conversion, PH1) with an output center wavelength of 1026 nm
and a repetition rate of 200 kHz is employed to irradiate the device. Pulses generated from the fs
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Fig. 2. (a) The XRD pattern of ZnO micro-pillars prepared. (b) The point EDX spectrum of
the ZnO micro-pillar after 60 s Ag sputtering. (c)-(e) SEM image of the fiber-optic UV PD
with 60 s Ag sputtering in magnification times of 2000, 35000 and 60000, respectively. The
light grey island-like structure is Ag and the black stripes correspond to the substrate ZnO in
(e). (f)-(h) The EDX elemental mapping images of O, Ag, and Zn, corresponding to (d).

laser are frequency-quadrupled (wavelength λ=257 nm) through an external optical frequency
multiplier and then delivered to the Ag-decorated ZnO micro-pillar through a focusing lens. Note
that the fs pulses (λ=1026 nm) can also be frequency doubled to λ=513 nm through the same
frequency multiplier. The sample is connected to a supercontinuum light source (YSL,SC-5)
and an optical spectrum analyzer (Yokogawa, AQ6370B) through an optical fiber circulator to
monitor its interference spectrum in real-time.

Under UV illumination, the sample with pristine ZnO micro-pillar exhibits a redshift of
interference wavelengths with the increase of light intensity, as depicted in Fig. 4(a). Through
lining fitting, the 3.3-nm wavelength shift corresponding to a sensitivity of 0.29 nm/(W·cm−2)
can be obtained. When the ZnO micro-pillar is sputtered with Ag for 60 s, the wavelength shift
of the device is dramatically raised to 13.4 nm under UV irradiation with an intensity of 11.81
W/cm2, as plotted in Fig. 4(b), and the sensitivity reaches to 1.13 nm/(W·cm−2). Apparently, the
introduction of silver film significantly enhances the device’s sensitivity. In order to understand
the influence of Ag decoration on the device sensitivity, a series of samples are fabricated with
changing the Ag sputtering time from 15 s to 115 s. All the samples are prepared from the same
batch of ZnO micro-pillar (similar morphology and element composition) and exhibit nearly the
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Fig. 3. The experimental setup for sensitivity test of the fiber-optic UV PD.

same sensitivity before Ag sputtering to ensure the accuracy of the experiment. The interference
wavelength shift of these samples as a function of light intensity is plotted in Fig. 4(c), where one
can see that the device sensitivity has been improved and is closely related to the Ag sputtering
time (namely, film thickness). For clarity, enhancement factor is defined here as the sensitivity
ratio of Ag-decorated sample to that of the device with pristine ZnO micro-pillar, which is
presented in Fig. 4(d) along with the device sensitivity. With sputtering time increasing, the
sensitivity and enhancement factor rise first and then decrease, reaching a maximum of 3.9 when
the sputtering time is 60 s. This should be closely related to the morphology and distribution of
silver film on the surface of ZnO. As shown clearly in Fig. 2(e) above, the thin Ag-film prepared
by magnetron sputtering exhibits a discontinuous island-like structure, which is beneficial for the
absorption of UV [33]. Moreover, silver can form Schottky contact with the ZnO surface, which
leads to a significant widening of the depletion layer and results in a more pronounced change in
carrier concentration combined with the plasmonic effect under UV irradiation. On the other
hand, a continuous Ag film is easily formed with sputtering time further increased, which will
increase the UV reflection, weaken the plasmonic effect, reduce the absorption and thus degrade
the sensitivity.

The sample with Ag sputtering time of 60 s is also illuminated by visible (513 nm) and near
infrared (1026 nm) laser beam to verify whether the photothermal effect will affect the shift of
interference wavelength. Due to the non-absorption of ZnO in these bands, it can be considered
that only photothermal effect (consequently induce a temperature variation) dominates the shift
of interference wavelength here. As can be seen from Fig. 5, negligible wavelength shift can be
found with the light intensity increasing of 513 and 1026 nm laser beam. For comparison, the
results of samples with pristine and Ag-decorated ZnO micro-pillar under the illumination of
257 nm laser beam are also presented in Fig. 5. Therefore, the influence of temperature variation
during light absorption on the UV sensitivity of the proposed device can be ignored.

Response time is an important indicator for evaluating the performance of PDs. A Nd:YAG
laser (Quanta-ray, Lab-170-10) that outputs laser pulses with a frequency-quadrupled wavelength
of 266 nm, a repetition rate of 10 Hz and a pulse duration of 5 ns is employed to excite the
sample. A lens is used to focus the UV laser beam onto the sample surface. To trace and record
the temporal response, the fiber pigtail of the sample is connected to a tunable laser (Agilent
Technologies, Model 81940A) and a commercial available PD (New Focus, Model 2053) through
a fiber circulator, and the wavelength shift of the sample is converted into an intensity fluctuation
of the monitoring laser beam that can be recorded by the abovementioned PD and an oscilloscope
(Tektronix, MDO 3054), which can refer to the edge filter method [34].

Figure 6(a) shows the temporal response of the sample under the excitation of 10 consecutive
laser pulses, where it can be seen that the device exhibits fast response and good stability. With
the definition of rise and fall time to be the time taken by the signal to change from 10% to 90%
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Fig. 4. (a) and (b) The interference spectrum evolution of the fiber-optic UV PD under
257-nm laser irradiation with pristine and Ag-decorated (sputtering time 60 s) ZnO micro-
pillar. (c) Wavelength shift as a function of UV light intensity for Ag-decorated samples with
different sputtering time. (d) Sensitivity and enhancement factor as a function of sputtering
time.

Fig. 5. Wavelength response of the proposed fiber-optic UV PD.
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between its low level to the high level and vice versa, the rise and fall time can be calculated to
be 35 ns and 40 µs, respectively, according to the rising and falling edges of a single period of
temporal response, as shown in Fig. 6(b). The proposed device exhibits faster response compared
to that of the previously reported UV PDs, as listed in Table 1. This is mainly because the
response speed of the device only depends on the speed of carrier generation in the bulk of ZnO.
Meanwhile, the small volume of ZnO micro-pillar may weaken the carrier diffusion and thus
improve the temporal response of the device. On the other hand, the slow decay time may be
mainly caused by ultra-long lifetime of the trapped states, which may come from defects in ZnO,
or surface damage during device processing. In addition, oxygen adsorption on the ZnO surface
and grain boundaries may also deteriorate the decay time [35,36].

Fig. 6. (a) Temporal response of the fiber-optic UV PD under the excitation of 10-Hz
266-nm pulsed laser irradiation with an intensity of 7.01 W/cm2. (b) Magnification of a
single period of temporal response. Inset: rising edge of the response.

Table 1. A comparison of ultraviolet photodetectors fabricated using various materials

UV PD λ Pulse duration Responsivity/ Sensitivity trise tfall Ref

ZnO nanowire 266 nm —— 1.657 nm/(W·cm−2) 0.43 ms 0.47 ms [28]

ZnO nanowire 266 nm —— 0.288 nm/(W·cm−2) 0.56 ms 0.7 ms [29]

Se/ZnO 370 nm 3-5 ns 2.65 mA W−1 0.69 ms 13.5 ms [37]

BaTiO3/ZnO 355 nm 3-5 ns 1.28 mA W−1 0.11 ms 5.08 ms [38]

Se/n-Si 355 nm 3-5 ns —— 235 µs 1.74 ms [39]

Se/TiO2 nanotubes 355 nm 3-5 ns —— 1.4 ms 7.4 ms [40]

ZnO /CuSCN 355 nm 5 ns 9.5 A W −1 500 ns 6.7 µs [41]

GaN/MoO3−x nanorod 355 nm —— 160 A W−1 127 ns 345 µs [42]

CuZnS/GaN 355 nm 3-5 ns 0.36 A W−1 0.14 ms 40 ms [43]

ZnO/Ag 257nm 5 ns 1.13 nm/(W·cm−2) 35 ns 40 µs This work

The sensing mechanism of the proposed device is mainly depends on the material RI change
that caused by the carrier generation during UV irradiation of ZnO micro-pillar. The increase
of material RI will lengthening the optical path of the ZnO FPI, thus resulting in the redshift
of the interference wavelengths. As well known, large changes of the absorption coefficient
can be caused by the existed carriers in semiconductors through the competitive energy band
filling effect and bandgap shrinkage effect, which can produce a considerable RI change in
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semiconductors [44] according to the Kramers–Kronig relationship [45],

∆n (N, P, E) =
2cℏ
e2 P ∫

∞
0
∆α (N, P, E′)

E′2 − E2 dE′ (1)

where c is the speed of light, -h is Planck’s constant, e is the electron charge, E is the photon
energy, and P ∫ indicates the principal value of the integral. The term ∆α represents the change
of material absorption coefficient, N and P are the concentrations of free electrons and holes,
respectively. In the case of relatively high photocarrier concentration, the absorption coefficient
of ZnO will be increased due to the bandgap shrinkage effect [46], which results in a measurable
RI increase and has been explained exclusively elsewhere.

For the proposed device, the modification of silver plays an important role for the sensitivity
enhancement, or namely the RI variation of ZnO is significantly improved by the modification of
silver, which is closely related to the thickness change of the surface depletion layer in ZnO [21].
Specifically, the surface of pure ZnO micro-pillar becomes highly active due to the adsorption of
oxygen. Affected by the surface states and defect energy levels, oxygen will capture electrons
from the surface layer of ZnO, forming a depletion layer with a certain thickness on the surface of
ZnO [O2(g) + e− → O−

2(ad)], as shown in Fig. 7(a). When irradiated with UV, a large number of
free electrons and holes are created inside the ZnO [E = hυ → e− + h+]. At the same time, the
electrons captured by oxygen are released to the surface area of ZnO again and the thickness of
the depletion layer decreases [h+ + O−

2(ad)=O2(g)], as illustrated in Fig. 7(c). Proportionately, the
thickness of the surface depletion layer will exhibit more obvious changes for Ag-decorated ZnO
micro-pillars, as demonstrated in Fig. 7(b) and 7(d). Due to catalytic action of Ag, the deposition
of silver will increase the adsorption of oxygen on ZnO, so that more electrons gather on the
surface of ZnO compared to that of the pristine ZnO [47,48]. The local Schottky barrier at the
interface between silver and ZnO will increase the thickness of depletion region and the surface
electric field, resulting in a significantly expanded surface depletion layer and a smaller carrier
density in the ZnO micro-pillar [21,49]. Similarly, under UV illumination, the depletion layer

Fig. 7. Illustration of UV sensing mechanism of a single ZnO micro-pillar and Ag-decorated
ZnO micro-pillar based on ion sorption model and energy band diagram. Pristine ZnO
micro-pillar in dark (a) and under UV illumination (c); Ag-decorated ZnO micro-pillar in
dark (b) and under UV illumination (d).
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significantly shrinks under the synergistic effect of large amounts of photo-generated carriers and
the released electrons that initially captured by oxygen. Compared to that of the pristine ZnO
micro-pillar, the variation in the thickness of surface depletion layer is more obvious under UV
irradiation, and the unpaired electrons in the non-depletion layer will significantly promote the
increase of carrier concentration in the material. Hence, Ag-decorated ZnO micro-pillar exhibits
a more obvious change in RI compared to that of the pristine ones. Moreover, the potential
plasmonic effect may also significantly improve the charge carrier generation and transportation
due to the existence of island-like Ag [50,51], which is beneficial to improve the response speed
of the device.

4. Conclusion

In summary, we have demonstrated an ultra-compact and fast-response fiber-optic UV PD
by integrating a ZnO micro-pillar with an optical fiber. The semiconductor micro-pillar acts
as a Fabry-Pérot interferometer, of which the optical path is lengthened and the interference
wavelengths redshift under UV illumination through the photo-carrier induced RI change. This
phenomenon can be enhanced by coating a discontinuous Ag-film with an island-like structure
onto the surface of ZnO micro-pillars. The proposed device exhibits a UV sensitivity of up to
1.13 nm/(W·cm−2), which is about 4 times compared to that of using a pristine ZnO micro-pillar.
The fiber-optic UV PD also shows very fast response with a rise time of 35 ns and a decay time of
40 µs. The proposed device dispenses with complex circuit structure and employs an all-optical
detection scheme. The fabrication procedure offers a simple, low cost and highly repeatable
method of manufacturing fast-response UV PDs. The demonstrated device exhibits compactness,
flexibility, fast response and immune to electromagnetic interference, which may pave a new way
for the next generation of photodetection devices.
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