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Porosity-induced full-range visible-light photodetection
via ultrahigh broadband antireflection in ZnO nanowires

Kapil Gupta1, Jr-Ting Lin1, Ruey-Chi Wang2 and Chuan-Pu Liu1

This study investigates graded porosity in nanowire arrays to realize a new graded refractive index mechanism that results in

unprecedented broadband antireflection and extends the photodetection properties to cover the entire visible-light range. In this

work, ZnO nanowires (NWs) are chosen as a model system to demonstrate the porosity-induced antireflection and photodetection

properties for visible light. Porous ZnO NW arrays (PZNA) were synthesized by the hydrothermal method followed by controlled

hydrogen annealing for different durations. The surface pores of the PZNA were formed with a gradient distribution from the top

to the bottom of the nanowires. This pore gradient distribution serves as a new mechanism to achieve a graded refractive index,

which provides improved broadband antireflection in PZNA with a minimum reflectance of less than 5% at 800 nm. Moreover,

the cathodoluminescence spectra suggest the evolution of many defects in PZNA, which contribute to defect-state excitation

phenomena. Based on their unique features with regard to antireflection, multiple scattering and defect state excitation, the

PZNA devices exhibit an exceptional capability for steady photodetection over the entire visible-light range. The corresponding

unique photodetection mechanisms for the phenomena are discussed. These new physical phenomena can be readily extended

to other 1D materials and used to develop other optoelectronic devices.
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INTRODUCTION

Broadband photodetectors are important for many applications, such
as air quality monitoring, security communication, flame detection,
military surveillance and industrial quality control.1 Recent research
into photodetectors has mainly focused on achieving a wide spectra
response, better stability and high speed, for which nanostructures are
widely adopted owing to the freedom of designing various structures
and the dimensionality of fulfilling these requirements through various
synergistic effects.2 However, fabricating semiconductor devices
that achieve photodetection with considerable sensitivity over wide
spectra remains extremely challenging. To expand the waveleng
th range of operation, photodetectors have been designed either by
doping or by combining different functional materials.3–6 Some of
these complicated heterostructures involve complex fabrication
processes, which restrict their widespread application.3 For example,
a multi-step fabrication scheme has been demonstrated for fabricating
graphene/Ta2O5/graphene heterostructures for this purpose.6

Therefore, the development of a single semiconductor material that
can be easily synthesized and can achieve wide spectral sensitivity
using a facile fabrication scheme would be extremely valuable.
One key issue involved in photodetectors is the reflection of light

at the air–substrate interfaces, which can significantly diminish
performance. Antireflection coatings are therefore required to
minimize reflections and improve the light collection efficiency for
photodetection. One way of improving antireflection is to gradually

reduce the refractive index of the film by tuning it from the refractive
index of the substrate to the refractive index of air.7 Such a graded
refractive index can provide broadband antireflection, which can
enable the visible light photodetection to cover the entire visible light
regime.
Currently, one-dimensional (1D) nanomaterials have attracted

significant attention owing to their potential applications in nano-
electronics and optoelectronics.8 ZnO, an n-type wide band gap
(~3.37 eV) semiconductor with a large exciton binding energy
(~60 meV) at room temperature,9 is a technologically important
material for optoelectronic applications. ZnO can be easily synthesized
in various 1D nanostructures8–12 including nanowires (NWs),13

nanotubes14 and nanorods;15 these structures have also shown
promise in various nanoscale electronic and photonic devices,16

such as photovoltaic cells,17 light-emitting diodes,18 gas sensors,19

piezoelectric nanogenerators20 and photodetectors.21–27 However, with
regard to photodetection, ZnO is only considered as a good material
for UV photodetection21,23–27 owing to its wide band gap, and only a
few studies have enabled ZnO to achieve limited visible light
photodetection through doping or heterojunction structures.22,28,29

This study is the first to demonstrate a new mechanism for obtaining
a porosity-induced graded refractive index, which results in enhanced
broadband antireflection properties, can extend the inherent proper-
ties of a 1D material, for example, the wide band gap of ZnO in this
case, and can modify the material to enable improved visible-light
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photodetection over the entire visible-light regime. For this purpose,
the 1D material chosen in this work is ZnO NW, and porous ZnO
NW arrays (PZNA) were synthesized by a facile fabrication scheme
that included controlled hydrogen annealing for different durations.

MATERIALS AND METHODS

Synthesis of porous ZnO nanowires
The schematic diagram of the growth scheme of porous ZnO NW arrays

(PZNA) is shown in Supplementary Figure S1 of the supporting information.

First, the seed layer, a 150 nm thick ZnO thin film, was deposited by sputtering

on a quartz substrate. Subsequently, ZnO NWs were grown by hydrothermal

synthesis12,30–32 in a 1:1 solution of 0.03 M zinc acetate and 0.03 M hexamethy-

lenetetramine (HMTA) at 80 °C for 9 h. The specimen was then rinsed

thoroughly in distilled water and dried at 110 °C. Finally, hydrogen annealing

was performed to obtain the PZNA, where the as-grown ZnO NW arrays were

annealed at 500 °C for different durations (1, 2 and 3 h) in an atmosphere

consisting of Ar and H2 (ratio 80:20) at a flow rate of 10 sccm.

Material characterization
Secondary electron imaging with field-emission scanning electron microscopy

(SEM) was performed to observe the morphology of the ZnO NWs using a

SU8000 (Hitachi, Tokyo, Japan) operated at 1 kV. The optical properties of the

as-grown and PZNA samples were characterized at wavelengths between 300

and 800 nm using a UV–visible spectrophotometer U4100 (Hitachi) equipped

with a 60 mm integrating sphere, and cathodoluminescence spectra (MonoCL4,

Gatan Inc., Pleasanton, CA, USA) were obtained.

Figure 1 Top-view scanning electron microscopy images of (a) as-grown ZnO nanowires and (b) ZnO nanowires after hydrogen annealing for 3 h. (c) TEM
images of PZNA (HA1-ZnO), while the nanowire is rotated about its long axis inside the TEM. The pores that stay fixed at their positions are internal pores,
and the pores that move upon rotation (indicated using yellow arrows) are external pores. (d) Schematic of the formation mechanisms of internal and external
pores in a ZnO NW upon hydrogen annealing. (e) TEM image of porous ZnO NWs with a 1 h annealing time (HA1-ZnO), which shows the presence of both
internal and external pores.

Ultrahigh broadband antireflection in ZnO nanowires
K Gupta et al

2

NPG Asia Materials



Fabrication and characterization of the visible-light photodetector
To fabricate a visible-light photodetector, two Ti/Au (10 nm/100 nm)
electrodes were patterned on top of the as-grown and PZNA samples
(the width of the Ti/Au electrodes was 6 mm and the space between electrodes
was 5 mm) and then conductive wires were mounted on the electrodes
with silver paste. A 5 V bias voltage was used for the photodetection tests.
Light emitting diodes (LEDs) of four different wavelengths covering blue,
green, yellow and red light with peak wavelengths at 432.7, 509.3, 597.6
and 644.2 nm, respectively, were employed as the light sources for the
photodetection tests. The dependence of the emission wavelength and power

of each LED on the input current was measured by an electroluminescence
system. Consequently, during the visible-light photodetection tests,
the photodetectors were controlled to enable exposure under the same
emission power (1 mW) for different wavelengths of the LEDs, and the
induced current change of the photodetectors was recorded at room
temperature by an electrical-property measurement unit (Keithley 2400).
The spectral profiles of the blue, green, yellow and red LEDs, along with a
schematic of the experimental design of the visible-light photodetection test
for ZnO NWs, are shown in Supplementary Figure S2 of the supporting
information.

Figure 2 Cross-sectional scanning electron microscopy images of (a) as-grown ZnO nanowires and (b) ZnO nanowires after hydrogen annealing for 3 h.
TEM images of (c) as-grown ZnO NWs (U-ZnO), and (d) PZNA (HA1-ZnO), with the insets showing the SAED patterns of the marked regions. (e, f) PZNA
(HA1-ZnO) with the pore density gradient from the top to bottom of the NWs (the yellow arrows show the top→bottom direction). Platinum (Pt) was
deposited on top of the film, using an SEM coater as a ‘marker’, to distinguish between the top and bottom side of the nanowires. Pt particles can be
observed on the top portion of the nanowires.
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RESULTS AND DISCUSSION

PZNAs were obtained after hydrogen annealing of as-grown ZnO
NWs, as shown in the schematic diagram of the growth scheme
(Supplementary Figure S1 of the supporting information). Top-view
and cross-sectional SEM images of the as-grown ZnO NWs (denoted
as untreated ZnO, U-ZnO) and the PZNA after etching under H2/Ar
for 1, 2, and 3 h are shown in Supplementary Figures S3–S5 of the
supporting information. According to the SEM and TEM images of
the U-ZnO NWs and PZNA, the average diameter and length of the
ZnO NWs decreased as the hydrogen annealing time increased, as
shown in Supplementary Figure S6a of the supporting information.
Furthermore, the surface porosity, defined as the total surface area of
the pores divided by the total surface area of the ZnO NWs in an SEM
image, increased as the hydrogen annealing time increased, as shown
in Supplementary Figure S6b of the supporting information.
The hexagonal columnar morphology of the ZnO NWs with an

average diameter of 70–80 nm and an average length of ~ 5 μm can be
observed from Figure 1a,b and Figure 2a,b, respectively. Figure 1b and
Figure 2b show that the nanopores form on both the top and side
surfaces of the ZnO NWs after the annealing treatment, with an
increasing pore density and a larger density gradient from the top to
the bottom for longer treatment times (Supplementary Figures S3-S5

of the supporting information). TEM images of U-ZnO and
HA1-ZnO show that the ZnO nanowire arrays are single-crystalline,
aligned along the c-axis and remain unchanged after etching (Figure 2c
and d). To study the pore density gradient in the porous nanowires,
platinum (Pt) was deposited on top of the film using a SEM coater as a
‘marker’ to distinguish between the top and bottom sides of the
nanowires. Thus, the pore density gradient from the top to bottom of
the nanowires can be clearly observed from TEM images of PZNA
(HA1-ZnO), as shown in Figure 2e and f, where yellow arrows show
the top→ bottom direction.
There are two mechanisms responsible for the formation of

nanopores in ZnO NWs upon hydrogen annealing, as shown in the
schematic diagram of Figure 1d. External pores form in the ZnO
NWs by direct etching of ZnO with hydrogen. Moreover, during
hydrothermal growth, residues from the organic precursor may be
incorporated inside the ZnO NWs, which can be observed using XPS
(Supplementary Figure S7 of the supporting information).33–36 As the
temperature rises above 450 °C, these precursor residues decompose
and evaporate, leaving the nanopores behind and thus forming
internal pores.34–36 To differentiate between the two types of pores,
that is, the internal and external pores, a porous nanowire was rotated
by tilting it inside the TEM (Figure 1c). This study was designed based

Figure 3 (a) Optical microscopy images of untreated ZnO (U-ZnO) and PZNA samples after annealing in hydrogen for 1 h (HA1-ZnO), 2 h (HA2-ZnO) and 3 h
(HA3-ZnO). UV-visible (b) absorbance and (c) reflectance spectra of the U-ZnO and PZNA samples after annealing in hydrogen for 1, 2 and 3 h.
(d) Schematic diagram of porous ZnO NWs obtained after hydrogen annealing of as-grown ZnO NWs, which shows a gradual decrease in the pore density
from the top to bottom of the NWs.

Ultrahigh broadband antireflection in ZnO nanowires
K Gupta et al

4

NPG Asia Materials



on the fact that a pore must be internal if it stays at the same position
when a porous nanowire is rotated about its long axis, and must be a
surface feature as an external pore if it moves when the nanowire is
rotated. As clearly shown in Figure 1c, few pores show significant
lateral movement (indicated by the yellow arrows), and these pores
can be described as external pores, while other pores are relatively
fixed in place, confirming that they are located at a different depth and
that they must be internal pores. Therefore, the presence of both
external and internal pores can be observed from the TEM images of
PZNA (HA1-ZnO), as shown in Figure 1c and e.

Figure 3a shows the optical images of the U-ZnO NWs and PZNA
samples after annealing in hydrogen for 1 h (HA1-ZnO), 2 h
(HA2-ZnO), and 3 h (HA3-ZnO). It was observed that the color
changed dramatically (from white to brown-black) after hydrogen
annealing, which indicates the significantly improved antireflection
properties of the PZNA upon hydrogen annealing. Hence, to evaluate
the effect of the NW surface porosity on the behavior of light traveling
through the PZNA samples prepared under different hydrogen
annealing conditions, the optical properties of the U-ZnO NWs and
PZNA were studied by UV–Visible spectroscopy, with the results

Figure 4 Light response curves of the U-ZnO and all the PZNA devices, after annealing in hydrogen for 1 h (HA1-ZnO), 2 h (HA2-ZnO) and 3 h (HA3-ZnO),
under exposure to (a) blue LED (b) green LED (c) yellow LED (d) red LED. (e) CL spectra of the untreated ZnO (black) and the PZNA samples after annealing
in hydrogen for 1 h (blue), 2 h (red) and 3 h (green), where the SEM is operated at 15 kV. (f) Summary of the light responses of U-ZnO and PZNA devices
for visible light of all wavelengths.

Ultrahigh broadband antireflection in ZnO nanowires
K Gupta et al

5

NPG Asia Materials



shown in Figure 3b–c. The absorption spectra in Figure 3b show that
the U-ZnO NWs can only absorb UV light and have poor absorption
of visible light; however, all the PZNA samples show a significant
extension of their optical absorption to the visible-light regime,
with longer wavelength absorption for higher-porosity samples,
even extending to 800 nm. This result can be attributed to the
creation of various point defects by hydrogen etching, which is
accompanied by multiple light scattering from the porous NW
structures with roughened surfaces that increases the probability of
light absorption.
The reflectance spectra are shown in Figure 3c. The results show

that the U-ZnO sample has already benefited from the NW config-
uration, which leads to a low reflectance of ~ 30–37% in the entire
visible-light regime between 400–800 nm. Strikingly, the nanopores in
the PZNA samples further contribute to a decrease in the reflectance

when the annealing time is increased; the smallest reflectance of less
than 5%, even at 800 nm, is obtained from the PZNA sample with the
highest porosity. The ultrahigh broadband antireflection mechanisms
with regard to visible light are proposed as follows. At first, the defects
created during hydrogen annealing provide enhanced absorption
through defect states; these defects contribute little to the extremely
low reflectance of PZNA. Moreover, the TEM images in Figure 2e and
f reveal the pore density gradient feature, where the number of pores
decreases gradually from the top to bottom of the NWs, as shown in
the schematic illustration of Figure 3d. Since the refractive index of
pores (air, n= 1) is less than that of ZnO, a gradient in the density of
nanopores will result in a gradual increase in the effective refractive
index from the top to the bottom of the NWs. This characteristic of
the graded refractive index can result in ultrahigh broadband
antireflection.37

Figure 5 Schematic diagrams along with the energy band illustrations for various photoconduction mechanisms. (a, b) In dark and under blue/green light
exposure, which shows that the photon energy breaks the adsorbed oxygen and ZnO bonding for the U-ZnO NWs (a) and PZNA (b). (c, d) In dark and under
yellow/red light exposure, which shows the absence of defect state excitation for the U-ZnO NWs (c), and the presence of a continuous band tail and defect
state excitations in the PZNA (d). (e, f) Collective phenomena as a result of pore density gradient for ultralow light reflection, porous NW arrays for multiple
scattering and the presence (absence) of defect state excitation for the PZNA (U-ZnO NWs). The different band bending behaviors in all the figures is
noteworthy.
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Because the antireflection property is related to the refractive index
of the material,38 the effective refractive index of the surface is
estimated using the density and surface porosity of the NWs, as
presented in Supplementary Table S1 of the supporting information.
Supplementary Table S1 shows that the surface porosity increases and
the effective refractive index decreases, as the hydrogen annealing time
increases. The minimum surface refractive index is evaluated to be
1.29 after 3 h of hydrogen annealing, which is nearly 1.22, the optimal
value of the effective refractive index for optical substrates.39

We have thus demonstrated a new porosity-induced mechanism for
obtaining a graded refractive index in porous ZnO NW arrays, which,
along with the improved absorption through defect states, resulted
in enhanced antireflection properties that extend to the entire visible-
light region.
In the visible light photodetection test, the response (%) is defined

as the relative change between the dark current (Idark) and light
current (Ilight), which is given by the following equation:

Response ð%Þ ¼ I light � Idark
Idark

´ 100% ð1Þ
Figure 4a–d show the response curves under exposure to different

wavelengths of light, that is, blue, green, yellow and red, respectively.
Intriguingly, the U-ZnO device has a distinct behavior compared with
the other PZNA devices in terms of both its shape and the magnitude
of its response to different wavelengths. In the blue and green light
regimes, the U-ZnO device shows a significantly higher response than
all the others, while its response diminishes in the yellow and red light
regions. Moreover, the U-ZnO device requires a significantly longer
time for both response (~110 s) and recovery (~100 s) in the blue and
green light regimes, which can be attributed to the desorption of
adsorbed negatively charged oxygen ions that are present on the
surface of the U-ZnO NWs in the dark (Figure 5a), and form a
low-conductivity depletion layer near the ZnO NW surface.21 Here,
the contribution from photoexcited carriers is negligible, and the
desorption and re-adsorption process of oxygen ions is dominant for
the U-ZnO NWs under blue and green light illumination (Figure 4a
and b), owing to the slow change in the photocurrent over the entire
testing period; the process of desorption and re-adsorption of oxygen
becomes extinct under illumination with yellow and red light.
To account for the discrepancy in the behavior between the short

and long visible-light wavelength illumination for the U-ZnO device,
we propose that the adsorbed oxygen ions are desorbed by their direct
bombardment with incident light photons through energy transfer,
as shown in Figure 5a.21 Therefore, the cutoff wavelength between
green and yellow light represents the bonding energy of oxygen ions
on a ZnO NW surface at ~ 2.07–2.43 eV, which coincides with a
theoretical calculation of 2.47 eV for the O/ZnO binding energy.40

In contrast, hydrogen annealing for the PZNA samples causes
surface passivation with hydrogen by the removal of most of the
adsorbed oxygen ions (as shown schematically in Figure 5b), and
contributes to the stark contrast in the response curves, where the
curves from all the PZNA samples initially experience faster response
and recovery for a significant portion of the curves before the curves
saturate slowly for all visible-light wavelengths. The response time of
~ 47 s for the PZNA with a 3 h annealing time under exposure to red
light is much shorter than the response time of ~ 110 s for the
as-grown ZnO NWs under exposure to blue light (Supplementary
Table S3 of the supporting information). Moreover, while all the
PZNA devices retain a response (although with a decreasing trend)
over the entire visible-light range, the U-ZnO device clearly exhibits
no response to yellow and red light, as observed in Figure 4c and d.

The corresponding I-V characteristics are shown in Supplementary
Figures S8-S9 of the supporting information.
Therefore, the cathodoluminescence (CL) spectra for all the samples

were examined in Figure 4e. From these spectra, it is observed that the
defect emissions are almost negligible for the U-ZnO sample, which is
consistent with the sharp absorption edge observed for the U-ZnO
sample in Figure 3b. Nevertheless, the intensity of the defect emissions
at ~ 500 nm for the other PZNA samples increases with the annealing
time resulting from higher porosity, which is responsible for the
higher absorbance in the band-tail states beyond the band gap that
extends all the way up to 800 nm (Figure 3b). Therefore, it seems that
hydrogen annealing creates many types of point defects that lead to
light absorption and emission at larger wavelengths. Schematic
diagrams along with the energy band illustrations of various photo-
conduction mechanisms are shown in Figure 5. The mechanisms for
the U-ZnO NWs under exposure to the blue/green and yellow/red
lights are shown in Figure 5a and c, respectively; the mechanisms
for the U-ZnO NWs include the oxygen adsorption-desorption
phenomenon (Figure 5a) and the absence of defect states
(Figure 5c) in the U-ZnO NWs. Moreover, the mechanisms for the
PZNA under exposure to the blue/green and yellow/red lights are
shown in Figure 5b and d, respectively; the mechanisms for the PZNA
include surface passivation with hydrogen by the removal of most of
the adsorbed oxygen ions (in dark), oxygen adsorption-desorption
phenomenon and defect state excitation for blue/green light
(Figure 5b), and only defect state excitation for yellow/red light
(Figure 5d). The existence of the defect states along with the
considerable absorbance in the visible-light range for the PZNA
samples also confirm the significant response, observed in Figure 4c
and d, to illumination by yellow and red light. It is notable that the
response for the U-ZnO sample in the blue and green light regimes is
not due to the defect states but by the desorption of oxygen ions
through direct light interactions, as explained earlier.
Finally, the maximum response from each response curve was

extracted and plotted in a logarithmic scale as a function of the
wavelength in the entire visible-light range for all of the devices in
Figure 4f. The corresponding responsivity (mA/W), EQE (%), and
response time (s) at different wavelengths for the as-grown and PZNA
samples are tabulated in Supplementary Table S2 and plotted in
Supplementary Figure S10 of the supporting information. Clearly, the
PZNA devices exhibit a unique capability of steady photodetection
over the entire visible-light range, which is in stark contrast to the
U-ZnO device that only responds to blue and green light. This
incredible photodetection ability of the ZnO-based nanomaterials
down to 800 nm has been derived from the unique structural design
described in this work, including the pore density gradient for ultralow
light reflection, the porous NW arrays for multiple scattering, and the
presence of point defects for light absorption and emission at larger
wavelengths. Correspondingly, most of the incident light will penetrate
into the porous NW arrays without experiencing losses through
surface reflection and then the light will remain inside as a result of
multiple scattering events until it is absorbed by various defect states,
as shown in Figure 5e and f. Therefore, we demonstrate a new
mechanism for obtaining a porosity-induced graded refractive index,
which results in enhanced broadband antireflection properties that can
transform a wide bandgap 1D material (that is, ZnO NWs) into a
full-range visible-light photodetector.
In summary, we have successfully synthesized porous ZnO NWs by

using a hydrothermal method followed by hydrogen annealing. The
surface porosity was controlled by the hydrogen annealing time. The
PZNA with the highest porosity showed broadband antireflection,
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with a reflectance of less than 5% at wavelengths between 400 and
800 nm. This broadband antireflection is caused primarily by
the porosity-induced graded refractive index and partly by the
defect-related absorption and the effects of multiple scattering. The
different phenomena, including antireflection, multiple scattering and
defect emissions, work synergistically to enhance the visible-light
photodetection over the entire visible-light regime. These new physical
phenomena can be readily extended to other 1D materials and used to
develop empower other optoelectronic devices.
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