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Currently, the development of ultraviolet (UV) photodetectors (PDs) has attracted the attention of the

research community because of the vast range of applications of photodetectors in modern society. A

variety of wide-band gap nanomaterials have been utilized for UV detection to achieve higher

photosensitivity. Specifically, zinc oxide (ZnO) nanomaterials have attracted significant attention primarily

due to their additional properties such as piezo-phototronic and pyro-phototronic effects, which allow

the fabrication of high-performance and low power consumption-based UV PDs. This article primarily

focuses on the recent development of ZnO nanostructure-based UV PDs ranging from nanomaterials to

architectural device design. A brief overview of the photoresponse characteristics of UV PDs and

potential ZnO nanostructures is presented. Moreover, the recent development in self-powered PDs and

implementation of the piezo-phototronic effect, plasmonic effect and pyro-phototronic effect for

performance enhancement is highlighted. Finally, the research perspectives and future research direction

related to ZnO nanostructures for next-generation UV PDs are summarized.

1. Introduction

In the past decade, the global consumption of energy and the

population have increased signicantly; this has prompted the

development of energy-efficient, sustainable optical energy

detection systems.1–7 Among the energy detection systems,

presently, ultraviolet (UV) photodetectors (PDs) have drawn

potential applications in society, the scientic community and

military defense.1–4 Moreover, the human body is sensitive to UV

radiation that may cause different types of diseases including

cataracts and skin cancer.8–11 Thus, the development of modern

efficient UV PDs is necessary. Fig. 1a shows the total solar

radiation spectrum, where UV radiation falls in the higher

energy region.12 The UV spectrum can be classied into three

bands (according to the International Commission on Illumi-

nation), which include the UVA wavelength range from 320 to

400 nm, UVB from 280 to 300 nm and UVC from 10 to

280 nm,9,13 where the content of UVA is the greatest in the solar

spectrum. The working mechanism of UV PDs is mainly based

on the photoconductivity effect, where under UV illumination

on a wide band gap semiconductor, the absorption of UV light

occurs, generating electron–hole (e�–h+) pairs when the photon

energy (hn) is larger or equal to the bandgap (Eg). The photo-

generated electrons and holes are then collected in the external

circuit in the form of a photocurrent. There are three main steps

in the photoconduction process: (i) absorption of UV energy and

generation of e�–h+ pairs, (ii) separation of photogenerated e�–

h+ pairs through a transportation process and (iii) collection of

photogenerated electrons and holes in the form of a photocur-

rent. Photogenerated electrons and holes can be separated for

photocurrent generation by applying an external bias voltage or

current (i.e. conventional) or generating an internal built-in

electric eld (i.e. self-powered).

Over the last decades, UV PDs have been mainly based on

thin-lm technology, and thus the photosensitivity of PDs is
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restricted by a limited UV exposure surface area. However, the

eld of nanotechnology has allowed the direct realization of high-

performance UV PDs by introducing high surface-to-volume ratio

nanomaterials for multiple photon interactions. Nanomaterials

offer tunable and unique optical, electrical, mechanical, and

chemical properties over their bulk and thin lm counter-

parts.14–16 Numerous wide bandgap nanomaterials including

GaN,17 ZnS,18,19 SiC,20 ZnSe,21 ZnTe,22 In2Te3,
23 MoS2,

24 Nb2O5,
25,26

Ga2O3,
27 Zn2GeO4,

28 Zn2SnO4,
29 TiO2,

30 ZnO,31 NiO,32 SnO2,
33 and

K2Nb8O21
34 have been explored for UV PD applications. Among

them, ZnO is preferable for use in UV PDs because it possesses

unique properties, such as a wide direct bandgap (�3.37 eV), n-

type semiconducting behavior, and large exciton binding

energy of 60 meV at room temperature, which are attractive

features for UV PDs.35,36 Basically, ZnO has three types of crystal

structures, including wurtzite, zinc blende, and rock salt, where

the thermodynamically most stable phase is wurtzite at ambient

pressure and temperature. Wurtzite ZnO has a hexagonal struc-

ture belonging to the P63mc space group with the lattice param-

eters of a ¼ 0.3296 and c ¼ 0.520 65 nm.37 In the ZnO wurtzite

structure, the Zn andO atoms are arranged in an hcp pattern and

are stacked alternately along the c-axis, where each Zn atom is

surrounded by four O atoms and vice versa, forming a tetrahedral

non-centrosymmetric structure (Fig. 1b, wurtzite-structured ZnO

atomic model).38 Thereby, wurtzite ZnO shows piezoelectric

(Fig. 1c) and pyroelectric (Fig. 1d) properties, which are addi-

tional features that improve the photoconductivity of ZnO-based

UV PDs.39,40 Besides, ZnO is a biocompatible material, which can

be applied directly for biomedical applications. Moreover,

different dimensional ZnO nanomaterials ranging from 0 to 3D

can be obtained for promising nanoscale applications. Fig. 1e

shows a schematic summarizing the novel ZnO nanostructures,

recently developed ZnO UV PDs and their future applications.

This review article focuses on the recent development of UV

PDs based on energy-efficient ZnO nanomaterials. The charac-

teristic photodetection parameters, photoconduction mecha-

nism and novel ZnO nanostructures are briey discussed. The

progress and current status of device fabrication approaches

ranging from conventional to self-powered are highlighted.

Also, recently coupled novel mechanisms such as piezoelectric,

pyroelectric and plasmonic effects for performance assistance

in ZnO self-powered UV PDs are discussed in detail. Finally, it is

summarized by scientically analyzing the reported literature

and concluded with possible future outlooks for next-

generation high-performance UV PDs.

2. Characteristic parameters of UV
photodetectors

For the detection of a light signal, the bandgap of a photosen-

sitive material should be smaller or equal to the illuminated

photon energy. Spectral photoresponse analysis of a UV PD

primarily provides information about its UV signal detection

limit. For photocurrent generation, the photogenerated elec-

trons and holes need to be separated before recombination

upon exposure to UV light on a PD. The response current of a PD

is dened as the current generated by a PD under UV

Fig. 1 (a) Total solar radiation spectrum.12 (b) Atomic model of the ZnO wurtzite structure. Reproduced with permission from ref. 38 Copyright

2012, Wiley-VCH. (c) Simulated piezopotential distribution along a ZnO NW in the presence of strain along the c-axis. Colour gradient indicates

the piezopotential generation, where red represents the positive piezopotential and blue the negative piezopotential. Reproduced with

permission from ref. 39 Copyright 2009, American Institute of Physics. (d) Electric potential distribution along a ZnONWwhen the temperature is

decreased from RT 295 to 289 K. Reproduced with permission from ref. 40 Copyright 2012, American Chemical Society. (e) Schematic

summarizing the ZnO nanostructures, currently developed UV PDs from conventional to self-powered and their possible future applications.
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illumination, where the current generated only due to UV light

can be distinguished. The term sensitivity of a PD provides

information related to the signal-to-noise level upon exposure

to UV light at a given intensity, and hence, both response current

and sensitivity need to be larger for a given high-performance

UV PD. The photodetection speed of a PD is another impor-

tant parameter, which denes how a PD can detect a UV signal

or how quickly it goes to its original state aer being switched

off UV. Primarily, two parameters, response time and recovery

time, dene the photodetection speed of a PD; hence, a rapid

response (smaller values of response time and recovery time) UV

PD is extremely important.

Furthermore, the additional photoresponse parameter,

responsivity, of a PD provides information related to the gener-

ation of a response current per unit incident UV illumination

power on a PD. In addition to study the noise-related signal of

a PD, specic detectivity denes the information associated with

the ability to detect a weak UV signal by a PD. In general, the

specic detectivity of a PD is related to its noise, which arises

from its thermal uctuations and dark current. Mainly, there

are three types of noise present in a PD, including shot noise,

Johnson noise and icker noise, where both Johnson and icker

noise originate from thermal uctuation, and hence, play an

important role in high frequency- and very low frequency-based

PD. Table 1 summarizes the typical UV PD parameters and

mathematical relations used to evaluate the overall photo-

detection performance.

3. Zinc oxide-based UV
photodetectors

For photoconduction in a ZnO UV PD, the photogenerated elec-

trons and holes under exposure to UV illumination are separated

by an external (conventional PD) or internal (self-powered PD)

driving force. The strength of the driving force plays an important

role in the e�–h+ pair separation and recombination process,

which determines the overall photoresponse behavior of a PD.

The photoresponse mechanism of ZnO-based UV PDs is typically

different from that using conventional semiconducting

materials, where oxygen molecule adsorption and desorption

play a crucial role in photoconduction. In the dark, oxygen

molecules adsorb on the ZnO surface from ambient atmosphere

according to the equation: O2 (gas) + e� (surface) / O2
�

(adsorption), and then form a low conductivity depletion region.

Under exposure to UV illumination, e�–h+ pairs are photo-

generated, where some of the photogenerated holes desorb the

adsorbed oxygen molecules from the ZnO surface to decrease the

low conductivity depletion width as follows, h+ + O2
� (adsorption)

/ O2 (gas). Finally, the unpaired photogenerated free electrons

together with available holes contribute to photoconduction in

the presence of an external driving force.41,42 Fig. 2 demonstrates

the photoconduction mechanism of a ZnO NW-based UV PD

(Fig. 2a) with exposure to UV illumination.32 As shown in Fig. 2b

(bottom schematic), due to the adsorption of oxygen molecules

on the surface of ZnO NW, upward energy band bending takes

place due to the formation of a low conductivity depletion layer in

the dark (top schematic). Upon exposure to UV illumination, the

photogenerated holes migrate to the surface of the NW along the

potential slope originating from energy band bending for the

desorption of adsorbed oxygen molecules, resulting in a reduc-

tion in the low conductivity depletion width. Fig. 2c shows the

migration of the photogenerated holes (bottom schematic) for

oxygen desorption and decrease in upward energy band bending

(top schematic) upon exposure to UV illumination. Again, the

oxygen molecules are re-adsorbed when the UV light is turned off

and vice versa.

Various ZnO nanomaterials including NWs,43 nanorods

(NRs),44 nanotubes (NTs),45 nanobelts (NBs),46 nanoakes

(NFs),47 nanoparticles (NPs),48 and quantum dots (QDs)49 have

been utilized to improve the performance of UV PDs. Nano-

materials basically show efficient photoconduction behavior

compared to their bulk and thin lm counterparts due to their

large surface-to-volume ratios. Hence, many physical and

chemical synthetic approaches have been used for the synthesis

of ZnO nanostructures, such as pulsed laser ablation,50 molec-

ular beam epitaxy,51 vapor phase transport,52 electrochemical

deposition,53 metal organic chemical vapor deposition,54 phys-

ical vapor deposition,55 chemical vapor deposition,56 wet-

Table 1 Characteristic parameters and mathematical relationships of UV PDs

Parameter Mathematical relation Unit

Response current DI ¼ Ilight � Idark; where Idark and Ilight are the

currents in absence and presence of UV

Ampere (A)

Sensitivity
S ¼

Ilight

Idark

Unit less

Response time sr¼ t90%� t10%; where t10% and t90% are the time

at 10% and 90% of the saturation value

Second (s)

Recovery time sd ¼ t10% � t90% Second (s)

Responsivity
RS ¼

DI

PAo
¼

DI

Po
; where P is the UV signal

intensity, Ao is the UV signal exposed area and Po
is the power of UV signal

Ampere per watt (A W�1)

Specic detectivity
D* ¼ RS �

�

Ao

2eIdark

�1=2

; where e is the absolute

value of elementary charge

Jones
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chemical-based methods such as sol–gel57 and hydrothermal/

solvothermal growth.58,59 Among them, recently, the wet-

chemical-based approach has been widely applied due to its

advantages such as relatively low temperature synthesis (mostly

below 150 �C), cost-effective and simple synthetic processes,

and controllable nanostructure morphology, surface and

dimensions.60–65 Additionally, it allows the direct growth of

nanostructures on conductive or exible plastic substrates.66,67

As shown in Fig. 3, different dimensional ZnO nanostructures

such as 3D (microowers,68 hierarchical superstructures,69

superstructures,70 hierarchical structures,71 etc.), 2D (nano-

sheets,72 nanoakes,73 nanodisks,74 mesoporous single-crystal

sheets,75 etc.), 1D (NWs,76 NRs,77 NTs,78 NBs,79 etc.) and 0D

(QDs,80 NPs,81 core–shell structures,82 hollow spheres,83 etc.)

structures can be synthesized vie the wet-chemical process.

3.1 Conventional UV photodetectors

Conventional ZnO UV PDs are mostly operated by an external

driving force in terms of voltage or current source. Upon expo-

sure to UV illumination, photogenerated electrons and hole are

driven by the externally applied driving force for the generation

of a photocurrent. Therefore, the external driving force plays an

important role in photogenerated electron and hole recombi-

nation, separation and transportation processes, which deter-

mine the overall photoresponse behavior of a conventional PD.

Based on the device design and working mechanisms, conven-

tional ZnO UV PDs can be classied into different categories.

3.1.1 Conventional metal–semiconductor–metal-based UV

photodetectors. In the past decade, pristine ZnO oxide nano-

materials in conventional metal–semiconductor–metal (MSM)

PDs have been widely applied for the detection of UV light due

to their simple fabrication. Basically, conventional MSM PDs

can be obtained using symmetric back-to-back ohmic contacts

(non-rectifying type), symmetric back-to-back Schottky contacts

(non-rectifying type) or asymmetric electrodes depending on

the work function of the metal electrode and electron affinity of

ZnO. An applied external voltage across the metal electrodes

drives the photogeneration of electrons and holes to contribute

to the photocurrent. Conventionally, due to their low charge

carrier mobility, high resistivity and inherent defects, pristine

ZnO nanostructure-based PDs suffer from a slow photoresponse

speed in the range of a few seconds to minutes.66,84,85 Hence,

tremendous research efforts have been devoted to improving

their UV photoresponse. ZnO nanostructures have been doped

with the other elements such as hydrogen (H),86 titanium (Ti),87

uorine (F),88 chlorine (Cl),89 aluminium (Al),90 gallium (Ga),91

indium (In),92 and europium (Eu),93 to increase their carrier

mobility. For instance, Kouklin reported Cu-doped ZnONWs for

efficient photodetection application, where doping of Cu in ZnO

NWs not only enhanced their photosensitivity but also resulted

in photosensitivity towards visible light.94 Chiu et al. fabricated

Ga-doped ZnO for PD and a higher photoresponse was observed

in the Ga-doped ZnO PD compared to the pristine ZnO PD.95

Hsu et al. reported La-doped ZnO NWs for photodetection

applications.96 Kao and co-authors developed Sb-doped ZnO

NWs for UV detection.97 More detailed photoresponses of

doped-ZnO nanostructure-based MSM-based UV PDs can be

found in the review article.98 In addition, doping of other

elements such as nitrogen (N),99 phosphorus (P),100 arsenic

(As),101 antimony (Sb),102 copper (Cu),103 silver (Ag),104 gold

(Au),105 lithium (Li),106 sodium (Na),107 and potassium (K)108

changed the ZnO property to p-type. Most importantly, ZnO

nanomaterials (pristine or doped) in conventional MSM PDs

display higher recombination rates of photogenerated charge

carriers, and hence need the application of a large bias voltage

Fig. 2 Photoconduction mechanism of ZnO UV PD. (a) Schematic illustration of ZnO NW-based UV PD. (b) Adsorption of oxygen molecules on

the surface of ZnO NW in the dark and top schematic depicts the upward energy band banding (valence band (VB) and conduction band (CB))

together with the presence of surface trap states. Bottom schematic shows the capturing of oxygenmolecules on the ZnONW surface. (c) Upon

exposure to UV illumination, with photon energy greater or equal to the bandgap of ZnO, electron–hole pairs are photogenerated, where some

of the photogenerated holes migrate to the ZnO NW surface for the desorption of adsorbed oxygen molecules (bottom schematic). This

effectively decreases the low conductivity depletion width of NW. The unpaired electrons together with the free photogenerated holes

contribute to the photocurrent under an external driving force. Reproduced with permission from ref. 42 Copyright 2007 American Chemical

Society.
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for the detection of UV light. Various MSM device congura-

tions via alteration, ranging from non-rectifying to rectifying

electrodes, have been applied predominantly for optimum

photoconductivity at a low external bias voltage, where recti-

fying junction-based PDs commonly show a low dark current,

fast switching behavior and controllable photoresponse

performance under an external driving force compared to that

of ohmic junctions.109,110

Recently, atomically-thin 2D graphene was used with ZnO for

the efficient collection of photogenerated charges in UV PDs

due to its inherent intrinsic properties, such as outstanding

mobility, transparency, mechanical stability, and exibility. A

generated built-in electric eld at the interface of graphene and

ZnO offers efficient charge separation and transportation for

rapid photoconduction under an external driving force.111–113

We fabricated a ZnO NW/graphene foam heterostructure for UV

PD application, where highly dense ZnO NWs were direct grown

on 3D graphene foam for efficient charge conduction and

separation.114 As shown in Fig. 4a, rst graphene foam was

grown on 3D nickel foam followed by CVD, and then the nickel

template was etched to directly grow ZnO NWs on graphene

foam via the thermal evaporation technique. Fig. 4b shows

a schematic diagram of the PD, and its respective I–V responses

in both the absence and presence of UV are shown in Fig. 4c.

Under UV illumination (365 nm, 1.3 mW cm�2), the current of

the PD increased due to the increase in conductivity, where the

cyclic photoresponse of the PD is depicted in Fig. 4d. At a bias

voltage of 5 V, the PD showed a current response of 700 mA and

response time/recovery time of 9.5 s/38 s (Fig. 4e). With an

increase in the bias voltage of the PD, the response current

increased due to the increase in the dri velocity of charge

carriers, where an �868% enhancement in response current

was observed at a bias voltage of 8 V compared to that at a bias

voltage of 1 V (Fig. 4f). Moreover, we reported a ZnO NW/

graphene heterostructure UV PD (Fig. 4g),84 graphene/ZnO

NW/graphene UV PD (Fig. 4h),115 and graphene-ZnO QDs-

graphene UV PD (Fig. 4i),80 where faster and higher photo-

responses were measured under UV illumination, and their

overall photoresponse performances are listed in Table 2.

Moreover, ZnO nanostructures were directly grown on carbon

nanotubes (CNTs) for direct charge conduction, where CNTs

provide rapid charge carrier transportation, for instance, Hart's

group fabricated ZnONWs-coated aligned CNTs,116where a faster

photodetection performance of 0.25 s response time and 0.35 s

Fig. 3 Various dimensional ZnO nanostructures synthesized via the hydrothermal process. 3D: (a–d) microflowers,68 hierarchical superstruc-

tures,69 superstructures70 and hierarchical structures.71 2D: (e–h) nanosheets,72 NFs,73 nanodisks74 andmesoporous single-crystal sheets.75 1D: (i–

l) NWs,76 NRs,77 NTs78 and NBs79 and 0D: (m–p) QDs,80 NPs,81 core–shell structures82 and hollow spheres.83 Reproduced with permission from ref.

68–83 Copyright 2015 Royal Society of Chemistry. Copyright 2006 American Chemical Society. Copyright 2012 American Chemical Society.

Copyright 2013 American Chemical Society. Copyright 2013 American Chemical Society. Copyright 2016 Royal Society of Chemistry. Copyright

2014 Royal Society of Chemistry. Copyright 2017 American Chemical Society. Copyright 2013 IOP. Copyright 2013 WILEY-VCH. Copyright 2013

Royal Society of Chemistry. Copyright 2006 Royal Society of Chemistry. Copyright 2015 Royal Society of Chemistry. Copyright 2010WILEY-VCH.

Copyright 2015 American Chemical Society. Copyright 2011 WILEY-VCH.
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recovery time was measured due to the direct transportation of

photogenerated charges through aligned CNTs, which effectively

reduced the recombination rate of the photogenerated electrons

and holes under UV illumination. In addition, we fabricated ZnO

QD-decorated CNTs for UV PD application,117 and nearly 275%

enhancement in response current was measured at 1 V bias

voltage compared to the pristine ZnO QD PD.

The localized surface plasmon resonance (LSPR) effect of

nanomaterials results in unique light absorption capacity,

which photoexcites electrons in contact with ZnO upon expo-

sure to UV light, thereby modifying the photoconduction.

Fundamentally, nanomaterials (preferably NPs) based on noble

metals such as Au,118,119 Ag,120,121 Al,122 and Pt,123 have attracted

special attraction due to their efficient LSPR effects and widely

coupled with ZnO nanomaterials for photoconduction

enhancement. Liu et al. reported Ag NPs-decorated ZnO NWs

for application in UV PDs, as shown in Fig. 5a (device sche-

matic).120 It can be seen from the I–V characteristics (Fig. 5b)

that upon exposure to UV light, the Ag NP-decorated ZnO NWs

showed a higher photoresponse compared to their bare coun-

terpart due to the enhancement in light absorption, which is

related to the LSPR effect of Ag NPs. Fig. 5c shows the energy

band of the Ag and ZnO heterojunction (top schematic), where

under exposure to UV light, electrons and holes are photo-

generated and hot electrons transferred from the Ag NPs to the

CB of ZnO (bottom schematic), thereby enhancing the photo-

conduction. Similar results were also reported by Wang and co-

authors, where Ag NPs were decorated on top of a ZnO lm for

application in a UV PD, as shown in Fig. 5d (device sche-

matic).121 As shown in Fig. 5e, the Ag NP-decorated ZnO PD

displayed a higher photoresponse performance compared to

the pristine ZnO PD due to the LSPR effect of the Ag NPs. Lu and

co-authors demonstrated an Al NP-decorated ZnO NR UV PD,

where a superior enhancement in responsivity from 0.12 to 1.59

A W�1 and nearly 6-fold enhancement in sensitivity were

measured in the Al NP-decorated ZnO NR PD compared to the

pristine ZnO NR PD due to the localized surface plasmons

(LSPs) of the Al NPs.122 The authors also reported that the Al NP-

decorated ZnO NR PD showed a faster photodetection speed of

0.030 s (response time) and 0.035 s (recovery time) compared to

that of the bare PD of 0.80 s and 0.85 s, respectively, mainly due

to the rapid resonant couplings between the LSPs of the Al NPs

Fig. 4 (a and b) Schematic representation of the steps involved in the fabrication of a UV PD and schematic diagram the as-fabricated PD,

respectively. (c and d) I–V responses in both the absence and presence of UV (365 nm, 1.3 mW cm�2) and cyclic photoresponse of the PD at

a bias voltage of 5 V, respectively. (e) Estimation of response time and recovery time of the PD. (f) Response current as a function of bias voltage

plot. Reproduced with permission from ref. 114 Copyright 2015 American Chemical Society. (g) ZnO NWs/graphene heterostructure PD.

Reproduced with permission from ref. 84 Copyright 2015 IOP. (h) Graphene/ZnO NWs/graphene PD. Reproduced with permission from ref. 115

Copyright 2016 IOP. (i) Graphene-ZnO QDs-graphene PD: (A and B) schematic diagram of the fabrication processes in the PD and schematic

diagram of the PD, respectively. Reproduced with permission from ref. 80 Copyright 2015 Royal Society of Chemistry.
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and excitons of the ZnO NRs. An Au NP-decorated ZnO NW UV

PD was fabricated by Liu et al.,119 where �103 times enhance-

ment in the sensitivity in Au NP-decorated ZnO NW PD was

reported compared to that in the pristine ZnO NW PD due to the

plasmonic enhancement in the light absorption efficiency of

the Au NPs. In addition, an improvement in recovery time from

�300 to �10 s was reported in the Au NP PD.

3.1.2 Schottky junction-based UV photodetectors. Gener-

ally, conventional MSM-based devices with non-rectifying elec-

trodes show a higher dark current, slow photodetection speed

in terms of response time and recovery time, and higher

recombination rate of photogenerated charge carriers under UV

illumination. However, Schottky junction-based UV PDs, i.e.

Schottky barrier photodiodes, display a relatively low dark

current, fast switching behavior and controllable photo-

response performance under an external driving force.109,110

Various Schottky barrier-based ZnO UV PDs have been reported

by researchers. Among them, graphene and ZnO Schottky

barrier-based UV PDs have been drawn signicant research

interest due to the intrinsic properties of graphene, as dis-

cussed earlier. The difference in the work function of graphene

and ZnO creates a rectication barrier, which can be directly

applied for both efficient charge transportation and Schottky

barrier formation for carrier separation. Nie and coauthors

fabricated a PMMA-supported monolayer graphene (MLG) lm/

ZnO NR array-based UV PD.124 The step-by-step fabrication of

the device is illustrated in Fig. 6a (inset shows the PMMA-

supported MLG on ZnO NR array), where the respective

Table 2 Summary the photoresponses of conventional UV PDs based on ZnO nanostructure materials

PD Bias UV light

Response

current

Response time &

recovery time Sensitivity Responsivity

Specic

detectivity

ZnO NWs165 1 V 360 nm 34 nA 2 s &100 s 12.26 0.39 A W�1 1.9 � 108 Jones

ZnO NWs166 3 V 352 nm — 5 s & 100 s — — —

ZnO NWs146 3 V 310 nm 5.13 mA 229 s & 547 s — — —

ZnO NRs167 325 nm — 3.7 s& 63.6 s — — —

ZnO NW/graphene foam114 5 V 365 nm �700 mA 9.5 s & 38 s 6 A W�1

ZnO NR/graphene148 20 V 370 nm 22.7 A W�1

ZnS/ZnO bilayer lm145 5 V 350 nm �180 mA 50 s & 50 s �1066 94 A W�1

ZnO-SnO2 nanober lm
151 10 V 300 nm �7.9 nA 32.2 s & 7.8 s �5000

ZnO NP-graphene core–shell149 20 V 375 nm 9 ms & 11 ms 600 640 A W�1

Graphene/ZnO NWs84 5 V 365 nm 3.02 mA 11.9 s & 240 s 32 000 A W�1 3.9 � 1013 Jones
Graphene/ZnO NW/graphene115 �5 V 365 nm �300 mA 3 s & 0.47 s 23 A W�1

Co-ZnO NRs168 5 V 365 nm 80 mA 1.2 s & 7.4 s 760 A W�1

Monolayer graphene/ZnO NRs124 �1 V 365 nm 0.7 ms & 3.6 ms 113 A W�1

Graphene/ZnO NW/graphene169 3 V 325 nm 0.7 s & 0.5 s 8 � 102 0.42 A W�1

Graphene-ZnO QDs-graphene80 2 V 365 nm �720 nA 0.29 s & 0.29 s �109 Jones

ZnO granular NWs43 1 V 365 nm �1 mA 0.56 s & 0.32 s 7.5 � 106 A W�1 3.3 � 1017 Jones

ZnO NR network170 4 V 365 nm 2 s & — 1.8

ZnO NW array171 5 V 370 nm 0.1 ms & 0.4 ms 1.4
ZnO spatial tetrapod network172 1 V 365 nm 0.4 s & 0.3 s 106

ZnO nanotetrapod network173 2.4 V 365 nm 67 ms & 30 ms 4.5 � 103

NiO/ZnO141
�5 V 310 nm 100 21.8 A W�1 1.6 � 1012 Jones

ZnO/Si138 �2 V 365 nm — — — 0.34 A W�1 2.11 � 1010 Jones
ZnS-coated ZnO array146 3 V 310 nm 162 mA 229 s & 547 s —

ZnS/ZnO biaxial nanobelt144 5 V 320 nm 3.97 mA 0.3 s & 1.7 s 6.9

ZnS-ZnO bilayer lm145 5 V 370 nm �16 mA 50 s & 50 s 1066
ZnO-SnO2 nanobers lm

151 10 V 300 nm �7.9 nA 32.2 s & 7.8 s 4600 — —

Electrospun ZnO NWs/PbS QDs174 10 V 350 nm — — — 51 mA W�1 3.4 � 108

Ag@ZnO NWs120 5 V 365 nm �25 000 mA 1.02 s & 15.5 s �11.2 — —

ZnO lm with Ag NPs121 5 V 380 nm — �15 s & �330 s — 2.86 A W�1
—

p-CuSCN/n-ZnO NRs175 �3 V 365 nm — 3.2 s & 3.8 s — 22.5 mA W�1
—

Al NPs-ZnO NRs122 5 V 325 nm �18 mA 0.8 s & 0.85 s — 1.59 A W�1
—

ZnO-PEDOT:PSS176 5 V 252 nm 674 mA — & 15 s 37.65 5.046 A W�1
—

ZnO QD/graphene nanocomposite177 365 nm 2 s & 1 s 1.1 � 104 — —

SnO2-coated ZnO NWs178 0.8 V 325 nm 109 nA 1.5 s & 25.6 s 4.516 — —

ZnO NPs lm83 5 V 350 nm 2.55 mA 0.467 ms & 0.94 ms 52 — —

C-doped ZnO/rGO179 1 V 334 nm 0.1 nA 120 ms & 80 ms 1.3 — —

Sn-doped ZnO NRs180 5 V UV lamp 17.7 mA — 60 — —

La-doped ZnO NWs181 10 V 365 nm 481 nA — 2.6 — —

Al-doped ZnO NWs182 1 V 365 nm 62 mA 0.1 s & 20 s 6.2 � 105 3.8 A W�1
—

Cu-doped ZnO NRs183 — UV lamp 23 mA 2.7 s & 118 s 5.6 � 104 — —

Ga-doped ZnO nanopagodas184 1 V 254 nm 28.3 mA 0.53 s & 14 s 1.3 — —

Mg-doped ZnO NRs185 1 V 365 nm 8 mA 24.5 s & 18.4 s 5.2 — —

In-doped ZnO NRs186 1 V UV lamp 49.3 mA — 71.4 2.5 A W�1 1.44 � 1011 Jones

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 2059–2085 | 2065
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current–voltage (I–V) characteristics of the device at different

temperatures (80 to 300 K) conrm the formation of rectifying

behavior with a turn-on voltage of 1.0 V (Fig. 6b). Due to the

work function difference in between graphene (4.6 eV) and ZnO

(4.4 eV), the Schottky junction is formed by energy band

bending in the upward direction, and hence, efficient electron

and hole separation occurs due to the built-in electric eld

under exposure to UV light. As a result, outstanding photo-

conduction, nearly three orders of magnitude higher under

exposure to UV illumination (365 nm, 100 mW cm�2) at the

reversed bias voltage was observed (Fig. 6c, typical I–V responses

taken with and without UV illumination), which is much higher

than that of conventional ZnO nanomaterial-based PDs. The

authors also reported the higher responsivity of 113 A W�1 at

�1 V together with a faster photodetection speed of 0.7 ms

response time and 3.6 ms recovery time (Fig. 6d). The attributed

higher photodetection performance of the PD wasmainly due to

the rapid transportation of photogenerated charges through

monolayer graphene under exposure to UV light and built-in

electric eld.

Likewise, Zhang et al. reported a graphene-ZnO Schottky

junction-based PD, as shown in Fig. 6e, for high-performance

photoconduction, where Fig. 6f depicts a schematic illustra-

tion of the respective energy band diagram of the graphene-

ZnO Schottky junction under exposure to UV illumination.125

Under a reverse bias condition, the strength of the Schottky

barrier height was enhanced to reduce the dark current. Upon

exposure to UV light, the photogenerated electrons were

transported from ZnO to graphene by crossing the barrier to

generate a photocurrent. Fig. 6g shows the I–V characteristics

both in the absence and presence of UV illumination at

different intensities, where with an increase in UV illumina-

tion intensity, the current in the reverse bias direction

increased due to the increase in the electron and hole gener-

ation efficiency. The asymmetric I–V proles demonstrated

Schottky junction formation between graphene and ZnO. The

fabricated PD displayed a response time and recovery time of

<1 s and 22 s (Fig. 6h), respectively. The authors noted that

because of the existence of defect states such as O and Zn

vacancies or excess Zn and O atoms in ZnO, the PD exhibited

a relatively slow response under exposure to UV light. More-

over, the authors reported a high responsivity of 3 � 104 A W�1

and specic detectivity of 4.33 � 1014 Jones in the reverse bias

condition.

3.1.3 Homojunction/heterojunction-based UV photodetec-

tors. In recent years, homojunctions and heterojunctions of

ZnO nanomaterial-based UV PDs have been reported, where the

generated built-in electric eld at the semiconductor/

semiconductor interface boosts the overall photoconductivity

through the separation of photogenerated charges. In ZnO

homojunctions PDs, n-type ZnO nanostructures with p-type

ZnO nanostructures are mostly conjugated to form p–n type

homojunctions. Under exposure to UV illumination, the pho-

togenerated electrons are driven to the n-type region, while

holes move toward the p-type region due to the internal built-in

electric eld. Leung and coauthors fabricated a p–n homo-

junction visible-blind UV PD based on n-type ZnO NWs covered

with a p-type Al, N co-doped ZnO lm.126 Fig. 7a illustrates the

device schematic of the as-fabricated p–n ZnO PD, which was

fabricated via a combination of hydrothermal synthesis and

sol–gel synthesis methods (Fig. 7b cross-sectional image). The

typical I–V proles (Fig. 7c and inset shows the ohmic

Fig. 5 (a and b) Schematic representation of Ag NPs/ZnO NW-based plasmonic PD and the respective I–V profiles with and without UV illu-

mination (365 nm, 0.24 mW cm�2), respectively. (c) Energy band diagrams of the Ag/ZnO heterojunction (top schematic) and LPSR excited

electrons transfer from Ag to ZnO upon exposure to UV illumination (bottom schematic). Reproduced with permission from ref. 120 Copyright

2014 Optical Society of America. (d) Schematic diagram of Ag NPs decorated ZnO-based PD. (e) J–V characteristics of pristine ZnO and Ag NPs

decorated ZnO based PDs in both the presence and absence of UV light. Reproduced with permission from ref. 121 Copyright 2017 American

Chemical Society.
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characteristics of the electrodes (ITO and Au) with ZnO) of the

PD conrm a p–n junction device characteristic, and its current

characteristic is nonlinear with respect to the reverse bias. The

measured reverse leakage current and turn-on voltage for the

homojunction were�5 mA and�1.5 V, respectively. The current

in the reverse bias direction increased upon exposure to UV

illumination (380 nm, incident power � 55 mW) and at the

reverse bias voltage of �3 V, the observed response current was

150 mA. As illustrated in Fig. 7d, the photoresponse spectra PD

at different bias voltages conrm its UV sensitive behavior.

However, the PD also showed a weak response to orange/red

light due to the deep-level defects in ZnO, which was

conrmed from the photoluminescence spectrum (inset gure).

The authors measured the responsivity of 4 A W�1 at a reverse

bias voltage of �3 V and no other photodetection parameters

were measured. Wang et al. fabricated Sb-doped p-type ZnO NW

and n-type ZnO lm homojunction UV PDs, as depicted in Fig. 7e

(schematic diagram),127 where the typical I–V characteristics

(Fig. 7f) with and without exposure to UV illumination conrmed

their UV sensitive response. Similarly, a small photocurrent peak

at around 570 nm at all the applied bias voltages was observed

due to the defects in ZnO (Fig. 7g). Likewise, different ZnO

homojunction-based UV PDs have been reported, for instance, p–

n ZnO NW homojunction,128 ZnO:(Ag,N)/ZnO NRs p–n homo-

junction,129 Cu-doped ZnO/n-type ZnO NRs homojunction,130

Mg0.4Zn0.6O/ZnO homojunction,131 CdMoO4-ZnO composite

lm,132 BiOCl/ZnO hybrid lm,133 p-Mg0.2Zn0.8O/n-ZnO homo-

junction,134 vertically stacked ZnO sheet-like nanorod p–n

homojunction,135 ZnO microwire p–n homojunction,136 and ZnO

NW p–n homojunction.137

Heterojunctions of ZnO nanomaterials with other semi-

conductors have been introduced to form p–n junctions or n–n

junctions depending on the photoactive materials for UV PDs,

for example, ZnO/Si heterojunction,138 ZnO NWs/p-GaN

Fig. 6 (a) Schematic illustration of the processes involved in the fabrication of MLG film/ZnO NR PD. (b) I–V characteristics at different oper-

ational temperatures (80 to 300 K) of the PD, inset depicts the typical cross-sectional SEM image of the PMMA-supported MLG film/ZnO NR

junction. (c and d) I–V responses recorded with and without 365 nm UV illumination and estimation of response time/recovery time of the PD,

respectively. Reproduced with permission from ref. 124 Copyright 2013 Wiley-VCH. (e and f) Schematic diagram of the graphene-ZnO Schottky

junction-based PD and the respective energy band diagram of the PD under exposure to UV light illumination, respectively. (g and h) I–V

responses at different UV illumination (365 nm) intensities and estimation of response time/recovery time of the PD, respectively. Reproduced

with permission from ref. 125 Copyright 2016 De Gruyter.
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heterojunction,139 n-Ga:ZnO NRs/p-GaN heterojunction,140 NiO/

ZnO heterojunction,141 ZnO/GaN heterojunction,142 ZnS-ZnO

heterojunction,143–146 p-GaN/n-ZnO NRs heterojunction,147 ZnO

NR/graphene heterostructure,148 and ZnO NP-graphene core–

shell heterostructure.149Unlike homojunctions, photogenerated

electrons and holes are separated by internally generated and

externally applied electric elds under UV illumination. Hence,

the selection of the semiconductor material to form hetero-

junctions with ZnO is important, which denes the strength of

the internal electric eld. As shown in Fig. 8a (device sche-

matic), Tsai and co-authors reported p-type NiO with n-type ZnO

for a p-NiO/n-ZnO heterojunction UV PD.150 The energy band

diagram of the respective p-NiO/n-ZnO heterojunction is illus-

trated in Fig. 8b, conrming the generation of a built-in electric

eld due to the Fermi level alignment. Diode-like characteristics

(Fig. 8c, I–V) with a leakage current of 6.64 � 10�8 A cm�2 were

obtained in the PD. Upon UV illumination on the PD, the

current increased in both the forward and reversed bias direc-

tions and the current sensitivity of 11.56 was measured at

a reverse bias voltage of �1 V. No additional photodetection

parameters for the heterojunction PD were reported by the

authors. Tian and co-authors fabricated a ZnO and SnO2 (n–n)

heterojunction (ZnO/SnO2) UV PD, as illustrated Fig. 8d (energy

band diagram).151 It can be seen from the schematic (Fig. 8d)

that the photogenerated holes move from SnO2 to ZnO and

electrons from ZnO to SnO2 due to the internal built-in electric

eld, which facilitates the overall photoconduction process

upon exposure to UV illumination. As shown in Fig. 8e, the

typical I–V proles recorded with and without light illumination

(250 to 400 nm) showed photoconduction behavior. Under UV

light illumination of 300 nm (0.45 mW cm�2 intensity) on the

PD, the current increased from 1.7 pA to 7.9 nA (�4600 times

enhancement) at a bias voltage of 10 V. Likewise, effective

increments in the current were reported when the PD was

exposed to light sources of 250 nm, 280 nm, 320 nm and

350 nm. The highest sensitivity of�5� 103 was measured upon

exposure to 300 nm wavelength on the PD due to the highest

light power intensity. Moreover, the PD showed a sensitive

response upon exposure to 400 nm light having energy below

than the band gaps of ZnO and SnO2, which was mainly due to

the possible transition of carriers from the defect states to the

CB. As shown in Fig. 8f, the spectroscopic photoresponse and

inset (absorption spectrum) of the PD conrmed its UV sensi-

tive photoresponse with an exhibited threshold excitation

energy of 3.6 eV, which is close to the bandgap energy of the

ZnO/SnO2 heterojunction. The measured photodetection speed

for the ZnO/SnO2 heterojunction PD was 32.2 s (response time)

and 7.8 s (recovery time). Likewise, Fang's group fabricated

a ZnS/ZnO biaxial NB based high-performance UV PD,152 where

efficient photodetection performances were measured in the

ZnS/ZnO heterostructure compared to the pure ZnS or ZnO

nanostructures due to the internal built-in electric eld. The

authors reported the a wide-range UV-A light photoresponse in

the wavelength range from around 200 to 380 nm, ultra-high

responsivity of 5.0 � 105 A W�1 at a bias voltage of 5 V, and

response time of <0.3 s and recovery time of 1.5 s. Therefore, it

Fig. 7 Al, N-codoped p-type ZnO film and n-type ZnO NW-based homojunction: (a and b) schematic diagram and cross-sectional SEM image

(scale bar is 500 nm) of the p–n homojunction PD, respectively. (c and d) I–V characteristics recorded with and without UV light and spectral

photoresponses of the PD, respectively. Reproduced with permission from ref. 126 Copyright 2010 American Institute of Physics. Sb-doped p-

type ZnO NWs and n-type ZnO film based homojunction: (e and f) schematic diagram of the homojunction PD and the respective I–V char-

acteristics before and after exposure to UV, respectively. (g) Photocurrent spectra of the PD at different reversed bias voltages. Reproduced with

permission from ref. 127 Copyright 2011 American Institute of Physics.

2068 | Nanoscale Adv., 2019, 1, 2059–2085 This journal is © The Royal Society of Chemistry 2019

Nanoscale Advances Review

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

2
 A

p
ri

l 
2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 1

0
:2

6
:1

0
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00130a


can be concluded that junction-based UV PDs show a higher

photodetection performance compared to their pristine coun-

terparts due to synergistic effects and generated internal electric

elds.

As mentioned earlier, ZnO displays a piezoelectric effect due

to its noncentral-symmetric crystal structure, where 1D ZnO

nanomaterials show a higher piezoelectric response due to their

c-axis orientation. Under external force/strain, piezoelectric

potentials are generated across 1D nanomaterials, which can be

considered to control photogenerated charge carrier separation,

transportation, generation and recombination.153–155 Therefore,

currently, the piezoelectric effect is considered an additional

advantage of ZnO, which helps in tuning the photoconductivity

of PDs. Wang's group developed a ZnO/ZnS heterojunction core/

shell NW PD, where the piezo-phototronic effect was introduced

for photoresponse enhancement.156 As illustrated in Fig. 9a,

ZnO/ZnS core/shell NWs were directly grown on an ITO-coated

glass substrate, then an Ag/polyester zigzag electrode was con-

nected on top of the NWs and external compressive loads were

applied from the Ag/polyester zigzag electrode, where UV illu-

minated the ITO substrate. The as-fabricated PD displayed

a highly sensitive response to UV (385 nm), blue and green

illumination, as depicted in Fig. 9b (I–V responses). It was

concluded that under light illumination, with photon energy

smaller than the band gaps of ZnO and ZnS, indirect type-II

transitions of electrons from the VB (ZnO) to CB (ZnS) take

place at the interface of the ZnO core and ZnS shell. Moreover,

the authors enhanced the photoconduction performance of the

PD by coupling the piezo-phototronic effect, which facilitated

the lowering of the barrier height across the ZnO/ZnS interface

for easy charge carrier transportation, and hence an increase in

current with an increase in external load (Fig. 9c, I–V curves at

different loads ranging from 0.05 to 0.4 kg force (kgf) under UV

illumination of 1.32 mW cm�2 intensity). A large enhancement

of �31 times in the peak photocurrent at 0.4 kgf was reported

compared to that in the absence of a load under exposure to UV

illumination. Similar responses of �18 times for blue (465 nm,

3 mW cm�2) and �19 times for green (520 nm, 3.2 mW cm�2)

excitation were reported in the presence of an external load. The

calculated responsivities at 0.4 kgf compressive load under

exposure to 385 nm (1.32 mW cm�2), 465 nm (3 mW cm�2) and

520 nm (3.2 mW cm�2) illumination were 2.5 A W�1, 0.54 A W�1

and 0.13 A W�1, respectively at a bias voltage of 1.5 V, which are

nearly an order of magnitude higher than that with no load.

Fig. 9d shows the comparative change in the responsivity ((RLoad

� Ro/Ro) � 100%, where RLoad and Ro are the responsivities with

and without load, respectively) plots with respect to the applied

compressive load, which increased with an increase in the

external load due to the increase in the piezo-phototronic effect.

The associated piezo-phototronic effect can be explained from

the schematic diagrams in Fig. 9e, where (i) and (ii) are the band

diagrams of the PD before and aer bend alignment, respec-

tively. The direct band to band and indirect type-II transitions of

electrons under exposure to light in the absence of an external

load are depicted in Fig. 9e(iii). As shown in Fig. 9e(iv), the

generation of piezopotentials across the ZnO NRs led to band

bending for efficient charge carrier transportation across the

Fig. 8 Transparent p-NiO/n-ZnO heterojunction PD: (a and b) schematic illustration of p-NiO/n-ZnO heterojunction PD and the respective

energy band diagram, respectively. (c) J–V characteristics of the p-NiO/n-ZnO heterojunction PD recorded before and after exposure to UV

illumination. Reproduced with permission from ref. 150 Copyright 2011 Elsevier. ZnO-SnO2 heterojunction PD: (d and e) energy band diagram

and I–V profiles of the ZnO-SnO2 heterojunction PD in both the absence and presence of light illumination of different wavelengths (250 to 400

nm), respectively. (f) Spectroscopic photoresponse profile at a bias voltage of 5 V and inset depicts the absorption spectrum. Reproduced with

permission from ref. 151 Copyright 2013 WILEY-VCH.
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ZnO/ZnO interface under illumination in the presence of

external compressive strain.

Zhang and co-authors fabricated piezo-phototronically

modulated a ZnO/CdS core–shell micro/NW-based PD, as illus-

trated in Fig. 9f (top schematic), and the bottom schematic

shows the proposed model of the PD integrated with back-to-

back Schottky diodes under compressive strain.157 Remarkably,

the photoconduction of the PD increased with an increase in

compressive strain under steady state UV illumination (372 nm,

6.36 � 10�5 W cm�2) (Fig. 9g). It was found that the photocur-

rent of the PD increased from 12.9 to 144 nA when the strain

increased to �0.31% at a positive bias voltage of 2.0 V. A similar

response was also noticed when the PD was illuminated by green

light (548 nm, 1.43 � 10�3 W cm�2). As depicted in Fig. 9h, with

the change in responsivity with compressive strain under both

green and UV light illumination, nearly more than 10 times

enhancement in the responsivity of the PD was measured under

�0.31% strain compared to that in the unstrained condition.

Moreover, Luo and coauthors fabricated a p-NiO/n-ZnO type

piezo-phototronic-based UV PD, and the recovery time of the PD

was notably improved through modulation of its piezopoten-

tials.158 An Au-MgO-ZnONWpiezo-phototronic-based UV PDwas

reported by Zhang's group.159 They effectively enhanced the

sensitivity of the PD by controlling the piezo-phototronic effect.

Fig. 9 ZnO/ZnS heterojunction core/shell NWs PD: (a) schematic illustration of the processes involved in fabrication of the ZnO/ZnS core/shell

NWs PD. (b) I–V responses measured before and after exposure to green, blue and UV light. (c) I–V profiles at a fixed exposure to UV light of

intensity of 1.32mW cm�2 at different compressive loads. (d) Change in responsivity with respect to compressive load under light illumination. (e)

Photoconduction mechanism of the PD under compressive load: (i) and (ii) are the energy band diagrams of the Ag/ZnS/ZnO interface before

and after the alignment of the Fermi levels, respectively. (iii) and (iv) are the schematics of the direct band-to-band and indirect type-II transitions

of electrons from the VB to CB under light illumination in the absence and presence of compressive strain, respectively. In the presence of

compressive strain together with light illumination, piezopotential-induced band bending occurs across the ZnO/ZnS interface. Reproduced

with permission from ref. 156 Copyright 2015 American Chemical Society. ZnO/CdS core–shell micro/NWs: (f) 3D structure representation of

a ZnO/CdS core–shell wire (top schematic) and the respective proposed sandwich model of the PD composed of two back-to-back Schottky

diodes integrated into a ZnO core and CdS shell structure under compressive strain (bottom schematic). (g) I–V responses of the PD at different

compressive strains in the presence of UV. (h) Change in responsivity with respect to compressive strain under exposure to green light (548 nm)

and UV light (372 nm), where R and R0 are the responsivities with and without compressive strain, respectively. Reproducedwith permission from

ref. 157 Copyright 2012 American Chemical Society.
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Likewise, a number of piezo-phototronic-based UV PDs have

been reported, for instance, ZnO-Ga2O3 core–shell hetero-

junction microwire,160 CuI/ZnO double-shell nanostructure,161

ZnO/NiO core/shell NRs,162 ZnO microwire,163 and ZnO/Cu2O

heterojunction164 to enhance the overall photoconductivities.

It needs to be noted that in the last few years, incredible

research progress has been made in conventional ZnO nano-

structure UV PDs, and Table 2 summarizes some of the high-

performance conventional UV PDs.

3.2 Self-powered UV photodetectors

In a conventional UV PD, an external driving force needs to be

applied for the separation and transportation of photo-

generated electrons and holes for photoconduction. Hence,

conventional UV PDs sometimes consume a large amount of

energy and reduced lifetime due to the generation of internal

heat in the presence of an external bias voltage. It has been

realized that junction-based PDs generate internal built-in

electric elds, which effectively participate in e�–h+ pair sepa-

ration and transportation without any external driving force

(self-powered).9 Thus, signicant research has been devoted

towards the fabrication of self-powered UV PDs in the modern

scientic community. Self-powered UV PDs have additional

advantages such as extremely low power consumption, resolve

unnecessary energy-related issues and reduce the overall size of

PDs over conventional PDs. Moreover, self-powered PDs display

a faster photoconduction performance due to the quick sepa-

ration and transportation of photogenerated electrons and

holes by their internal built-in electric eld under UV

illumination.

3.2.1 Schottky junction-based self-powered UV photode-

tectors. ZnO Schottky junctions have been introduced for self-

powered UV PDs, where the generated internal built-in electric

eld across the junctions allow charge separation and

conduction in the absence of a bias voltage. Zhang's group

fabricated a single Sb-doped ZnO nanobelt bridging an ohmic

contact (Ag) and a Schottky contact (Au) PD for self-powering.46

The as-reported PD showed a self-powered photodetection

performance, and upon exposure to UV illumination, the

current increased from 1 to 23 nA in the absence of a bias

voltage. Sb doping in ZnO introduces a high donor impurity

density, which increases the electric eld strength, resulting in

an enhancement in self-powering performance. This PD dis-

played amuch faster photodetection speed of less than 100 ms.

Duan and co-authors reported a graphene and ZnO:Al NR

array-lm (AZNF) (graphene/AZNF) Schottky junction for

application in self-powered UV PDs.187 As shown in Fig. 10a

(device schematic), an ZnO:Al seed layer was rst sputtered on

an Al substrate for the growth of vertically aligned pristine ZnO

NWs. Thereaer, graphene was transferred on top of the NRs

and the PD fabricated by depositing an Au electrode on the

edge of graphene. For an efficient self-powering performance,

the as-synthesized AZNF was surface treated (T-AZNF) and

pristine graphene (PG) was doped (DG) with Au3+ to control the

Schottky junction height. Fig. 10b and c show the I–V proles

of the PDs in the dark and UV (365 nm) states, and it was found

that as-fabricated DG/T-AZNF PD displayed good rectifying

behavior, having a lower leakage current of 6.2 � 10�3 mA at

�1 V compared to 1.3 � 10�1 mA for the DG/AZNF device,

while the PG/T-AZNF device displayed linear non-rectifying

behavior. However, upon exposure to UV illumination, the

DG/AZNF device displayed an unstable Schottky barrier, while

the DG/T-AZNF device maintained good rectifying behavior

(Fig. 10c), which resulted in stable self-powered photo-

detection (Fig. 10d, cyclic photoresponses at different UV

illumination intensities at zero bias voltage). The measured

responsivity and photodetection speed of the DG/T-AZNF PD

were 0.04 A W�1, 37 ms (response time) and 330 ms (recovery

time), respectively. Fig. 10e shows the formation of a Schottky

junction having barrier height of 1.03 eV in between DG and

the AZNF interface.

Likewise, asymmetric Schottky junction-based self-powered

UV PDs were reported by Chen and co-authors, where Au

asymmetric electrodes were introduced to control the charge

carrier transportation.188 Fig. 10f shows schematic diagrams of

the fabricated devices having different asymmetric Au electrode

width ratios (width of wide ngers : width of narrow ngers),

including 20 : 1 (S1), 10 : 1 (S2), 4 : 1 (S3), 2 : 1 (S4) and 1 : 1

(S5). Fig. 10g shows the photoconduction measurement

conguration (le schematic) and optical image of the respec-

tive PDs (right image). The I–V characteristics of the PDs with

and without UV illumination are depicted in Fig. 10h and i,

conrming their rectifying behaviors. It can be observed from

the results that with an increase in asymmetric ratio from S5 to

S1, the I–V asymmetricity between the positive and negative

voltage increased due to the increase in the asymmetric

Schottky barrier width in both the absence and presence of UV

illumination. The authors reported efficient self-powered pho-

toconduction responses in the S1 PD, which were �20 mA W�1

responsivity, �710 ns response time and �4 ms recovery time,

where the S3–S5 PDs showed relatively negligible self-powered

responses due to their nearly back-to-back symmetric Schottky

barrier width. The self-powered working mechanism of S1 can

be explained by the energy band diagrams before and aer UV

illumination (Fig. 10j and k, respectively). Upon exposure to UV

illumination, electrons and holes are photogenerated (Fig. 10k,

top schematic) and due to the asymmetrical width of the Au

electrodes, an asymmetric electric potential distribution occurs,

where the generated carriers become separated and transported

by the potentials at zero bias voltage (Fig. 10k, bottom

schematic).

Similar to that in piezo-phototronic-based conventional UV

PDs, the piezo-phototronic effect of ZnO was coupled to enhance

the performance of self-powered PDs. The generated piezopo-

tentials across ZnO allow the separation and transportation of

photogenerated electrons and holes, which boost the self-

powered photoconduction of PDs. A ZnO/Au Schottky junction-

based self-powered UV PD was explored by Zhang's group,189

where its self-powered photodetection performance was

improved by applying an external strain. Fig. 11a depicts the

optical image (top) and schematic representation of the fabri-

cated ZnO/Au PD on a exible polystyrene substrate. As shown in

Fig. 11b, the typical I–V characteristics (in linear and log scales)

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 2059–2085 | 2071
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conrmed the rectifying barrier between ZnO and Au, having an

ideality factor of about 3.04. It was reported that with an increase

in strain from 0 to 0.580%, the self-powered photoconduction of

the PD increased due to the increase in piezopotential, as

depicted in Fig. 11c (cyclic photoresponses at different tensile

strains), where Fig. 11d illustrates the photocurrent versus strain

plot. At an applied tensile strain of 0.580%, nearly 440%

enhancement in the photocurrent and ve times improvement

in sensitivity were measured compared to that with zero strain

(Fig. 11e). The enhanced photoconduction of the PD under

external tensile strain can be explained from the schematic

shown in Fig. 11f (device schematic and bend diagram under

tensile strain). Under an external tensile strain, enhancement

and expansion of the built-in eld occur at the ZnO/Au interface,

which directly participates in the photoexcited separation and

extraction to increase the self-powered photoconduction.

Fig. 10 (a) Schematic representation of the processes involved in the fabrication of graphene/AZNF PD. (b and c) I–V characteristics of gra-

phene/AZNF PDs in dark and UV conditions. (d) Cyclic photoresponses of the DG/T-AZNF PD at zero bias voltage under different UV illumination

intensities (0.2 to 1 mW cm�2). (e) Schematic illustration of the energy band diagram of the DG/AZNF Schottky junction. Reproduced with

permission from ref. 187 Copyright 2017 American Chemical Society. Asymmetric Schottky junctions: (f) schematic diagramof ZnO self-powered

PDs having asymmetric electrodes. (g) Schematic demonstration of the photoresponse measurement configuration (left schematic) and the

optical image of the PDs with different electrode dimensions (right image). (h and i) I–V characteristics in both the absence and presence of UV

illumination (365 nm). (j and k) Energy band diagrams of the PD in dark and UV illumination conditions at zero bias voltage. Reproduced with

permission from ref. 188 Copyright 2014 Royal Society of Chemistry.
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3.2.2 p–n junction-based self-powered UV photodetectors

3.2.2.1 Inorganic homojunction/heterojunction-based self-

powered UV photodetectors. In a p–n junction self-powered UV

PDs, the generation of a built-in electric eld occurs due to

spontaneous electron and hole diffusion. The generated

internal built-in electric eld at the p–n junction interface is

benecial for the separation and transportation of photo-

generated electrons and holes under UV illumination in the

absence of an external driving force. Hence, the overall self-

powered photoconduction is determined by the generated

internal built-in electric eld. Fig. 12a shows the SEM image of

the n-ZnO NW/p-GaN junction self-powered UV PD reported by

Bie and coauthors.190 The typical I–V proles (Fig. 12b) of the PD

in the dark and UV (325 nm) states conrm its rectifying

behavior, having a threshold voltage of �3 V, open-circuit

voltage of �2.7 V and short-circuit current of �2 mA. Upon

exposure to UV illumination, the current of the PD increased

from �1 pA to 2 mA at zero bias voltage due to the photovoltaic

effect. Fig. 12c depicts the cyclic photoresponses of the PD

measured with UV illumination turned on and off periodically

at zero bias voltage, where an outstanding sensitivity �106

together with a much faster photodetection speed of �20 ms

response time and �219 ms recovery time were reported by the

authors. Zhang's group fabricated a p-NiO/n-ZnO NRs self-

powered UV PD (Fig. 12d, device schematic).191 A signicant

enhancement in the current was observed upon exposure to UV

illumination (355 nm) at zero bias voltage (Fig. 12e, I–V char-

acteristics in both the dark and UV states) and Fig. 12f shows its

photoresponses at different UV illumination intensities in the

absence of a bias voltage. The authors measured a reasonable

photodetection speed with a response time of 0.23 s and

recovery time of 0.21 s, together with amaximum responsivity of

0.44mAW�1 at the UV illumination intensity of 0.4 mW cm�2 in

the absence of an external bias voltage. Likewise, different ZnO

p–n junctions such as p-CuSCN/n-ZnO NWs,192 p-ZnO:(Li,N)/n-

ZnO homojunction,193 p-Se/n-ZnO hybrid structure,194 Te/TiO2

and Te/ZnO heterojunctions195 devices have been explored for

self-powered UV PD application.

Recently, the development of transparent and self-powered

UV PDs has been given signicant attention in the scientic

community, where Fang group's has been focusing on the

fabrication of transparent and self-powered UV PDs. For

instance, a homojunction of n-type ZnO and Ag-doped p-type

ZnO nanobers was reported for application in transparent and

self-powered UV PDs.196 Fig. 13a shows the simulated electric

eld distribution around the three electrode collectors applied

for the alignment of the as-prepared nanobers (le image) and

the electrospinning system for nanober synthesis (right

image). The optical images of the aligned nanobers and as-

fabricated transparent and self-powered UV PDs are depicted

in Fig. 13b and c, respectively. The authors observed that the

doping of Ag on ZnO not only reduced the photoresponse time

but also transformed the n-type ZnO to p-type conductivity for

the direct fabrication of homojunction-based self-powered PDs,

where Fig. 13d shows the p–n junction type I–V characteristics

in both the absence and presence of UV illumination (360 nm,

2.5 mW cm�2). It can be observed from the I–V characteristics

that the fabricated PD exhibited a clear rectication nature and

Fig. 11 ZnO/Au Schottky junction: (a) optical image (top) and respective schematic of the ZnO/Au PD. (b and c) I–V characteristics (linear and log

scales) and cyclic photoresponses at different tensile strains applied on the PD, respectively. (d and e) Photocurrent and sensitivity plots with respect to

applied tensile strain, respectively. (f) Device schematic (top schematic) and the respective energy band diagram (bottom schematic) under tensile

strain. Solid red and dotted black curves represent the energy band diagrams with and without tensile strain.W and 4 represent the depletion region

width and Schottky barrier height, respectively. Reproduced with permission from ref. 189 Copyright 2014 American Chemical Society.
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photovoltaic effect with an open circuit voltage of 0.55 V, short

circuit current of 5.0 � 10�10 A, and sensitivity of nearly 2.5 �

104 at zero bias voltage condition, which imply that the fabri-

cated PD can be operated in the absence of an external bias

voltage (Fig. 13e depicts the cyclic photoresponse at zero bias).

Moreover, the authors reported a response time and recovery

time of 3.90 s and 4.71 s, respectively, and responsivity of nearly

1 mA W�1 in the absence of an external bias voltage.

Likewise, the same group extended their study to the fabri-

cation of transparent and self-powered UV PDs based on ZnO/

NiO heterojunction nanober arrays.197 As shown in Fig. 13f,

the I–V proles of the ZnO/NiO heterojunction PD (inset image)

in the dark and UV states imply rectication p–n junction

behavior with a photovoltaic effect, where the respective energy

band diagram is depicted in Fig. 13g. Under exposure to UV

illumination (350 nm, 0.753 mW cm�2), the photogenerated

electrons are driven towards ZnO; whereas, the holes move to

NiO due to the internal built-in electric eld at the interface to

generate a photocurrent of 50 pA in the absence of an external

bias. Fig. 13h shows the estimation of response time and

recovery time of the transparent and self-powered UV PDs,

which are around 7.5 s and 4.8 s, respectively. In addition, the

PD showed amaximum responsivity of 0.415 mAW�1 at 0 V bias

voltage condition. However, negligible photoresponses of pris-

tine ZnO and NiO were observed when the photoresponses were

measured in absence of an external bias voltage (Fig. 13i), which

implies that the internal built-in electric eld needs to drive the

photogenerated electrons and holes internally for self-powered

photoconduction.

3.2.2.2 Inorganic–organic heterostructure-based self-powered

UV photodetectors. Similar to inorganic homojunctions/

heterojunction p–n type self-powered PDs, the organic–inor-

ganic heterojunctions that form p–n junctions can also be

operated without an external bias, where the generated internal

electric eld due to Fermi energy level alignments separate and

drive the photogeneration of charges. This type of PD mainly

comprises organic and inorganic semiconductors, where the

inorganic semiconductor acts as the light sensitive material,

while the organic semiconductor provides the direct charge

conduction channel. Therefore, organic semiconductors can be

used for either electron or hole transportation, depending on

the type of inorganic semiconductor. Due to the n-type semi-

conducting behavior of ZnO, p-type organic semiconductors

such as PEDOT:PSS, Spiro-MeOTAD, and P3HT are preferable

for the generation of an internal built-in electric eld.

As illustrated in Fig. 14a (device schematic), we fabricated

a ZnO NR and PEDOT:PSS-based self-powered UV PD,198 where

properties of the ZnO were altered by doping chlorine (Cl)

(Cl:ZnO) for better light trapping probability and PEDOT:PSS for

efficient hole transportation efficiency by introducing dimethyl

sulfoxide (DMSO-PEDOT:PSS). A much better self-powered

photoresponse was observed in the Cl-ZnO NRs/DMSO-

PEDOT:PSS PD (#4) as compared to that of ZnO NRs/

PEDOT:PSS (#1), Cl-ZnO NRs/PEDOT:PSS (#2) and ZnO NRs/

DMSO-PEDOT:PSS (#3) (Fig. 14b, cyclic photoresponses).

Fig. 14c depicts the energy band diagram of Cl-ZnO NRs/

PEDOT:PSS upon exposure to UV illumination, where the pho-

togenerated electrons migrate to the ITO electrode and holes to

Fig. 12 ZnO/GaN junction self-powered PD: (a and b) SEM image of n-ZnO NW/p-GaN junction and the respective I–V profiles under dark and

UV illumination conditions, respectively. (c) Cyclic short circuit current–time response of the PD in the absence of a bias voltage with a 325 nm

laser turned on and off repeatedly. Reproduced with permission from ref. 190 Copyright 2011 WILEY-VCH. p-NiO/n-ZnO NRs junction: (d and e)

device schematic and I–V profiles before and after exposure to UV light. (f) Variation in current with respect to UV illumination intensity at zero

bias condition. Reproduced with permission from ref. 191 Copyright 2015 Royal Society of Chemistry.
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PEDOT:PSS and then Ag electrode for self-powered photo-

conduction due to the built-in potentials. Cl doping in the ZnO

NRs not only enhanced the charge carrier density, but also

enhanced the surface roughness of the NRs, and hence

increased the light trapping probability upon UV illumination

(Fig. 14d and e shows the simulated electric eld distributions

on the smooth ZnO NR surface and rough Cl-ZnO NR surface,

respectively). Fig. 14f shows the light harvesting efficiency (LHE

¼ 100% � transmission% � reection%) plots with respect to

light wavelength (350 to 800 nm) of the ZnO NRs and Cl-ZnO

NRs, which conrmed the capture of more photons on the

rough surfaces of the Cl-ZnO NRs. At the UV illumination

intensity of 3 mW cm�2 (365 nm), the measured self-generated

photoresponses of the Cl-ZnO NRs/DMSO-PEDOT:PSS PDs were

300 nA (response current), 0.80 mA W�1 (responsivity), 1.12 �

1010 Jones (specic detectivity), 30 ms (response time) and 32

ms (recovery time).

Likewise, Basak's group fabricated a ZnO@CdS core–shell

NR and PEDOT:PSS-based self-powered PD, as depicted in

Fig. 14g (device schematic).199 The energy band diagram of the

respective PD is shown in Fig. 14h, illustrating the migration of

photogenerated electrons from ZnO to ITO and holes to CdS

then PEDOT:PSS and nally to the Al electrode upon exposure to

UV illumination. The authors optimized the self-powered pho-

toresponse by controlling the CdS coating times from 0 (ZnO

NRs) to 40 times (CdS40), and it was found that the 30-times

CdS (CdS30) coated ZnO NRs showed the maximum self-

powered response due to the optimum UV absorption effi-

ciency in the CdS@ZnO core–shell structure, and thereby

increased sensitivity of 2.8 � 103 compared to the pristine ZnO

NRs of sensitivity of 90 at 1 mW cm�2 UV illumination intensity.

Moreover, the as-reported PD displayed a faster photodetection

speed of �20 ms response time and �40 ms recovery time.

Furthermore, the authors extended the self-powered photo-

conduction measurement of the ZnO@CdS/PEDOT:PSS PD to

visible light.

Moreover, we fabricated hydrogenated ZnO (H:ZnO) NFs and

PEDOT:PSS heterostructure for application in self-powered UV

Fig. 13 Transparent and self-powered UV PDs: (a) left image shows the electric field distribution around the three electrode collector applied for

nanofiber alignment and schematic diagram of electrospinning setup (right schematic). (b and c) Optical images of aligned nanofibers and the as-

fabricated transparent p–n homojunction (n-type ZnO nanofibers and Ag-doped p-type ZnO) based UV PD. (d) I–V responses in both the

absence and presence of UV light (360 nm, 2.5 mW cm�2). (e) Cyclic photoresponses in the absence of a bias voltage. Reproduced with

permission from ref. 196 Copyright 2018 WILEY-VCH. (f) I–V characteristics both in the absence and presence of UV light and inset depicts

a schematic representation of the respective ZnO/NiO heterojunction-based PD. (g and h) Energy band diagram of the PD with exposure to UV

light and estimation of its response time and recovery time. (i) Cyclic photoresponses of the UV PDs: pristine ZnO, pristine NiO and ZnO/NiO

heterojunction in the absence of a bias voltage. Reproduced with permission from ref. 197 Copyright 2019 The Royal Society of Chemistry.
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PDs.47 It was found that the H:ZnO NFs PD showedmuch higher

photoresponse (1000 nA of response current) compared to that

of the hydrogenated ZnO NR- (400 nA response current) and

pristine ZnO NR- (40 nA response current) based PDs due to the

abundant charge carrier density aer hydrogenation and effi-

cient light capturing in NFs. A higher LHE (98%) in the NF

structure at 300 nm wavelength was measured due to the higher

light adsorption capacity in the cavity of the NFs compared to

that in the NRs or planar seed layer, which was 84% and 30%,

respectively. Thereby, the fabricated H:ZnO NFs/PEDOT:PSS PD

displayed efficient photodetection performances, including

responsivity of 2.65 mA W�1 and 5.25 � 1010 Jones specic

detectivity at 3 mW cm�2 UV (365 nm) illumination intensity in

the absence of any external driving force. In addition, a faster

photodetection speed of 23 ms response time and 26 ms

recovery time was measured in the self-powered PD.

To explore the piezo-phototronic effect of ZnO for self-

powered photoresponse application, Zhang's group fabricated

a ZnO and Spiro-MeOTAD (p–n) heterojunction-based self-

powered UV PD and enhanced its self-powered photoresponse

performance by applying an external strain.200 As expected, the

photoconduction of the PD increased with an increase in tensile

strain due to the increase in the barrier height of ZnO and Spiro-

MeOTAD (positive piezopotential at the interface), resulting in

the effective separation of photogenerated charges upon expo-

sure to UV, thereby improving the self-generated photo-

conduction. Nearly a one-fold enhancement in photocurrent

(1.64 � 10�7 A), responsivity (0.8 mA W�1) and specic detec-

tivity (4.2 � 109 Jones) was reported by the authors when

a tensile strain of 0.753% was applied on the PD in the absence

of an external bias voltage.

With the rapid development of ZnO-based self-powered UV

PDs, it has been realized that under light illumination, a tran-

sient increase in temperature across the ZnO nanostructures

occurs to generate a potential known as pyro-potential. The

induced pyro-charges under UV introduce an additional

Fig. 14 ZnO NRs and PEDOT:PSS heterostructure: (a) schematic illustration of the self-powered UV PD. (b) Cyclic photoresponses of the PDs

(#1: ZnO NRs/PEDOT:PSS, #2: Cl-ZnO NRs/PEDOT:PSS, #3: ZnO NRs/DMSO-PEDOT:PSS and #4: Cl-ZnO NRs/DMSO-PEDOT:PSS PDs) under

UV turned off and on repeatedly at zero bias voltage. (c) Schematic illustration of energy band diagram of Cl-ZnO NRs/PEDOT:PSS PD. (d and e)

2D simulated electric field distribution in ZnONRs and Cl-doped ZnONR, respectively. (f) LHE of pristine ZnONRs and Cl-ZnO NRs. Reproduced

with permission from ref. 198 Copyright 2017 Royal Society of Chemistry. ZnO@CdS/PEDOT:PSS heterostructure: (g and h) device schematic

and energy band diagram upon exposure to light. (i) Cyclic photoresponses under UV off and on states at zero bias voltage. Reproduced with

permission from ref. 199 Copyright 2015 American Chemical Society.
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current, which enhances the overall self-powered photo-

detection performance of ZnO PDs. The pyro-phototronic effect

is a very fast and rapid phenomenon, which can be utilized for

ultrafast photon detection applications.201,202 Recently, several

reports on pyro-phototronic-based ZnO self-powered UV PDs

have been published by various research groups. Among them,

Wang's group widely applied this effect for ultrafast self-

powered photodetection applications.203 Fig. 15a and b show

a schematic representation of the ZnO NWs/PEDOT:PSS self-

powered PD and its respective cyclic photoresponse upon

exposure to UV illumination (325 nm, 2.30 mW cm�2) in the on

and off states repeatedly at zero bias voltage. The current–time

prole of the PD was completely different from the conventional

UV PDs, where four stages (I, II, III and IV) of photocurrent

dynamic behavior were measured, as shown in the magnied

graph of Fig. 15b. In stage I: under UV illumination, the pho-

togenerated electrons and holes migrated to the respective

electrodes (ITO and Ag) for photocurrent generation (Iphoto), and

simultaneously, a rapid increase in temperature in the ZnO

NWs occurred to generate pyroelectric polarization potentials,

i.e. pyro-potentials across the ZnO NWs. The positive pyro-

potentials appeared at the PEDOT:PSS side; whereas, negative

at the ITO electrode side according to the c-axis alignment of

ZnO NWs, which resulted in the generation of an additional

spike current known as pyro-current (Ipyro). Therefore, the

overall current of the PD in stage I can be expressed as I ¼ Iphoto
+ Ipyro (Fig. 15c(i), schematic illustration of photoconduction at

stage I). While the PD is under constant UV illumination, the

temperature generation of the ZnO NWs remained almost

unchanged and the pyroelectric effect disappeared in stage II

(Fig. 15c(ii), I ¼ Iphoto). When UV light is switched off, the

photocurrent of the PD goes to zero (Iphoto ¼ 0), but a rapid

decrease in temperature takes place across ZnO NWs, which

generates opposite distribution of pyro-potentials across the

Fig. 15 (a) Schematic diagram of PEDOT:PSS/ZnO heterojunction PD. (b) Cyclic responses of the PD upon exposure to UV light (325 nm, 2.30

mW cm�2) at zero bias voltage and magnified plot shows four-stage (I, II, III and IV) current response profile. (c) Schematic illustration of

photoconduction of the PD at the stages of I, II, III and IV. (d and e) Pyro-phototronic effect-induced current, Ipyro+photo, and photocurrent, Iphoto,

plots and corresponding responsivity (Rpyro+photo and Rphoto) plots with respect to UV illumination (325 nm) intensity. Inset plots depict calculated

corresponding enhancements at different UV illumination intensities. Reproduced with permission from ref. 203 Copyright 2017 WILEY-VCH.

Cl:ZnO NRs/PEDOT:PSS PD: (f and g) device schematic and current response of the Cl:ZnO NRs PD under UV illumination (365 nm, 3 mW cm�2)

at zero bias voltage. (h) Photocurrent (Iph) and pyrocurrent (Ipy) profiles with respect to the charge carrier density of ZnO NRs. Reproduced with

permission from ref. 204 Copyright 2018 Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 2059–2085 | 2077
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ZnO NWs for a reverse spike pyro-current (I¼�Ipyro) in stage III

(Fig. 15c(iii)). While the PD is under maintained in dark

condition, the generated temperature under UV keeps constant

and nally, pyro-current of the PD transforms to its original

condition (I ¼ Idark) as depicted in Fig. 15c(iv). This pyro-

phototronic effect in ZnO increased with an increase in the

UV radiation temperature (illumination intensity). Fig. 15d

shows the variation in Ipyro+photo and Iphoto with UV illumination

intensity, where nearly 350% enhancement (E ¼ (Ipyro+photo �

Iphoto)/Iphoto) in the photoresponse at 2.30 mW cm�2 was re-

ported due to the photo-phototronic effect (inset in Fig. 15d).

Likewise, Fig. 15e shows the corresponding responsivities of the

Rpyro+photo and Rphoto of the PD, where 500% enhancement in

these parameters was reported aer considering the pyro-

phototronic effect (inset in Fig. 15e).

Moreover, we tuned the pyro-phototronic effect of ZnO NRs

by tuning the charge carrier density by doping halogen

elements,204 and Fig. 15f and g depict the device schematic and

photoresponse prole of the Cl:ZnO NRs/PEDOT:PSS-based

self-powered PD, respectively. Interestingly, it was found that

the pyro-phototronic response of the ZnO NRs increased with

the charge carrier density, where an efficient photoresponse was

observed in the Cl-doped ZnO (Cl:ZnO) NRs due to the highest

charge carrier density, and Fig. 15h shows the similar transient

current prole of the PD upon exposure to UV illumination in

the absence of a bias voltage, where four stages in the current

prole were observed due to the pyro-phototronic effect. The

photocurrent (Iph) and pyrocurrent (Ipy) plots with respect to the

charge carrier density of the ZnO NRs conrm the enhancement

in the photoresponse behavior. At the carrier density of 3.23 �

109 cm�2 (pristine ZnO NRs) the observed photocurrent and

pyrocurrent were �40 nA and �90 nA, which increased to 220

nA and 344 nA when the charge carriers density was 7 � 1010

cm�2 for the Cl:ZnO NRs, respectively. Likewise, various pyro-

phototronic-based self-powered UV PDs have been reported by

many groups, for instance, ZnO/perovskite hetero-

structures,205,206 ZnO/Ag Schottky junction,207 and ZnO NWs/SnS

PD.208

3.2.3 Photoelectrochemical cell-based self-powered UV

photodetectors. Photoelectrochemical cell (PECC)-type self-

powered UV PDs comprise three main components, primarily

a ZnO nanostructures/heterostructure-based photoanode, elec-

trolyte for trapping photogenerated holes and counter electrode

for receiving photogenerated electrons. The photogenerated

holes (under UV illumination) migrate to the ZnO/electrolyte

interface to trap electron donors from the electrolyte through

leaving oxidized redox species. Meanwhile, the photogenerated

electrons transport from the ZnO electrode to the counter

electrode through the external circuit. The oxidized redox

species diffuse through the electrolyte and nally become

neutralized by the photogenerated electrons at the counter

electrode. Therefore, the electrolyte of PECC-type self-powered

PDs plays an important role in the photoconduction process.

Li and coauthors used water (H2O) as the electrolyte for a PECC,

where ZnO nanoneedle (NN) arrays were directly grown on an

FTO substrate as the photoanode and Pt coated on FTO as the

Fig. 16 ZnO NN photoanode: (a) device schematic of ZnO NN photoanode-based PECC-type PD. (b and c) I–V profiles in dark and UV (365 nm,

1.25mWcm�2) conditions and self-poweredworkingmechanism under exposure to UV, respectively. Reproducedwith permission from ref. 209

Copyright 2013 Springer. ZnO NSs-TiO2 core–shell photoanodes: (d) energy band diagram and working principle of the PD under exposure to

UV irradiation. (e) Cyclic photoresponses of ZnO NSs-TiO2 core–shell photoanode- and ZnO NSs photoanode-based PDs upon exposure to UV

light (365 nm, 20 mW cm�2) in the off and on states. (f) Spectral photoresponse and inset response/recovery time calculation of the PECC PD.

Reproduced with permission from ref. 210 Copyright 2013 Elsevier.
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counter electrode (Fig. 16a depicts the device schematic).209 The

self-powered photoconduction performance of the PECC can be

conrmed from the typical I–V characteristics (Fig. 16b), where

a larger short circuit current response of 0.8 mA and an open-

circuit voltage of 0.5 V were measured upon exposure to UV

light (365 nm, 1.25 mW cm�2). The as-reported PECC showed

a maximum responsivity of �0.022 A W�1 together with

a reasonable photodetection speed with the same response time

and recovery time of �0.1 s. As illustrated in Fig. 16c, the self-

powered photoconduction mechanism of the PECC PD can be

explained from the energy band diagram, where upon UV

illumination, the photogenerated holes in the ZnO NN arrays are

driven to the ZnO and electrolyte interface due to the built-in

potential and captured by redox molecules according to the

relation, h+ + OH�

/ OHc. Simultaneously, the photogenerated

electrons are collected by the FTO electrode and transported to

the counter electrode (Pt/FTO) through the external circuit.

Finally, the photogenerated electrons become neutralized by the

redoxmolecules at the counter electrode and reduced back to the

reduced form of OH� through the process, e� + OHc / OH�.

This process occurs incessantly to generate a photocurrent under

UV illumination in the absence of an external driving force.

Table 3 Summary of the photoresponses of ZnO junction-based self-powered UV PDs. All the photoresponses are listed in the absence of a bias

voltage (V ¼ 0 V)

PD UV light
Response
current

Response time &
recovery time Sensitivity Responsivity Specic detectivity

H:VZnO NFs/PEDOT:PSS47 365 nm 100 nA 23 ms & 26 ms — 2.65 mA W�1 5.25 � 1010 Jones

Cl-ZnO NRs/DMSO-PEDOT:PSS198 365 nm 300 nA 30 ms & 32 ms — 0.80 mA W�1 1.12 � 1010 Jones
rGO-ZnO nanostructure213 334 nm 20 nA 0.2 s & 0.2 s

PEDOT:PSS/ZnO micro/NW214 325 nm 1.2 nA 1 s & 1 s — — —

p-NiO/ZnO-NRs191 355 nm 300 nA 0.23 s & 0.21 s �105 0.44 mA W�1
—

Ag-ZnO NWs215 365 nm 71 � 103 nA 0.14 s & 0.52 s
Cl:ZnO NRs/PEDOT:PSS204 365 nm 564 nA 28 ms & 23 ms — 2.33 mA W�1 1.54 � 1010 Jones

n-Ga:ZnO/p-GaN140
— — — 3.2 � 105 230 mA W�1 2.32 � 1012 Jones

n-ZnO/i-MgO/p-GaN216 365 nm — 3.2 s & 3.84 s — 320 mA W�1 8.0 � 1012 Jones
ZnO/GaN190 0.02 ms & 0.22 ms �132 mA W�1

—

n-ZnO/p-CuSCN217 325 nm — 0.5 ms & 6.7 ms — 7.5 mA W�1
—

n-ZnO/p-NiO191 355 nm — 0.23 s & 0.21 s — 0.44 mA W�1
—

Au#1-ZnO-Au#2 (ref. 218) 365 nm — 710 ns & 4 ms — 20 mA W�1
—

p-ZnO(Li,N)/n-ZnO193
— — — — 0.018 mA W�1

—

p-GaN/n-ZnO219 374 nm — — — 0.001 mA W�1 1.41 � 108 Jones

Au/MgZnO220
— — — — 0.059 mA W�1

—

Au-ZnO(I)/ZnO(n)/In221
— — — — 0.03 mA W�1

—

Au/MgO/MgZnO222 366 nm — — — 11 mA W�1
—

Pt/ZnO NWs/Al223 355 nm — 81 ms & 95 ms 3.1 � 104 — —

ZnO NWs/CuSCN192 370 nm — — — 0.02 A W�1
—

n-ZnO/p-GaN190 325 nm �2 mA 20 ms & 219 ms — — —

Sb-doped ZnO nanobelt/Au46 325 nm 22 nA 100 ms & 100 ms 23 — —

ZnO/Spiro-MeOTAD200 365 nm �0.2 mA 0.16 s & 0.20 s — 0.8 mA W�1 4.2 � 109 Jones

n-ZnO/CdS/p-GaN224 365 nm — 0.35 s & 0.35 s — 176 mA W�1 2.5 � 1012 Jones
Graphene/ZnO:Al NRs187 365 nm — 37 ms & 330 ms 100 39 mA W�1

—

p-CuSCN/n-ZnO NRs175 365 nm — 3.20 s & 3.84 s — 22.5 mA W�1
—

ZnO/Ga2O3 (ref. 225) 251 nm �6 nA 100 ms & 900 ms — 9.7 mA W�1 6.29 � 1012 Jones

CuSCN/ZnO217 350 nm — 500 ns & 6.7 ms — 7.5 mA W�1
—

Polyaniline/MgZnO226 250 nm — 0.3 s & 0.3 s �104 0.16 mA W�1 1.5 � 1011 Jones

ZnO(N)-Spiro-MeOTAD227 390 nm — 200 ms & 950 ms 300 17 mA W�1
—

ZnO & PEDOT/ITO PECC211 365 nm — 0.2 s & 0.2 s — — —

ZnO & Pt/FTO PECC228 365 nm �30 nA 0.06 s & 0.06 s — — —

ZnO & Pt/FTO PECC229
— — 0.07 s & 0.07 s 102 — —

ZnO & Pt/FTO PECC215 365 nm 21.61 mA cm�2 0.15 s & 0.5 s 32.32 370 mA W�1
—

ZnO NRs & Pt/FTO PECC212 365 nm �140 mA 0.09 s & 0.31 s �534 2.33 A W�1
—

ZnO NSe-TiO2 & Pt/FTO PECC210 365 nm — 0.022 s & 0.009 s 37 900 �0.38 A W�1
—

ZnO NNs & Pt/FTO PECC209 365 nm — 0.1 s & 0.1 s — 0.022 A W�1
—

ZnO/Au189 325 nm — 0.1 s & 0.1 s �4000 — —

ZnO/Ag207 325 nm — 4.5 ms & 3.5 ms — — 2.7 � 109 Jones
ZnO/perovskite-heterostructure206 325 nm — 53 ms & 63 ms — 26.7 mA W�1 4.0 � 1010 Jones

ZnO/perovskite205 325 nm �1 mA — — — —

p-ZnO:(As)/n-ZnO137 370 nm — 30 ms & 50 ms 106 — —

p-CuSCN/n-ZnO192 370 nm — — 20 mA W�1
—

p-GaN/n-ZnO230 358 nm — — — 0.68 mA W�1
—

n-ZnO/p-PANI/n-ZnO231 365 nm 0.5 mA — 1.68 � 105 — —

Graphene/ZnO187 380 nm — 37 ms & 330 ms 100 �40 mA W�1
—
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Xie's group fabricated TiO2-coated ZnO nanostrawberry (NS)

(ZnO NS-TiO2) core–shell photoanodes for application in PECC-

type self-powered UV PDs, as depicted in Fig. 16d (schematic of

the energy band diagram under self-powered photo-

conduction).210 The photogenerated holes under UV illumina-

tionmigrated to the TiO2/electrolyte interface for the reaction of

h+ + I�/ I3
� due to the internal built-in electric eld, while the

photogenerated electrons were transported to the counter

electrode through ZnO and the external circuit. Finally, the

oxidized redox species were reduced at the counter electrode by

electrons (I3
� + e� / I�). The authors reported higher self-

biased photoresponse behavior in the ZnO NS-TiO2 core–shell

photoanode (357 mA cm�2) compared to the pristine ZnO NS

photoanode (234 mA cm�2) due to the obvious generated built-

in electric eld at the ZnO and TiO2 interface (Fig. 16e, cyclic

photoresponses at 365 nm and 20mW cm�2 intensity). The ZnO

NS-TiO2 core–shell photoanode-based PECC PD showed

a sensitivity of �37 900, maximum responsivity of �0.38 A W�1

at �330 nm together with a faster photodetection speed of �22

ms (response time) and �9 ms (recovery time) (Fig. 16f). Like-

wise, a ZnO NR photoanode, [Co(bpy)3]
3+/2+ electrolyte, PEDOT/

ITO counter electrode-based PECC,211 ZnO NR photoanode,

iodine-free quasi solid-state electrolyte and Pt/FTO counter-

based PECC212 were reported for self-powered photodetection.

However, due to the involvement of liquid electrolytes, PECC

PDs may have restricted applications.

With the constant efforts and research dedication by

researchers, various ZnO nanostructure-based self-powered UV

PDs have been reported, and Table 3 summarizes the photo-

response performances of the various reported ZnO

nanostructures/heterostructure-based self-powered PDs.

4. Conclusions and perspectives

This article reviewed the recent development in ZnO

nanostructure/heterostructure-based UV PDs from the conven-

tional to self-powered device designs. The intrinsic ZnO pho-

toresponse mechanism and various potential nanostructures

ranging from 0D to 3D were briey introduced. Both the

conventional and self-powered ZnO-based UV PDs were

precisely categorized based on device structure and working

mechanism, where recently introduced novel phenomena such

as piezo-electric, pyro-electric and plasmonic effects for efficient

photoconduction were discussed carefully. Moreover, there are

still a couple of that issues need to be investigated in the

development of next-generation conventional and self-powered

UV PDs as follows:

4.1 Improvement of photodetection speed of UV

photodetectors

It can be observed from the literature (Table 2) that the photo-

detection speed (response time and recovery time) of conven-

tional ZnO-based UV PDs varies from a few hundred seconds to

milliseconds. It is important to note that the existence of native

defects such as O and Zn vacancies and the excess of Zn and O

atoms in ZnO behave like trapping centers for charge careers to

extend the recombination and charge carrier generation time

under exposure to UV illumination. Therefore, it is very

important to reduce the native defects in ZnO nanostructures

for efficient photoconduction.

4.2 Reduction of lattice mismatch of heterostructures

It is well known that homojunction/heterojunction-based ZnO

PDs show a higher-photoresponse performance than their bare

counterparts due to the internal built-in electric at their inter-

face. Sometimes, heterojunction-based ZnO PDs show a slower

response time and recovery time during photoconduction,

which is mainly due to the defect states present at the junction

interface originating mainly due to lattice mismatch at the

interface of heterostructures. Therefore, to achieve a desirable

photoresponse in homojunction- or heterojunction-based UV

PDs, the lattice mismatch at the interface needs to be reduced.

4.3 Improvement of responsivities of self-powered

photodetectors

It is necessary to highlight that even though there has been

signicant research effort in the development of ZnO self-

powered PDs with rapid photodetection speed and superior

sensitivity, the responsivities of the reported self-powered ZnO

PDs are still limited, which are relatively lower than that of

conventional ZnO UV PDs (Tables 2 and 3). As discussed earlier,

the built-in electric elds at the junctions/interfaces of self-

powered UV PDs dene their photoresponse performance in

terms of both response current and responsivity. Thus, to

enhance the responsivity of self-powered PDs, the strength of

the built-in electric eld and the photoconductivity of photo-

active materials for faster conduction need to increase for the

realization of their direct practical applications.

4.4 Optimization of surface roughness of nanomaterials

ZnO nanostructure morphologies play a crucial role in the light

trapping effect, which determines the electron and hole pair

generation efficiency. Therefore, the optimum surface rough-

ness on ZnO nanostructures needs to be considered to increase

the surface-induced photocharge effects. In addition, the carrier

concentration of ZnO nanomaterials needs to be improved for

optimum charge conduction.

4.5 Development of on-chip and planar wearable UV

photodetectors

Nowadays, the rapid increase in the demands of portable

modern electronic devices have made it necessary for on-chip,

small size, lightweight with high-performance miniaturized

UV PDs. Therefore, to fulll these requirements, wearable high-

performance UV PDs232 and silicon-compatible-based

conventional/self-powered UV PDs for on-chip and planar

technology233,234 need to be focused on in upcoming research.
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