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High responsivity, fast ultraviolet photodetector
fabricated from ZnO nanoparticle–graphene core–shell
structures

Dali Shao,*a Mingpeng Yu,bc Hongtao Sun,b Tao Hu,b Jie lianb and Shayla Sawyera
We report a simple, efficient and versatile method for assembling

metal oxide nanomaterial–graphene core–shell structures. An ultra-

violet photodetector fabricated from the ZnO nanoparticle–gra-

phene core–shell structures showed high responsivity and fast

transient response, which are attributed to the improved carrier

transport efficiency arising from graphene encapsulation.
As a wide band gap semiconductor material, ZnO has drawn a
great deal of attention due to its unique optical and electrical
properties including wide band gap (3.37 eV), large exciton
binding energy (60 meV), and strong resistance to high energy
proton irradiation.1 In particular, various ZnO nanomaterials
have been used for fabrication of ultraviolet (UV) photodetec-
tors with high photoconductive gain and high responsivity.2

Unfortunately, these UV photodetectors suffered poor transient
response (up to minutes), which is attributed to surface defects
and oxygen adsorption/desorption processes of ZnO nano-
materials. Therefore, it is very important to improve the tran-
sient response of ZnO nanomaterials for fast UV sensing.
Methods using hydrogen doping and multiwalled carbon
nanotube networks have been developed by our group to
improve the transient response of ZnO nanowires (NWs)/p-Si
heterojunction photodiodes.3 However, further improvement of
transient response of ZnO nanomaterials is still highly desir-
able for high performance UV photodetector applications.

Research on composite nanomaterials has attracted
tremendous attention due to the possibility of multi-functional
operation monolithically integrated on a single chip.4 Gra-
phene, as a novel carbon nanomaterial, has many remarkable
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material properties including high carrier transport mobility,
large specic surface area, superior mechanical properties and
excellent chemical stability.5 The incorporation of graphene
into the composites can provide them with the unique func-
tions of graphene and also possibly induce intriguing properties
inherited from synergetic effects.6 Various graphene-based
composite nanomaterials have been proved to be promising for
a wide range of applications such as catalysis, optoelectronics,
and energy conversion and storage devices.7

In this work, we used a simple method to wrap graphene
onto ZnO NPs to fabricate high performance UV photodetectors
with fast transient response and high responsivity. The
synthesis procedure of the ZnO NP–graphene core–shell struc-
ture consists of three steps: surface modication of ZnO NPs
with amine groups, coating of a graphene oxide (GO) shell on
ZnO NPs, and conversion of the GO shell to graphene. Finally,
ZnO NW–graphene, In2O3 NP–graphene and porous Co2O3 NP–
graphene core–shell structures were synthesized as an illustra-
tion of the versatility of this method.

The ZnO NPs were synthesized using a wet chemical etching
process and the details have been presented in our previous
work.8 An outline of the ZnO NP–graphene core–shell is shown
Fig. 1 Schematic illustration of the fabrication process for ZnO NP–graphene
core–shell structures.

This journal is ª The Royal Society of Chemistry 2013
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in Fig. 1, which is a modied method described by Zhou et al.9

First, ZnO NPs were dipped into poly(allylamine hydrochloride)
(PAH) solution for 1 h. The PAH solution is used to modify the
surface of ZnO NPs by attaching amine groups. Second, the
PAH-modied ZnO NPs were implanted in a GO dispersion. In
this process, GO platelets are assembled onto the surface of
PAH-modied ZnO NPs through two interactions: (1) the ring-
opening reaction between the amine groups in the functional-
ized ZnO NPs and the epoxy groups in the GO platelets;10 and (2)
the electrostatic interaction between the positively charged
amine-modied ZnO NPs and negatively charged GO platelets.11

The GO platelets are able to cross-link the amine groups in the
surface of PAHmodied ZnO NPs via the epoxy groups of two or
more platelets, stitching them together.12 In conjunction with
the electrostatic interaction, such a chemical cross-linking
results eventually in the core–shell assembly between the ZnO
NPs and GO platelets. Third, the resulting ZnO NP–GO core–
shell was treated through a hydrothermal reduction process (at
180 �C for 20 h in an autoclave) aiming at transforming GO into
graphene. Compared with the chemical reduction process that
uses highly toxic and dangerous hydrazine (N2H4) as given in
ref. 9, the hydrothermal reduction process in this work only
needs water and no other pollutant will be introduced. In
addition to being environment friendly, hydrothermal reduc-
tion process also have advantages such as technical conve-
nience, high purity of the nal product, low cost and high
throughput.

A Carl Zeiss Ultra 1540 dual beam scanning electron
microscope (SEM) was used to determine the size and
morphology of the ZnO NP–graphene core–shell structure are
shown in Fig. 2(a)–(c). The dimensions of the ZnO NPs core
ranges from 100 to 150 nm. The ZnO NP–graphene core–shell
structure was further examined by high resolution transmission
Fig. 2 (a–c) SEM images of ZnO NPs wrapped with graphene. (d and e) HRTEM
images of ZnO NPs wrapped with graphene.

This journal is ª The Royal Society of Chemistry 2013
electron microscopy (HRTEM, JEOL 2011) images shown in
Fig. 2(d) and (e), from which the lattice spacing is determined to
be �2.6 Å, corresponding to the distance between the (0002)
planes in the ZnO crystal lattice. The major Raman features of
the ZnO NP–graphene core–shell structure are shown in
Fig. 3(a), where the D band at around 1336 cm�1 and the G band
at around 1590 cm�1 for the graphene shell were observed. The
2D band observed at around 2675 cm�1 has a very low intensity,
which is likely attributed to the large amount of defects on the
graphene shell. The relative intensity of the “disordered”
D-band and the crystalline G-band (ID/IG) for the graphene shell
is around 1.05. The XRD prole for the ZnO NP–graphene core–
shell structure is presented in Fig. 3(b). The graphene shell has
a broad (002) peak centered at around 21 degrees, corre-
sponding to an interlayer spacing of 0.41 nm. The photo-
luminescence (PL) spectra and the UV-visible absorption
spectra shown in Fig. 3(c) were measured using a Spex-Fluo-
rolog-Tau-3 spectrouorimeter and a Shimadzu UV-Vis 2550
spectrophotometer, respectively. The UV-visible absorption
spectra of the ZnO NP–graphene core–shell structure have a cut-
off wavelength at 375 nm, which is due to the band edge
absorption of ZnO NPs. When excited at 330 nm, the PL spec-
trum of the ZnO NP–graphene core–shell structure shows two
bands. The rst band centered at 375 nm is from the band edge
emission of ZnO NPs while the second band centered at 515 nm
is the defect level emission due to the surface oxygen vacancies
of the ZnO NPs.

A UV photodetector was fabricated by deposition of the ZnO
NP–graphene core–shell onto the quartz substrate using a spin
castingmethod. Then, interdigitated Al contacts with a thickness
of 300 nm were deposited on the top of the ZnO NP–graphene
thin lm through an electron beam evaporation process. The
schematic illustration of the fabricated UV photodetector is
shown in Fig. 4(a).

The typical I–V characteristics of the photodetector were
measured using a HP4155B semiconductor parameter analyzer
in the dark and with UV illumination at 335 nm, as shown in
Fig. 4(b). The photocurrent to dark current ratio at 20 V is
approximately 600. The inset of Fig. 4(b) shows the dark current
plotted in a linear scale, which demonstrates good ohmic
contacts of this device. The transient response of the device
shown in Fig. 4(c) was measured by turning on and turning off a
UV light emitting diode with a peak wavelength at 335 nm. The
inset of Fig. 4(c) shows an enlarged rising edge and falling edge
of the transient response, from which the rise time and fall time
Fig. 3 (a) Raman spectra of ZnO NP–graphene core–shell structures. (b) XRD
pattern of ZnO NP–graphene core–shell structures. (c) Absorption and PL spectra
of ZnO NP–graphene core–shell structures.

Nanoscale, 2013, 5, 3664–3667 | 3665
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Fig. 4 (a) Schematic view of the UV photodetector fabricated from ZnO NP–
graphene core–shell structures. (b) Typical I–V characteristics of the UV photo-
detector. Inset: linear scale plot of the dark current. (c) Transient response of the
UV photodetector. Inset: enlarged rising and falling edge of the transient
response. (d) Energy band alignment and carry transport mechanism of the ZnO
NP–graphene core–shell composite.

Fig. 5 (a) Photoresponsivity and (b) EQE of the UV photodetector fabricated
from ZnO NP–graphene core–shell structures measured with varying bias
voltages.

Fig. 6 High resolution SEM images of (a) ZnO NW–graphene, (b) In2O3 NP–
graphene and (c) porous Co2O3 NP–graphene core–shell structures.
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of the device were measured to be around 9 and 11 ms,
respectively. This is at least three orders of magnitude faster
than ZnO nanomaterials based UV photoconductors,2 but still
slower than UV photodetector fabricated from ZnO/GaN nano-
scale p–n junctions (response time < 1 ms).14 The fast transient
response of the photodetector in this work can be understood
from the carrier transport process and energy band diagram of
the ZnO NP–graphene core–shell structure shown in Fig. 4(d).
The electron affinity for ZnO is 4.2 eV and the work function of
the graphene sheet is known to be 4.5 eV below the vacuum
level.13 Thus, when ZnO is in contact with the graphene, it is
energetically favorable for the photogenerated electrons to get
transferred from the conduction band of ZnO to the graphene.
Since graphene has high carrier mobility, less accumulation of
the electrons on the graphene side is expected. Therefore, the
carrier transport efficiency can be effectively improved in the
core–shell structure, leading to a fast rise in the photocurrent.
When UV illumination is turned off, the excess electrons in the
graphene are transferred to the ZnO side for recombination
with holes which is a very fast process, thus a fast decay was
observed for the ZnO NP–graphene core–shell structure. It is
worth mentioning that fast UV response was also observed for a
graphene–ZnO nanowire–graphene vertical sandwich structure,
in which the Schottky barrier between graphene and ZnO NWs
contributed to the fast transient response.15

The photoresponsivity of the device (shown in Fig. 5), dened
as photocurrent per unit of incident optical power, wasmeasured
by a Shimadzu UV-Vis 2550 spectrophotometer with a deuterium
lamp (190–390 nm) and a halogen lamp (280–1100 nm). A
maximum photoresponsivity 640 A W�1 at 375 nm was observed
under 20 V bias, which is lower than the responsivity of the
metal–semiconductor–metal UV photodetector fabricated from
ZnO NPs in our previous work (731.42 A W�1).8b The decrease of
3666 | Nanoscale, 2013, 5, 3664–3667
responsivity in this work may be attributed to the reduced
amount of hole trapping states (negative charged oxygen ions) on
the surface of ZnO NPs aer graphene encapsulation.2 Fig. 5(b)
shows the external quantum efficiency (EQE) of the photode-
tector calculated using the equation: EQE ¼ R � hn, where hn is
the energy of the incident photon in electronvolts and R is the
photoresponsivity of the UV photodetector.

It is important to note that the method for wrapping gra-
phene onto ZnO NPs presented in this work is a general strategy
which can also be applied to various metal oxide nanomaterials.
To examine the versatility of this method, ZnO NW–graphene,
In2O3 NP–graphene and porous Co2O3 NP–graphene core–shell
structures were synthesized. The high resolution SEM images of
ZnO NW–graphene, In2O3 NP–graphene and porous Co2O3 NP–
graphene core–shell structures are shown in Fig. 6(a)–(c),
respectively. The ZnO NW–graphene and the In2O3 NP–gra-
phene core–shell structures were synthesized for UV photode-
tector applications. The porous Co2O3 NP–graphene core–shell
structure was used for high performance energy storage appli-
cations and the results will be presented in another work.
Conclusions

A general strategy is applied to achieve the self-assembled
wrapping of graphene sheets around ZnO NPs, ZnO NWs, In2O3

NPs and porous Co2O3 NPs. The UV photodetector fabricated
from ZnO NP–graphene core–shell structures showed fast
transient response and high photoresponsivity, which are
attributed to improved structural integrity and carrier transport
efficiency through graphene encapsulation. In addition to the
ZnO NP–graphene core–shell structure, ZnO NW–graphene,
This journal is ª The Royal Society of Chemistry 2013
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In2O3 NP–graphene and porous Co2O3 NP–graphene core–shell
structures were synthesized as an illustration of the versatility of
the method presented in this work, which may have high
potential for future optoelectronics and energy storage
applications.
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