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Fabrication and optoelectronic applications of graphene based hybrid 2D-1D semiconductor nano-

structures have gained tremendous research interest in recent times. Herein, we present a systematic

study on the origin and evolution of strong broad band visible and near infrared (NIR) photolumi-

nescence (PL) from vertical ZnO nanorods (NRs) and nanowires (NWs) grown on single layer gra-

phene using both above band gap and sub-band gap optical excitations. High resolution field

emission scanning electron microscopy and X-ray diffraction studies are carried out to reveal the

morphology and crystalline quality of as-grown and annealed ZnO NRs/NWs on graphene. Room

temperature PL studies reveal that besides the UV and visible PL bands, a new near-infrared (NIR)

PL emission band appears in the range between 815 nm and 886 nm (1.40–1.52 eV). X-ray photo-

electron spectroscopy studies revealed excess oxygen content and unreacted metallic Zn in the as-

grown ZnO nanostructures, owing to the low temperature growth by a physical vapor deposition

method. Post-growth annealing at 700 �C in the Ar gas ambient results in the enhanced intensity of

both visible and NIR PL bands. On the other hand, subsequent high vacuum annealing at 700 �C
results in a drastic reduction in the visible PL band and complete suppression of the NIR PL band.

PL decay dynamics of green emission in Ar annealed samples show tri-exponential decay on the

nanosecond timescale including a very slow decay component (time constant �604.5 ns). Based on

these results, the NIR PL band comprising two peaks centered at �820 nm and �860 nm is tenta-

tively assigned to neutral and negatively charged oxygen interstitial (Oi) defects in ZnO, detected

experimentally for the first time. The evidence for oxygen induced trap states on the ZnO NW sur-

face is further substantiated by the slow photocurrent response of graphene-ZnO NRs/NWs. These

results are important for tunable light emission, photodetection, and other cutting edge applications

of graphene-ZnO based 2D-1D hybrid nanostructures. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4995957]

I. INTRODUCTION

Graphene is being recognized as a unique two dimen-

sional (2D) material platform for the fabrication of vertical

semiconductor nanorod (NR) and nanowire (NW) hybrid

nanostructures, and it has triggered immense interest in the

field of nanotechnology.1 Various 1D and 2D semiconductor

nanostructures have been fabricated on the graphene buffer

layer, in which graphene may form the atomic Schottky bar-

rier and enhance the photoresponse of the heterostructure for

specialized optoelectronic application.2–4 Since single layer

graphene (SLG) has only 2.7% of absorption over the wide

range of visible to near-infrared (NIR) spectra and very high

charge carrier mobility, combining it with 1D or 2D semi-

conductor nanostructures that are grown on the graphene

substrate may enhance the optoelectronic properties of the

hybrid nanostructures. New optical functionalities and ultra-

fast photoresponses have been achieved with semiconductor

NRs/NWs grown on the single layer (SLG) and few layer

graphene (FLG) substrates for multifunctional optoelectronic

device applications.3,5,6 However, the existence of lattice

defects is natural in the material fabrication process, and

controlling the defects in 2D and 1D hybrid nanostructures is

of paramount importance for successful applications. Hence,

it is desirable to achieve defect engineering on these hybrid

nanostructures to explore their enhanced functionalities.

Recently, the defect induced fast photoresponse in graphene

in the IR region was accomplished by Gowda et al. by intro-

ducing defect sites (wrinkles) in FLG and further improved

with the FLG—multiwalled carbon nanotube hybrid struc-

ture.7 In this prospect, understanding the photoluminescence

(PL) properties of physical vapor deposited (PVD) semicon-

ducting NRs/NWs on the graphene layer in the visible to

near infrared (NIR) region is one of the interesting and

upcoming issues to gain insight into the enhanced properties

of 2D–1D integrated hybrid nanostructures for suitable opto-

electronic devices.3,8–10

Among different semiconductor nanostructures, ZnO

NR/NW is very versatile and one of the best candidates

for photosensitive devices to operate in the UV-visible to

near-infrared (NIR) region, particularly for enhanced UV
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photodetection and white light emitting diodes.11–13 ZnO is a

direct band gap (3.3 eV) semiconducting material with high

exciton binding energy (60 meV) having extraordinary photo-

physical properties. In particular, ZnO NRs/NWs have huge

light absorption in the UV region due to their large band gap

and large surface to volume ratio and show pronounced UV

and visible PL and fast photocurrent responses that are suit-

able for photoconductive applications.14 Fabrication of the

1D ZnO NRs/NWs on an extremely conductive and highly

transparent 2D graphene sheet has been exploited by the

research community to study the improved optical properties

of integrated hybrid nanomaterials.15–17 Understanding on

the physics of defect induced visible and NIR PL from ZnO

NRs/NWs is intensely debated in the research community in

order to implement it in various applications.18–21 Wang

et al.18 reported a NIR PL centered at 756 nm from ZnO

microspheres grown by a hydrothermal method, and it was

attributed to the donor-acceptor transitions between oxygen

vacancies (VO) and Zn vacancies (VZn) and/or the radiative

recombination of shallowly trapped electrons with deeply

trapped holes at oxygen interstitials (Oi). However, to our

knowledge, no NIR PL has been reported on VLS grown

ZnO NRs/NWs that are grown at relatively higher tempera-

ture, and thus, its detailed origin is least understood in the

literature. In particular, no NIR PL has been reported for

ZnO NRs/NWs grown on the graphene layer. For systematic

studies on the origin of NIR PL bands from different graphene-

ZnO hybrid nanostructures, we monitored the PL by anneal-

ing the samples either in vacuum or in an Ar gas atmosphere

at two different temperatures. There are no reports on the PL

emissions from graphene based ZnO NRs/NWs with sub-

band excitation wavelengths to probe the optical properties of

the resultant hybrid nanostructures. However, numerous UV-

visible and a few NIR PL studies have been carried out on the

ZnO nanostructures grown by conventional methods.18,22,23

The physical origin and the mechanism on the broad band vis-

ible and NIR emissions in the range of 600–900 nm are still

not understood clearly.

In the present work, PL studies in the visible and NIR

wavelength region on ZnO NRs/NWs grown on the graphene

layer have been carried out systematically using both above

band gap (325 nm) and sub-band gap (405 nm) laser excita-

tions. Besides the characteristic band edge UV emission, we

have found very strong and broad band visible PL from all the

samples, and the results are consistent for two different exci-

tation wavelengths. Besides these, there is a strong NIR PL

band in the range of 800–900 nm, reported for the first time.

The evolution of the NIR PL bands is monitored by annealing

the samples in different gas environments. Further, morpho-

logical and crystalline quality of the graphene-ZnO NR/NW

hybrids was studied by high resolution FESEM and X-ray dif-

fraction (XRD), respectively. The local chemical environment

and elemental composition were analyzed using X-ray photo-

electron spectroscopy (XPS) to support the conclusions of the

PL analysis. Further, photoconductivity (PC) and photores-

ponse studies on these samples revealed high photocurrent

and a slow photoresponse with UV excitation, which supports

the defect dominated nature of the photophysical process

due to the surface traps on the ZnO NRs/NWs. The origin of

various PL emissions in graphene-ZnO NR/NW hybrid nano-

structures is elucidated.

II. EXPERIMENT

A. Chemical vapor deposition (CVD) growth
of graphene and ZnO NRs/NWs

Large area single layer and few layer graphene was syn-

thesized on a copper (Cu) foil of thickness 25 lm (Alfa Aesar,

99.99% purity) using an in-house developed thermal chemical

vapor deposition (CVD) setup. As-grown graphene on the Cu

foil was transferred onto the Si/SiO2 and quartz substrates by

a wet transfer technique. The quality of the graphene layer

was assessed by micro-Raman spectroscopy and high resolu-

tion transmission electron microscopy (HRTEM) analyses.

The full experimental details on the graphene growth and

clean transfer of graphene were reported elsewhere.15,24

Subsequently, various ZnO nanostructures were grown

on the above prepared graphene substrates by using a physi-

cal vapor deposition system for different pretreated sub-

strates. At first, an �5 nm thick Au film was deposited on the

graphene substrate, bare oxidized Si (Si/SiO2), and quartz

substrates by radio frequency (RF) magnetron sputtering.

Some of the Au coated substrates were treated by rapid ther-

mal annealing (RTA) at 600 �C in an Ar atmosphere to form

Au nanoparticles/islands. Commercial activated zinc (Zn)

powder (purity �99%, Aldrich) was used as a source mate-

rial for the vapor phase growth of ZnO nanostructures.

100 mg of Zn powder was taken in an alumina boat and

placed at the center of a horizontal quartz tube, and the

assembly was placed inside a horizontal muffle furnace. The

Au coated graphene substrates with and without RTA treat-

ment were placed downstream �5 cm away from the source.

Initially, the quartz chamber was pumped down to a pressure

of �10–3 mbar. The source temperature was kept at �550 �C,

the substrate temperature was at 540 �C, and throughout the

temperature ramp, 300 standard cubic centimeters per minute

(sccm) of Ar gas was flushed until it reached the set point

with a heating rate 18 �C/min in order to prevent the oxida-

tion of the graphene substrate. When the furnace reached the

source temperature (550 �C), 20 sccm of O2 gas was intro-

duced and the gas pressure inside the chamber was main-

tained at 1.4 mbar for the growth time of 50 min. After the

completion of reaction, the furnace was cooled down to

room temperature. ZnO deposition was carried out on three

different sets of substrates under identical growth conditions:

(i) Si/SiO2/graphene/Au NPs (sample named: GRZNR), (ii)

Si/SiO2/graphene/Au film (GRZNW), and (iii) Si/SiO2/Au

film (ZNW). A more detailed account of the structural evolu-

tion and the growth mechanism of the ZnO nanostructures

has been reported elsewhere.15

B. Annealing of graphene-ZnO NR/NW Hybrids

The post-growth annealing experiments of the graphene-

ZnO NR/NW samples were performed under high vacuum

(1.0� 10�5 mbar) and an Ar gas atmosphere (50 sccm flow

rate) at two different temperatures (500 and 700 �C). The time

duration of annealing was 2 and 1 h for vacuum and the Ar
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gas atmosphere, respectively. Note that the PL results of

graphene-ZnO NR/NW samples are discussed for the as-

grown and 700 �C annealed samples in the present work.

Visible PL from 500 �C annealed samples was reported in our

previous work.15

III. CHARACTERIZATION

The morphology and crystal structure of the as-grown

and annealed samples were characterized by FESEM

(Sigma, Zeiss) and XRD (Rigaku RINT 2500 TRAX–III, Cu

Ka radiation), respectively. The steady state PL spectra in

the UV to visible region of all the samples were recorded

with a 325 nm He-Cd laser excitation source using a com-

mercial PL spectrometer (Flurolog-3, Horiba) equipped with

a photomultiplier tube detector. To compare the PL results,

all the as-grown and annealed samples were measured under

identical conditions. The visible–NIP PL spectrum was

recorded using a 405 nm diode laser (Cube, Coherent) excita-

tion source with the help of a spectrometer (focal length

30 cm; blaze wavelength 500 nm; groove density 150 g

mm�1) equipped with a cooled CCD detector (Princeton

Instruments, PIXIS 100B). Each spectrum was corrected

with the detector response. XPS measurements were carried

out with a fully automated XPS microprobe (PHI-Xtool,

Ulvac-Phi, Japan) using an Al Ka X-ray beam (1486.7 eV).

The carbon 1s spectrum was used for the calibration of the

XPS spectra recorded for various samples. Diffused reflec-

tance spectroscopy (DRS) measurements were carried out

using a commercial spectrometer (SolidSpec, Shimadzu)

equipped with an integrating sphere. Photoconductivity (PC)

measurements were performed using a microprobe station

(ECOPIA EPS-500) connected to a source meter (Keithley

2400) for current-voltage (I-V) characteristics, and a 300 W

Xenon lamp was used as a light source to excite the sample.

Note that the excitation wavelength of incident light was

chosen using a manual monochromator (Oriel Instruments,

USA). The I-V setup is interfaced with a computer to collect

the data using Lab Tracer 2.0 software.

IV. RESULTS AND DISCUSSION

A. Structural studies

The morphological features of as-grown and annealed

samples of graphene-ZnO NRs/NWs are investigated by

high resolution FESEM imaging. Figure S1(a) shows the

FESEM image of the as-grown ZnO NRs on the graphene

substrate (GRZNR), and the size distribution of the ZnO

NRs is shown in Fig. S1(b). It shows that the ZnO NRs with

hexagonal facets have an average diameter of �140 nm and

length of �2.0 lm. Thus, the ZnO NRs have an aspect ratio

of �14. Figure S1(c) shows the TEM image of a single as-

grown ZnO NW in GRZNW, which shows a diameter of

�35 nm. The TEM image shows the simultaneous presence

of graphene and ZnO NWs. Figure S1(d) shows the HRTEM

lattice image of a single ZnO NW, showing the single crys-

talline nature of the as-grown NW. More details of the mor-

phological features of the as-grown ZnO nanostructures are

reported elsewhere.15 Note that the underlying graphene

layer provides a kind of artificial epitaxy for the growth of

hexagonal faceted ZnO NRs, as reported earlier.15 Figure 1

shows the tilted view FESEM images of the vertically aligned

hexagonal faceted ZnO NRs and NWs after annealing.

Figures 1(a)–1(c) present the FESEM images of the 700 �C
Ar gas annealed GRZNR, GRZNW (on graphene substrate),

and ZNW (SiO2 substrate) samples, respectively. The inset in

each figure presents the high resolution FESEM image of the

ZnO NRs/NWs to highlight the morphological features of the

NRs/NWs after annealing. After annealing, there is no signifi-

cant change in the morphology of the GRZNW and ZNW

samples, while a distinct change in the surface morphology is

observed for GRZNR, as shown in Fig. 1(a). In general, the

FIG. 1. FESEM images showing the morphological features of Ar-annealed

(700 �C) samples: (a) graphene-ZnO NRs, (b) graphene-ZnO NWs, and (c)

ZnO NWs-SiO2. The inset in each case depicts the higher magnification

image of the same.
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surface curvature of the hexagonal faceted ZnO NRs looks

smoother after the annealing, while the higher resolution

imaging shows that the tips of the ZnO NRs are split up in

some regions possibly due to the splitting of catalyst Au NPs

after the annealing, which leads to disorder on the NR surface

[see the inset of Fig. 1(a)]. This may increase the effective

surface to volume ratio of the ZnO NRs in GRZNR.

Further, XRD studies have been carried out to assess the

improvement in the crystalline quality of the samples after

annealing. Figure 2 presents the XRD pattern of the annealed

graphene-ZnO NR/NW hybrids. In as-grown and annealed

samples, a strong peak at 2h¼ 34.5� corresponding to the

(0002) plane of ZnO signifies the crystalline wurtzite struc-

ture of aligned ZnO NRs/NWs.15 Note that there are some

secondary phases in the XRD pattern due to the unreacted

Zn present after the VLS growth of ZnO NWs from the Zn

source metal. This is due to adoption of a relatively low tem-

perature (540 �C) growth process for the ZnO NRs/NWs.

B. XPS studies

XPS measurements were carried out to identify the ele-

mental composition and local environment of defects in

the as-grown and post-growth annealed graphene-ZnO NR/

NW hybrids. The characteristic XPS features of GRZNR,

GRZNW, and ZNW samples are shown in Fig. 3. It presents

the core level spectra of graphene (C–1s) and ZnO (Zn–2p,

O–1s) in GRZNR (Fig. 3(a), GRNW [Fig. 3(b)] and ZNW

[Fig. 3(c)]. The corresponding fitting parameters are pre-

sented in Table I. Interestingly, all the samples show a very

high oxygen content as compared to the Zn content. Thus,

excess oxygen may be present in the form of Oi and OZn in the

as-grown and annealed ZnO NRs/NWs. Note that the PL data

(discussed later) showing strong visible PL in all the samples

may be due to the excess oxygen related defects in the ZnO

lattice, as revealed by the XPS analysis. XPS analysis (see

Table I) shows that GRZNR contains the highest percentage

of excess oxygen among all three samples. Interestingly, PL

data (discussed later) show very high intensity of visible as

well as NIR PL in the GRZNR sample as compared to the

GRZNW and ZNW samples. The peaks at lower binding

energy (Peak 1 at 530.2 eV) in the O-1s core level XPS spec-

trum can be attributed to O2– of the wurtzite structure of the

hexagonal Zn2þ ions, and the O2– ions are surrounded by zinc

atoms with the full supplement of nearest-neighbor O2– ions.

The higher energy peak at 531.33 eV (Peak 2) is associated

with the O2– ions in the oxygen-deficient regions within the

ZnO matrix.25 Thus, XPS spectrum reveals that as-grown

ZnO NRs/NWs have oxygen rich as well as oxygen deficient

regions in the same sample.15 Due to the low energy of forma-

tion, oxygen vacancies are easily formed in ZnO crystals.26,27

The deconvolution of the Zn-2p3/2 core level XPS spectrum

shows two peaks at 1021.58 and 1021.97 eV for GRZNR, as

shown in Fig. 3(a). A similar deconvolution is shown in Figs.

3(b) and 3(c) for GRZNW and ZNW, respectively. The lower

energy and higher energy components in each sample repre-

sent Zn in the oxide form and Zn in the metal form, respec-

tively.25 The centre of the XPS peaks and their respective

identity are presented in Table I. The ratio of relative area of

peak 2 to peak 1 in GRZNR is slightly higher (0.54) than that

in GRZNW (0.44), i.e., Zn in the form of metal nanoparticles

and/or Zn interstitials (Zni) are present in higher concentration

in GRZNR. This is fully consistent with the XRD patterns

showing diffraction peaks at 38.37� (100), 44.58� (101), and

54.3� (102) (see Fig. 2) due to the unreacted Zn metal in both

as-grown and annealed samples.15 Thus, despite good crystal-

linity and hexagonal facets of the ZnO NRs, as-grown ZnO

NRs and NWs show a high concentration of oxygen and zinc

related defects. In particular, intrinsic defects Oi, OZn, Vo, and

VZn may be high in these samples. Due to the relatively low

growth temperature adopted here, the surface defect density

might be high in these samples.

C. UV and visible PL studies

The absorption spectra of ZnO NRs/NWs on graphene

substrates were extracted from the Kubelka-Munk function

derived from the DRS measurement (see Fig. S2, supplemen-

tary material). All the samples show strong absorption below

365 nm. UV and visible PL spectra of the as-grown and

annealed (700 �C, Ar atmosphere) graphene-ZnO NR/NWs

are first recorded using 325 nm, the above band-gap excita-

tion. The room temperature PL spectra of GRZNR, GRZNW,

and ZNW, after annealing, are shown in Figs. 4(a)–4(c),

respectively. Note that the PL results of the as-grown ZnO

NRs/NWs on graphene substrates were reported earlier.15 All

the samples show a distinct UV and relatively strong broad

visible PL band before as well as after post-growth annealing.

The symbols correspond to the experimental data, and the

FIG. 2. XRD patterns of the ZnO NRs/NWs on graphene and ZnO NWs on

the Si/SiO2 substrate after post growth annealing at 700 �C in the Ar

atmosphere.
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solid line refers to the fitted spectrum in each case (Fig. 4).

We observed the UV emission peak at 375–377 nm and the

visible PL band centered at �500 nm, which are attributed to

the near band edge emission (NBE) and intrinsic defect states

of the ZnO NRs/NWs, respectively. The sharp NBE peak at

�375 nm signifies the good crystallinity of the as-grown ZnO

NRs/NWs. The centre of the visible PL band differs from

sample to sample, while the center of the UV peak is almost

identical in all the samples and it remains unchanged even

after annealing. Note that after annealing, besides the NBE

peak, the UV band shows a small peak (P1*) at 384–391 nm,

probably related to the surface states.28 It appears that the sur-

face states become more active and nonradiative channels are

reduced after annealing. The broad visible PL is a signature of

various intrinsic defects in ZnO nanostructures, such as Vo,29

Oi,
30 or Zni

26 interstitials and antisite oxygen (OZn)31–33

defects. Various PL peaks and probable identities of each

peak are summarized in Table II, based on our analysis and

literature reports.

It may be noted that the intrinsic defects are formed dur-

ing the growth of the ZnO NWs, particularly due to the adop-

tion of relatively lower growth temperature (540 �C) in the

present work. In GRZNR, we observed about two orders of

magnitude enhancement in the intensity of visible PL after

700 �C annealing in the Ar environment, while in the case of

GRZNW and ZNW, it was enhanced by a factor of 5 and 32,

respectively. Interestingly, UV PL intensity was enhanced in

all samples, and the ratio of intensities of UV to various visi-

ble PL emissions was significantly increased after annealing.

In particular, the relative intensity of peak P1 with respect to

that of peaks P4 and P5 is increased by about one order of

magnitude in GRZNR after annealing, as shown in Table II.

FIG. 3. Core level XPS spectra of (a)

GRZNR, (b) GRZNW, and (c) ZNW

samples, showing the deconvoluted

C1s peaks arising from graphene and

O-1 s and Zn-2p peaks of ZnO NRs.

Integrated intensity (areas) of individ-

ual components of fitted peaks in each

spectrum signifies the contribution of

each element and their bonding in the

respective samples.
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It implies that after annealing, there is a significant improve-

ment in the crystalline quality and reduction of nonradiative

defects in the ZnO NRs/NWs. However, the density of radia-

tive defects is increased considerably after annealing as evi-

denced from the overall increase in the visible PL intensity.

Based on the literature reports, we tentatively assign the PL

band appearing in the range of 447–468 nm to doubly ion-

ized zinc vacancies (VZn
2–),31 and this is fully consistent

with the XPS data discussed above. Note that this peak

appears in all the samples before and after annealing, except

for the as-grown GRZNR, and it may be due to the formation

of ionized Zn vacancies or unreacted Zn leftover in the

recrystallization process during the growth. The PL peaks in

the range of 483–508 nm, commonly referred to as green

emission, is observed in various ZnO nanostructures. Most

of the theoretical and experimental reports propose that the

green emission originates from either Vo or VZn.18,31,32,34,35

Based on our XPS analysis, it is most likely to be assigned to

VZn defects in ZnO. Interestingly, we also observed yellow

(528–561 nm) and orange (613) PL emissions with 325 nm

excitation, which are likely to originate from the deep levels

of neutral OZn/Oi and ionized Oi induced transitions, respec-

tively.30,32,36 Note that these defects are very stable in the

ZnO NRs/NWs since the visible PL intensity is high even

after 700 �C annealing. Due to broad band visible PL emis-

sion at room temperature from these ZnO NRs/NWs, these

hybrid structures are suitable for white light display and

other optoelectronic device applications.

D. Near infrared PL studies

In order to investigate the nature of defects and their

exact identity in graphene-ZnO NR/NW hybrids, we have

conducted the PL measurements with below band-gap exci-

tation on both as-grown and annealed samples. We used a

405 nm sub-band gap laser excitation source to monitor the

visible-NIR PL spectra at room temperature. Figure 5 shows

the room temperature PL spectra of the as-grown and 700 �C
Ar annealed GRZNR [Figs. 5(a) and 5(b)], GRZNW [Figs.

5(c) and 5(d)], and ZNW [Figs. 5(e) and 5(f)] samples. Note

that sub-band gap excitation gives rise to a large number of

visible PL bands and additional NIR PL bands from the

hybrid nanostructures. Due to the asymmetry in the line

shape and its evolution, each PL spectrum is fitted with mul-

tiple Gaussian peaks. The symbols correspond to experimen-

tal data, and the solid green line refers to the fitted peak. The

PL spectrum of each sample with above band-gap and below

band-gap excitation shows common peaks in the range of

400 to 650 nm. Since we used a cooled CCD Si detector for

monitoring the PL spectrum with sub-band gap excitation,

additional distinct peaks are observed in the range of

650–900 nm. With 405 nm excitation, the blue, green, and

orange-red emissions centered at �450–486, �500–563, and

�640–700 nm, respectively, are strong in all the as-grown as

well as annealed samples. Figures S3(a) and S3(b) (supple-

mentary material) show the Raman and PL spectra of the

graphene/SiO2 substrate, which are recorded to ascertain the

quality of the graphene layer on which ZnO NRs and NWs

were grown and to isolate the PL contribution arising solely

FIG. 4. Comparison of the PL spectra excited with the 325 nm laser for gra-

phene and ZnO hybrid structures after Ar annealing at 700 �C: (a) GRZNR,

(c) GRZNW, and (c) ZNW. UV and visible PL peaks are fitted with

Gaussian line shapes, the symbols represent the experimental data, and the

solid line corresponds to the fitted data.

TABLE I. Details of the fitting parameters for O 1s and Zn 2p core level XPS

spectra of graphene-ZnO hybrid nanostructures. The atomic percentage of O and

Zn in various samples as determined from XPS data is shown for comparison.

Sample

O–1s Zn–2p Atomic percentage

Peak1

(eV)

Peak2

(eV)

Peak1

(eV)

Peak2

(eV)

O1s

(%)

Zn2p

(%)

GRZNR 530.2 531.33 1021.58 1021.97 70.3 29.7

GRZNW 529.53 530.42 1021.7 1022.37 67.1 32.9

ZNW 529.68 530.48 1021.08 1021.6 63 37

Identity O2� Vo Zn-O Zn metal
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from the ZnO NRs/NWs, respectively. The graphene/SiO2

substrate shows two weak PL bands centered at 545 and

598 nm. Thus, in order to avoid the effect of the substrate

and any other contaminants, such as the effect of residual

PMMA, if any, the substrate PL spectrum was subtracted as

the background from the PL spectrum of each hybrid ZnO

NR/NW samples. However, sample PL intensity is much

higher than the intensity of the PL from the substrate. Note

that after annealing, the intensity of the orange-red emission

is nearly doubled in GRZNR and ZNW, while it is not

changed significantly in GRZNW. A summary of the PL

peak positions and their possible identities, based on the dis-

cussion in Sec. IV C, is presented in Table III.

Interestingly, a new PL emission band in the NIR range

of 785–886 nm is observed in all the samples with the

405 nm sub-band excitation. The center of the peak for the

NIR band slightly changes from sample to sample, due to

contributions mainly from two components. Due to the

asymmetric line shape of the PL band, two Gaussian peaks

are fitted in each case (Fig. 5). Note that both NIR peaks

appear above 800 nm, which is not reported earlier. A previ-

ous report on NIR PL in ZnO thin films discussed about a

TABLE II. Details of the PL peaks (excitation wavelength 325 nm) fitted with Gaussian line shapes for the UV and visible emission bands of different samples

before and after 700 �C Ar annealing. The center of each peak (P1–P5) is denoted in nm units. A14 and A15 denote the ratio of integrated intensity of UV peak

to peaks P4 and P5, respectively.

Sample As-grown Annealed

Peaks P1 P2 P3 P4 P5 A14 A15 P1 P1* P2 P3 P4 P5 A14 A15

GRZNR 376 … 486 542 577 0.06 0.1 375 384 450 483 532 557 0.6 0.7

GRZNW 377 468 500 543 … 0.13 … 378 391 462 509 … 569 0.1 0.3

ZNW 375 467 506 535 598 0.15 3.3 375 382 470 … 527 613 0.1 0.4

Identity NBE VZn
2� Vo/VZn Oi/Ozn Oi

� NBE Band tail States VZn
2� Vo/VZn Oi/Ozn Oi

–

FIG. 5. Comparison of the visible and

NIR PL spectra recorded with 405 nm

excitation (sub – band gap) from differ-

ent samples before and after annealing

at 700 �C in Ar gas: (a) and (b)

GRZNR, (c) and (d) GRZNW, and (e)

and (f) ZNWs. Various peaks are fitted

by Gaussian line shapes; the symbols

represent the experimental data, and

the solid line shows the fitted data. The

new NIR PL band is marked in each

case.
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peak at �756 nm.18 Our results are distinctly different, due

to the use of sub-band gap excitation and the adoption of

a different methodology of growth of ZnO NRs/NWs.

Interestingly, after Ar annealing, the intensity of the NIR PL

band is nearly doubled in GRZNR, while it is reduced in the

GRZNW. Note that the relative intensities of two peaks are

changed after annealing, with a minor change in the peak

positions. The difference in peak positions for different sam-

ples may be due to their distinct structural morphology and

the local environment of the defects in the ZnO lattice.

Note that the NIR band in general has received far less

attention in the literature, although some groups18,22 have

reported NIR PL at �750 nm (1.65 eV) in ZnO thin films,

while we observed the NIR PL bands at above 800 nm. In

some cases, the NIR PL band is ascribed to the second order

diffraction of UV PL, as it can only be observed in the ZnO

films with a strong UV luminescence. However, it has also

been postulated that the NIR PL originates from the oxygen

related defects similar to those responsible for the red lumi-

nescence in ZnO.18,22 The possibility of second order diffrac-

tion of UV PL manifesting as a NIR PL band at �850 nm is

completely ruled out here since we used a 405 nm excitation

source in the present study. Note that the graphene layer has

no contribution to the observed NIR PL since the graphene is

a zero band gap material. There is a possibility that graphene

oxide (GO) is formed during the ZnO NW growth under

oxygen flow and GO may contribute to the weak visible PL.

However, to our knowledge, there is no report on the NIR

PL from the GO layer, if at all present here. In some of our

experiments, we find the formation of GO during the vapor

transport experiment. Note that GO shows a broad visible PL

under UV excitation, which can be attributed to various oxy-

genated functional groups present on the basal plane of gra-

phene. Thus, observed NIR PL is believed to arise from the

intrinsic defects in the ZnO NRs.

Based on the XPS analysis, the possibility of NIR PL

originating from the oxygen interstitial defects is quite likely

in the present case. Interestingly, as-grown GRZNW shows a

strong NIR PL band at 867 nm, and its intensity is strongly

reduced (by about 5 times) after annealing in the Ar ambient,

which may be due to the reduction in neutral Oi defects in

the annealed samples.26,35 The two PL components with cen-

ters at 820–830 nm and 863–879 nm are tentatively attributed

to Oi
� and neutral Oi, respectively.35 Despite the post-

growth annealing, the defect related PL intensity is strong in

the GRZNR sample because of a high oxygen content and a

large surface area of ZnO NRs with the split tips that may

contain a high density of traps on the surface.

To clarify further the origin of NIR PL and its relation

to Oi induced defects in ZnO NRs/NWs, vacuum annealing

of GRZNR samples was conducted and PL emission was

studied with both above band-gap (355 nm) excitation and

below band-gap excitation (405 and 488 nm) to monitor the

evolution of UV, visible, and NIR PL emissions. Figure 6(a)

shows a comparison of the PL spectra recorded with 355 nm

excitation for the GRZNR sample after vacuum (1.0� 10�5

mbar) annealing at 500 and 700 �C. The data clearly show

that there is a systematic reduction in the intensity of the

green emission and enhancement in the intensity of the UV

emission band with the increasing temperature of vacuum

annealing. Interestingly, no NIR PL band could be detected

in the vacuum annealed sample, indicating the deactivation/

partial removal of the associated defects. Figure 6(b) shows

the PL spectrum of the 700 �C annealed sample recorded

with 405 nm excitation, and the broad asymmetric PL peak

could be fitted with three Gaussian peaks centered at 481,

540, and 602 nm. The visible PL bands are found to be con-

sistent with those shown in Fig. 5. In fact, the major reduc-

tion in the Oi induced peak (�540 nm) of GRZNR after

vacuum annealing along with the disappearance of the NIR

PL peaks is consistent with our argument that the NIR PL

arises from the Oi defects in ZnO. The absence of NIR PL

was further confirmed from the vacuum annealed GRZNR

sample excited with the 488 nm laser, as shown in Fig. 6(c).

It shows only visible PL centered at 638 nm, and no NIR PL

was detectable. Thus, the vacuum annealing possibly elimi-

nates the Oi defects in the ZnO NRs/NWs, and our PL

assignments are consistent with the annealing results.

E. Time resolved PL studies

The time resolved PL measurement of the Ar gas

annealed GRZNR, GRZNW, and ZNW samples was carried

out to understand PL decay dynamics of the Vo/Oi induced

states with the green emission (500 nm) under the excitation

of a 375 nm pulsed laser source. Figure 7(a) shows the PL

decay behavior of different samples monitored at 500 nm.

Sample GRZNR shows relatively slow decay of PL with

three components having time constants 1.45, 10.4, and

604.5 ns, where the amplitude of the fastest component

(1.42 ns) dominates the decay. However, GRZNW and ZNW

samples show a relatively faster decay with a bi-exponential

decay having time constants 1.42 and �8.0 ns and 1.40 and

TABLE III. Details of the visible and NIR PL peaks fitted with Gaussian line shapes obtained with the sub-band gap excitation (405 nm) for each sample

before and after 700 �C Ar annealing. The center of each peak is denoted in nm units. The identity (tentative) of each peak is written as per the standard nota-

tions used in the text. Note: * indicates the new NIR peak.

Sample As-grown Annealed

Peaks P1 P2 P3 P4 P5 P6* P7* P1 P2 P3 P4 P5 P6* P7*

GRZNR 460 501 563 … 705 815 851 474 507 562 642 690 785/822 …

GRZNW 474 … 556 … 677 821 867 479 … 557 660 … 820 863

ZNW 450 485 562 643 689 837 886 … 486 566 652 699 831 879

Identity VZn
2� Vo/VZn Oi Zno Zno/Vo Oi

� Oi VZn
2� Vo/Vo/VZn Oi/OZn Zno Zno/Vo Oi

� Oi
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4.7 ns, respectively. Interestingly, the first two components of

the PL decay are common to all samples, and these corre-

spond to the green emission bands centered at �500 nm and

�530 nm, as shown in Table II and Fig. 4. These peaks/decay

components correspond to Vo/VZn and Oi/OZn, respectively. A

similar timescale of decay has been reported for green emis-

sion in ZnO NW/NRs grown by the standard VLS method.28

Note that the GRZNR sample shows an additional slow decay

component with a large time constant of 604.5 ns, and this

may be due to the strong PL peak at �560 nm (see Fig. 5 and

Table III) that was tentatively assigned to the Oi defects in

ZnO. Thus, the recombination of carriers at the neutral Oi

appears to be very slow. This may be due to the recombina-

tion of a shallowly trapped electron with a deeply trapped

hole at VZn and Oi, as discussed in the literature.18,21,31

Recent transient absorption spectroscopy on ZnO has demon-

strated that the green emission originates from the recombina-

tion between the electrons at the conduction band and/or

shallow donor (sub-band-gap) levels and the holes trapped at

the green emission centers.21,37 If the sub-band-gap states

behave as a shallow trap, the decay rate of the emission pro-

cess will become slower since the electron in the sub-band-

gap states cannot directly be transferred to the emission state

but will experience a thermally activated trapping/detrapping

process before finally relaxing to the emitting state. Under the

above assumption, PL decay is expected to be slow especially

under below-band-gap excitation because of a prolonged

transport period associated with the relevant trapping/detrap-

ping process. Our observation of a slow decay component

(time constant �604.5 ns) is consistent with this interpreta-

tion. The results of the steady state PL and time resolved PL

are found to be consistent. The nature and origin of various

PL emission bands in ZnO NRs/NWs discussed above can be

summarized by the schematic energy band diagram shown in

Fig. 7(b), following the report by Wang et al.18 The presence

of a large number of highly stable defect centres emitting in

the visible and NIR region makes the graphene-ZnO hybrid

suitable for bright display applications. We have demon-

strated the tunability of the PL emission bands through con-

trolling the growth parameters and the post-growth processing

conditions.

FIG. 6. PL spectra of the vacuum annealed GRZNR sample excited with dif-

ferent laser wavelengths: (a) 325 nm excitation for 500 and 700 �C vacuum

annealed samples and (b) 405 nm excitation for 700 �C vacuum annealed

GRZNR. Symbols represent the experimental data, and the solid line shows

the fitted peak. (c) 488 nm excitation for 700 �C vacuum annealed GRZNR.

The peak position is denoted in nm units. Note that no NIR PL was detect-

able after vacuum annealing.

FIG. 7. (a) Time resolved PL decay measured at 500 nm (green emission) in

Ar annealed GRZNR, GRZNW, and ZNW samples excited with 375 nm

excitation. The symbols represent the experimental data, and the solid line

represents the multi-exponential fit to the data. (b) A schematic of the energy

band diagram showing various defect states in the band gap of ZnO NRs/

NWs grown on graphene and the corresponding PL emission wavelengths

reported in this work.
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F. Photoconductivity studies

To evaluate the role of surface defects in the ZnO NRs/

NWs in the photophysical processes in graphene-ZnO NR/

NW hybrids, photoconductivity (PC) measurements were car-

ried out on the annealed samples of ZnO NR/NW samples.

Figure 8(a) shows a schematic of the photoconductivity/pho-

toresponse measurement setup and the device structure of gra-

phene and the ZnO NR/NW hybrid. Figures 8(b) and 8(c)

present the dark current and photocurrent characteristics of

the annealed GRZNR and GRZNW samples as a function of

sweep voltage. Here, in both ZnO NWs and NRs, the back-

ground current (dark current) is considerably low (�1.5 6 0.5

lA) even at high bias voltage [see Figs. 8(b) and 8(c)]. This

might be due to the fact that a considerable amount of surface

defects (mostly VO and Oi) is present on the ZnO NRs/NWs,

which act as trap centers for the charge carriers. Note that the

PC is strongly enhanced with UV illumination in both the

GRZNR and GRZNW cases. The UV photo-response behav-

ior as a function of time, illuminated with 370 nm excitation,

is illustrated in Figs. 8(d) and 8(e). The time response curves

are fitted with bi-exponential growth and bi-exponential decay

functions.11 Note that the dotted lines represent the experi-

mental data and the solid line represents the fitted data. The

PC growth with time Iph(t) can be represented by

Iph tð Þ ¼ I1 þ A1 1� e
�t
s1

� �
� A2e

�t
s2 : (1)

Here, I1, A1, and A2 are the positive constants. s1 and s2 are the

time constants, which are calculated from the fitting. In

annealed GRZNR and GRZNW, s1 and s2 are found to be 14.8,

266.9 s and 9.9, 241.8 s, respectively. Similarly, the PC decay

data can be fitted with a bi-exponential decay of the form

Iph tð Þ ¼ IPh 1ð Þ þ A3e
�t
s1 þ A4e

�t
s2 : (2)

Here, A3 and A4 are the constants. s1 and s2 are calculated to

be 35.3, 852.1s and 14.3, 360.8 s for GRZNR and GRZNW,

respectively. Note that IPh 1ð Þ represents the photocurrent

after a longer duration of time, which is equal to the dark

current. The data reveal that due to the multiple trapping by

various oxygen-related defects, such as Oi and VOin the ZnO

FIG. 8. (a) A schematic of the photo-

conductivity setup and graphene-ZnO

NW device structure. (b) Dark current

and photocurrent as a function of volt-

age for 700 �C Ar annealed GRZNR,

(c) the same for 700 �C Ar annealed

GRZNW, (d) and (e) the corresponding

photocurrent time response. The excita-

tion wavelength used for the photocon-

ductivity measurement is 370 nm at a

fixed bias voltage (8 V).
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NRs/NWs, the PC decay and rise are slow. Note that the PC

decay is relatively slow in GRZNR, which is consistent with

the slow PL decay dynamics observed in the sample. We

believe that the slow relaxation of the carriers is due to the

presence of the Oi defects in large concentration. These results

are consistent with the PL and XPS analyses discussed earlier.

V. CONCLUSIONS

We have reported strong UV, visible, and NIR PL emis-

sion at room temperature from the as-grown and annealed

samples of graphene-ZnO NR/NW hybrids. Strong NIR PL

emissions in the range of 815–886 nm excited with sub-band

gap excitation were reported from ZnO NRs/NWs grown on

single layer graphene, for the first time. Based on the evolu-

tion of the visible and NIR PL peaks due to the annealing in

vacuum and the Ar atmosphere at 700 �C, the NIR PL was

assigned to the radiative recombination of shallowly trapped

electrons with deeply trapped holes of neutral/ionized Oi

induced radiative centers. The PL decay dynamics show an

additional slow decay component, due to the shallow to deep

transition at the Oi induced defects. The PL assignments are

strongly supported by the XPS analysis of Zn-2p and O-1s

spectra. Further, a slow photoresponse observed in the photo-

conductivity measurements from ZnO NRs/NWs is consis-

tent with the dominance of oxygen related surface defects on

the ZnO NRs/NWs. The tunable visible, NIR PL emission,

and identification of the species responsible for the broad

band visible and NIR PL emissions constitute an important

milestone in exploring the new generation optoelectronic

and bioimaging applications of graphene-ZnO NR/NW

hybrids. Control of defects in CVD graphene and control of

interface states would provide more insights into the future

applications of these novel hybrid 2D-1D nanostructures of

two powerful materials, namely, graphene and ZnO.

SUPPLEMENTARY MATERIAL

See supplementary material for the FESEM and TEM

image of the as-grown ZnO NRs and ZnO NWs (Fig. S1),

results and discussion on the diffused reflectance spectrum

of ZnO NRs/NWs, the PL spectrum of the graphene/SiO2

substrate (Fig. S2), diffused reflectance spectrum of

GRZNR, GRZNW, and ZNW samples (Fig. S2), and Raman

and PL spectra of the graphene/SiO2 substrate (Fig. S3).
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