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In this research, graphene was incorporated into the ZnO nanorods (NRs) growth in two different ways to
enlarge the rod diameter of ZnO NRs on porous silicon (PS) substrates. We etched the P-type Si (1 0 0) wafer to
form the PS layer in solution with HF and C;HsOH and H»O, for appropriate time. Then, ZnO NRs with and
without incorporating graphene were grown with solgel/hydrothermal methods on top of the PS substrates,
respectively. To characterize the graphene incorporated ZnO NRs on PS substrates, multiple material analyses
including field-emission scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffraction,
photoluminescence, IV curves were used to study the graphene-incorporated ZnO NRs. Results indicate that ZnO
NRs with larger diameters could be viewed with graphene included into the ZnO NR growth in two different

ways. Furthermore, higher defect concentrations could be observed for the graphene-contained NRs.

In addition, the ZnO/PS contact exhibited rectifying electrical behaviors without graphene addition but non-
rectifying electrical behaviors with graphene incorporation.

Tuning ZnO NRs growth on PS substrates with graphene is promising for future ZnO NRs/Si-based device

applications.

Introduction

Owing to a wide direct bandgap of 3.37eV and a large exciton
binding energy of 60 meV, ZnO-based nanocomposites have attracted
growing attention within the decade [1,2]. Recently, ZnO nanorods
(NRs) integrated with silicon substrates have been proposed as com-
ponents of various semiconductor devices such as gas sensors [3], UV
detectors [4], and solar cells [5]. However, because of large mismatches
in the lattice constant and high stress between the interface, porous
silicon (PS) has been used to replace traditional silicon substrates to
develop Si-based electronic and optoelectronic devices [6,7]. Among
these ZnO nanorod-based devices, physical characteristics and material
properties of the ZnO NRs have been demonstrated as one of the key
factors that influence the overall performance of the ZnO-based nano-
devices [8,9]. Until now, diversified ZnO nanostructures on PS have
exhibited various functions as shown in Table 1. Therefore, modulating
the geometric shapes or the sizes of the ZnO nanostructures could
change the material properties and possibly improve the ZnO-based
device performance. Moreover, tuning the rod diameter of the ZnO NR
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might adjust the roughness and the exposed area of the ZnO layer,
which might vary the optical and electrical behaviors of the ZnO na-
nocomposite [10]. On the other hand, ZnO NR growth incorporating
graphene related materials has been reported to control the ZnO
morphologies [11,12]. However, incorporation of graphene in the
fabrication process to shrink or enlarge the NRs has not been clearly
reported yet. In this study, graphene has been added into the ZnO NR
growth process to modulate the rod diameter of the ZnO NRs on PS
substrates.

Experimental

ZnO NRs with various graphene incorporated methods were grown
on PS substrates. First, the PS layer was formed via etching of P-type Si
(100) wafer in solution with HF:C,HsOH:H,0, = 1:2:1 for 2.5 min.
Then, ZnO NRs with and without incorporating graphene were grown
with solgel/hydrothermal methods on top of the PS substrates, re-
spectively. The seed layer solution was prepared by dissolving zinc
acetate dihydrate ((ZnAc)Zn(CH3COO)»-2H,0) and spread on the PS
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Table 1
The research topics and functions of ZnO various nanostructures on PS.
Structures
This study 3 types ZnO NRs on PS substrates (add graphene or not)
#1[13] ZnO NWs grown on PS substrates
#2[14] ZnO nanocones/porous silicon heterostructures
#3[15] ZnO NWs grown on porous structure

The rod diameter of ZnO NRs by incorporating graphene
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Fig. 2. Illustrations of (a) ZnO NRs/PS (b) ZnO NRs/graphene/PS (c) Graphene-contained ZnO NRs/PS structures.

substrate, the seed layer was created by spreading the seed layer so-
lution with baking. For the control group of sample, the ZnO seed layer
was directly grown the PS substrate. Then, the ZnO NRs were hydro-
thermally grown in solution containing 0.05M zinc nitrate (Zn
(NO3),6H,0) and 0.07 M Hexamethylenetetramine (HMT) at 85°c for
1h [16]. The Fig. 1 shows the diagram for preparation of the samples.
The growth of the first group is illustrated as Fig. 2(a). To incorporate
graphene into the ZnO NRs fabrication process, we spread a layer of
graphene by DV-100 (Ted Pella Inc.) pipettes on top of the PS substrate
before depositing the seed layer. The graphene solution was synthesized
by the Graphene company (Model S-ON10). After the graphene layer
was baked and harden, the seed layer and the ZnO NRs were grown on
the graphene/PS substrate with the same growth process. The growth of
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the second group is illustrated as Fig. 2(b). The process of the fabrica-
tion process of the third group is as follows. The 5 ml same seed layer
solution was added with graphene of 3 portions by DV-100 (Ted Pella
Inc.) pipettes. After the seed layer solution was fully mixed with gra-
phene, the graphene-contained seed layer was spread and grown on the
PS substrate. Then, the NRs were hydrothermally grown in solution
containing 0.05M zinc nitrate (Zn(NOs3),6H,0) and 0.07 M Hexam-
ethylenetetramine (HMT) at 85 °C for 1 h. The growth of the third group
is illustrated as Fig. 2(c). To characterize the three distinct groups of the
ZnO NRs with various graphene incorporation methods, multiple ma-
terial analyses were used including FESEM, XRD, PL, and XPS. FESEM
was used to investigate the size and the shape of the NRs and the XRD
was used to examine the crystalline structures. Furthermore, PL was
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Fig. 3. FESEM images with 10,000 and 50,000 magnification rates of (a) PS substrate (b) ZnO NRs/PS (c) ZnO NRs/graphene/PS (d) graphene-contained ZnO NRs/

PS structures.

used to investigate the optical properties and XPS was used to analyze
the binding energies. I-V curves were used to analyze the rectifying
effects.

Results and discussion

To view the surface morphologies of the PS substrate and the NRs,
FESEM was used to study the size and the shape of the nanostructures.
Fig. 3(a) shows the etched PS substrate with uniformly distributed
nanopores with size around 100 nm. Moreover, Fig. 3(b)-(d) present
the FESEM images of ZnO NRs/PS, ZnO NRs/graphene/PS, and gra-
phene-contained ZnO NRs/PS structures, respectively. Fig. 3(b) shows
that the diameter of the ZnO NRs of the normal ZnO NRs/PS structures
was around 30-40 nm. As graphene was spread on top of the PS sub-
strate, the rod diameters on the NRs/graphene/PS structure increased
to 40-60 nm as shown in Fig. 3(c). Moreover, as graphene was included
in the seed layer solution instead of being spread on the substrate, the
rod diameter of the NRs of the graphene-contained ZnO NRs/PS
structure was further increased to 80-100 nm. The rod size could be
modulated by incorporating graphene in different ways as illustrated in
Fig. 2(a)-(c). On the other hand, the NRs of the normal ZnO NRs/PS
structure were more like perpendicularly grown from the substrate. In
addition, the normally grown NRs were more densely distributed than
the NRs incorporated graphene in two different ways. According to a
single ZnO NR structure, eight planes are present. The top and bottom
are polar planes with Zn?* and O terminated and the side non polar
planes are without charged ions. Incorporating ingredients into the ZnO
NR growth solutions might enhance or suppress the perpendicular
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growth or the lateral growth. Spreading graphene before dripping the
seed layer solution may suppress the reaction the Zn>"* -terminated top
plane and cause the rod to become fatter. On the other hand, mixing
graphene into the seed layer solution may enhance the reaction the
Zn*-terminated top plane and cause the rod to become thinner
[17,18].

Furthermore, EDX analyses of Fig. 4(a)-(c) shows that Zn, O, and Si
are present on these three structures.

To further analyze these three structures, XRD was used to in-
vestigate the crystalline phases as shown in Fig. 5 [19]. Compared with
the XRD pattern of the normal ZnO NRs/PS structure (JCPDS Card No.
36-1451), the intensity of the peak (00 2), which represents perpen-
dicular growth, was similar. However, for the NRs/graphene/PS
structure and graphene-contained ZnO NRs/PS structures, the peaks of
crystalline phases in addition to (002) such as (100), (101), (102)
and (1 1 0) were stronger than the control one. The result indicates that
the ZnO NR growth incorporating graphene could not as perpendicular
as the control one [20,21], consistent with the FESEM images as shown
in Fig. 3. Moreover, graphene-contained ZnO NRs even had stronger
(100), (101), (102) and (110) peak intensity than all the other
structures.

Furthermore, the optical properties of these ZnO NRs were in-
vestigated by the PL measurements as shown in Fig. 6 [22]. It is ob-
served that the PL peak around 375 nm in the spectrum represented the
near band edge (NBE) emission, and the PL peak around 560 nm in the
spectrum represented the defect luminescence, which might be attrib-
uted to oxygen vacancies in the ZnO NRs. It can be seen that the normal
ZnO NRs/PS structure had much stronger NBE emission than the defect
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Fig. 4. EDX spectra of (a) ZnO NRs/PS (b) ZnO NRs/graphene/PS (c) Graphene-contained ZnO NRs/PS structures.

luminescence. However, for the for the NRs/graphene/PS structure and
graphene-contained ZnO NRs/PS structures, the defect luminescence
was stronger than the NBE emission as shown in Fig. 6. Since the gra-
phene-incorporated NRs had compositions of various crystalline phases
as indicated in the XRD patterns, more defect concentrations might be
distributed in the ZnO NRs [23,24]. In addition, the graphene-con-
tained ZnO NRs had the strongest defect luminescence, which was
consistent with the XRD pattern of stronger (100), (101), (102)
crystalline phases.

To further examine the presence of the defect, the O 1s XPS mea-
surement was used to study the oxygen binding energy. The O 1s
spectra of the ZnO NRs/PS [25], and ZnO NRs/graphene/PS and gra-
phene-contained ZnO NRs/PS structures are shown in Fig. 7(a)-(c),
respectively. These spectra were deconvoluted into two-peak profiles
consisting of the peak energy of 530.5eV and the peak energy of
532 eV. The O 1 s binding energy of 530.5 eV signifies Zn-O-Zn binding
while the binding energy of 532 eV represents Zn-O-H binding related
to the presence of the oxygen-vacancy defects in ZnO [26,27].
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Fig. 5. XRD patterns of ZnO NRs/PS (no), ZnO NRs/graphene/PS (pre), and
graphene-contained ZnO NRs/PS (mix) structures.
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Fig. 6. PL measurements of ZnO NRs/PS (no), ZnO NRs/graphene/PS (pre), and
graphene-contained ZnO NRs/PS (mix) structures.
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Moreover, based on the calculation from the XPS spectra, Zn-O-Zn/Zn-
O-H peak intensity ratio of the ZnO NRs/PS, and ZnO NRs/graphene/PS
and graphene-contained ZnO NRs/PS structures were 3.83, 3.26, and
3.14 as shown in Fig. 7(a)-(c), respectively. Consistent with the PL
measurements, the graphene-contained ZnO NRs/PS had the highest
defect concentration. Similarly, the normal ZnO NRs/PS structure had
the largest Zn-O-Zn/Zn-O-H peak intensity ratio and the largest NBE/
defect luminescence peak intensity ratio at the same time.

Finally, we compared the I-V curves for the ZnO NRs/graphene/PS
and graphene-contained ZnO NRs/PS structures as shown in Fig. 8(a)
and (b). Since the ZnO NRs was n-type and the porous substrate and the
p-type porous substrate was n-type, the rectifying effects could be
clearly observed as shown in Fig. 8(a). As for the I-V curve for gra-
phene-contained ZnO NRs/PS structures as shown in Fig. 8(b), no rec-
tifying effect could be observed because plenty of oxygen-related defect
with graphene containing might cause the ZnO NRs more neutral-like.
Based on previous reports, the rectifying behaviors (Schottky contact)
might be weakened by increasing the conductivity on porous silicon
related contacts. Since incorporating graphene into ZnO nanorods could
enhance the conductivity and weaken the rectifying effects. Therefore,
the I-V curves became more non-rectifying (Ohmic contact like)
[28-30].

Conclusions

In this study, ZnO NRs sogel/hydrothermal growth on PS substrates
was modulated by incorporation of graphene in two different ways.
Results indicate that larger diameter of ZnO NRs could be observed
with graphene included into ZnO fabrication process. Furthermore,
multiple material analyses indicate that higher defect concentrations in
ZnO NRs could be observed by incorporating graphene. The graphene-
modulated ZnO NR growth shows promises for future ZnO NR/Si na-
nostructure-based device applications.
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Fig. 7. The O1s XPS spectra of (a) ZnO NRs/PS, (b) ZnO NRs/graphene/PS, and (c) Graphene-contained ZnO NRs/PS structures.



W.-C. Huang et al.

2.0x10®

1.0x10°8

-1.0x10°%

-2.0x103

Current (A)

-3.0x10°8

4.0510% . . . . . .
-8 -6 0 2

4 3 4
Sweep Voltage (V)

6 8

Current (A)

2.5x10°%
2.0x10°®

-1.0x10°®

-1.5x10% . i ]

1.5x10°%
1.0x10°8

5.0x10°

-5.0x10°

Results in Physics 10 (2018) 132-137

0

-8 -6 -2 0 2 4 6 8

-4
Sweep Voltage (V)

Fig. 8. I-V curves for (a) The ZnO NRs/graphene/PS and (b) Graphene-contained ZnO NRs/PS structures.
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