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substrates for 2D morphology-controlled ZnO nanostructure 
growth. Graphene is a 2D carbon nanostructure, which has 
been studied extensively in recent years due its remarkable 
mechanical, optical, and electronic properties. [ 13 ]  These proper-
ties makes graphene a promising candidate for many potential 
applications including electronic and optical devices. Graphene 
electrodes with nanostructures can also be applied as syner-
gistic electrodes for different fl exible and transparent con-
ducting devices. The growth mechanism of the synthesized 2D 
ZnO nanostructures is studied in detail with the help of scan-
ning electron microscopy (SEM), high-resolution transmission 
electron microscopy (HRTEM), and selected area electron dif-
fraction (SAED). Based on the data, we believe that ZnO nano-
fl akes are oriented along (0001) plane and grow laterally along 
(0110) plane. Furthermore, the electrical and optical data show 
excellent conduction and transmission properties, respectively. 
Our synthesis method is a low-cost, low-temperature, scalable, 
and potentially high-throughput process, which can be further 
extended for the synthesis of wide range of other 2D materials 
for different applications in electronics and optoelectronics 
devices. 

 We used zinc nitrate hexahydrate [ZNH; Zn(NO 3 )·6H 2 O] and 
hexamethylenetetramine [HMT; (CH 2 ) 6 ·N 4 ] (both from Sigma–
Aldrich) for the sonochemical synthesis of ZnO nanofl akes. [ 12 ]  
ZNH provides Zn 2+  ions and H 2 O molecules in the solution 
provide O 2−  ions. HMT has been used as a shape-inducing 
polymer in ZnO nanowire growth as polymer as it attaches to 
the nonpolar facets of ZnO cutting the supply of Zn 2+  ions, 
thus allowing the growth of ZnO in only <0001> direction. [ 14 ]  
However, the shape of the nanostructures strongly depends on 
the concentration of ZNH/HMT solutions, which affects the 
precipitation mechanism of the oxide. [ 15,16 ]  It was observed that 
as the concentration of ZNH/HMT aqueous solution increased, 
the length of the ZnO nanorods decreased. [ 15 ]  In the pre-
sent case, the concentration of the precursors is increased by 
10–20 times and the sonication amplitude is increased by 20% 
compared with the earlier process. [ 12 ]  The process tempera-
ture does not exceed 70  ° C, as amplitude of the sonication is 
increased. At the higher concentrations used in this process 
and fast reaction rates achieved under sonication, HMT releases 
large amounts of OH −  and NH 4  +  ions in a short period of time. 
At this higher concentrations, precipitation of Zn 2+  ions occurs 
at faster rate than required for HMT-assisted oriented growth 
of ZnO nanostructures, [ 14,15 ]  resulting in growth of nonpolar 
planes of ZnO along with polar (0001) plane forming parallelo-
gram-shaped 2D ZnO nanofl akes. 

  Figure    1 a,b shows the SEM pictures of the ZnO nanofl ake 
growth on Si substrate at 30 s and 1 min. 2D ZnO nanofl akes 
grow from sheet structures to hexagonal crystal structure, 

  Semiconductor nanostructures have attracted considerable 
research interest due to their peculiar physical properties and 
potential applications in electronics and energy-related devices. 
In this regard, zinc oxide (ZnO) nanostructures have received 
particular attention for many potential applications such as 
light-emitting and detection devices in UV–vis spectral range, 
electromecahnical-coupled sensors, transducers, and energy 
generators for nano devices. [ 1 ]  ZnO nanostructures also fi nd 
its applications in gas sensors, optoelectronics devices, and 
biomedical applications. [ 2–4 ]  Considering the promising prop-
erties and potential applications of ZnO nanoparticles, many 
techniques have been developed to synthesize various 1D 
ZnO nanostructures such as rods, belts, tubes, etc. [ 5–9 ]  How-
ever, there have been limited reports on synthesis of 2D ZnO 
nanostructures and there is a lack of thorough understanding 
of synthesis mechanism and systematic control over the syn-
thesis process. In this regard, Wu et al. [ 10 ]  have reported on 
synthesis of ZnO fl akes up to few micrometers size using the 
hydrothermal method, and Yan et al. [ 11 ]  demonstrated thin 
ZnO sheets by the solvothermal method. On the other hand, 
the sonochemical method promises to be a good alternative 
to synthesize nanostructures at ambient conditions. [ 12 ]  The 
method is rapid, inexpensive, low-temperature catalyst-free 
process, CMOS-compatible, and environmentally benign. How-
ever, most of the effort in the sonochemical synthesis so far has 
been focused on synthesizing 1D ZnO nanostructures such as 
nanorods and nanoribbons, and to our knowledge no report is 
available on the sonochemistry-based synthesis of morphology-
controlled 2D ZnO nanofl akes on different substrates. 

 We report on the synthesis of single-crystalline 2D ZnO 
nanofl ake structures using a simple sonochemical reaction 
in aqueous solutions on arbitrary substrates at ambient con-
ditions. We used Si, graphene/Si, and graphene/PET as the 
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dynamics of the fl akes. The morphologies of the samples were 
investigated using JEOL 7000 FSEM and Multimode Nano-
scope IIID AFM from Bruker (Veeco).  Figure    2 a–d shows the 
time evolution of the growth process for ZnO nanofl akes on 
Si substrate at 1, 3, 15, and 30 min. On the basis of the SEM, 
HRTEM, and SAED data, we infer that the growth rates are 
varied with different directions result in the growth process, 
which could be depicted in Figure   2 e. Initially, the ZnO sheets 
are self-organized in hexagonal single-crystalline structures 
and the crystal continues to grow in the direction of (0110) 
plane, forming a more stable parallelogram-shaped structure 
with the surface normal in <0001> orientation and the longest 
edge in (1010) plane. [ 19 ]  For the prolonged time of synthesis, 
fl akes do not grow in lateral directions beyond a maximum 
average dimension but new fl akes are formed over the old ones, 
forming a multilayer stack. Figure   2 f summarizes the change 
of dimension and thickness of the fl akes by the growth period. 
The change in the thickness with respect to growth time was 
measured by using AFM, while lateral dimensions are meas-
ured by SEM. Sizes of several fl akes have been averaged to have 
statistically reliable data. The thickness of the nanofl ake layer 
varies from 15 nm of single fl ake to 300 nm of a stack several of 
several fl akes for a growth time of 10 min and two cycles of 30 
min, respectively. However, the thickness of a single nanofl ake 
remains constant around 15–20 nm irrespective of the time of 
synthesis as shown in Figure   2 f. This is in agreement with the 
process described above and the mechanism shown in Figure   2 e. 
The dimensions of the largest 2D ZnO nanofl ake increase 
rapidly from 0.76 μm for growth time of 1 min to  ≈ 10 μm 
at 15 min and remain the same as the time is increased. Fur-
thermore, from Figure   2 d, we can see that the density of the 
nanostructures increases with the number of cycles, while the 
dimensions varied with the sonochemical reaction time. There-
fore, by controlling the time and cycles of synthesis, the dimen-
sions, thickness, and density of 2D ZnO nanofl akes can be 

which further stabilizes into parallelogram-like structures. 
To further understand the growth mechanism of nanofl akes, 
detailed SAED and HRTEM studies were performed using an 
electron microscope with 300 KeV electron beam. The SAED 
analysis is carried out using commercial software (Single 
Crystal). The SAED pattern in Figure   1 c and HRTEM picture 
in Figure   1 d confi rm the single-crystalline wurtzite structure 
of the 2D ZnO nanofl akes oriented in [0001] direction. The 
HRTEM images are taken at the major edge of the fl ake show 
that the fringes are almost parallel to the edge with a lattice 
spacing of 2.74 Å. The lattice spacing is a representative of 
(1010) plane, which corresponds to the longest edge. The SAED 
measurements indicate that the 2D ZnO nanofl akes exhibit the 
hexagonal wurtzite structure with  a  = 3.25 and  c  = 5.21 Å, ori-
ented along (0001) plane and lateral growth direction perpen-
dicular to the (0110) plane. The elemental composition of the 
nanofl akes is verifi ed by energy-dispersive X-ray spectroscopy 
(EDS) data presented in Figure   1 e, which shows that the nano-
fl akes are purely ZnO with no observed impurities. The small 
carbon peak observed in EDS is from the carbon deposition 
during SEM measurement setup. Furthermore, photolumines-
cence (PL) spectra of ZnO nanofl akes on graphene shown in 
Figure   1 f presents an emission line at 376 nm, which is char-
acteristic for ZnO. The peak is relatively low due to extremely 
thin nature of the nanofl akes. The 376-nm PL peak is attrib-
uted to the free-exciton annihilation in ZnO. [ 17 ]  The PL system 
used in this study upconverts the frequency (harmonic conver-
sion) from green light at 532 nm, which causes high-intensity 
stray green light, making it diffi cult to observe green PL emis-
sion due to traps. However, deep-level or trap-state emission at 
around 530 nm, related to the recombination of electrons in 
singly occupied oxygen vacancies with photo-excited holes in 
the valence band has been reported by Vaneusden et al. [ 18 ]   

 We increase the synthesis time from 1 min to 1 h for dif-
ferent samples, keeping the cycles to one to study the growth 

   Figure 1.    a) ZnO sheet structures grown on Si substrate at 30 s, b) after 1 min hexagonal structures are observed. c) SAED pattern shows a single-
crystalline wurtzite structure oriented in <0001> direction and lateral growth direction perpendicular to (0110) d) HRTEM at the edge of fl ake with 
fringes almost parallel to the edge and fringe spacing of 2.74 Å, which is close to 2.82 Å of (1010) plane; e) EDS data for ZnO nanofl akes, which shows 
that the grown nanofl akes are purely ZnO. f) PL spectrum of the ZnO nanofl akes on graphene shows a peak at 376 nm, which is in agreement with 
the bandgap of ZnO. The peak intensity is not strong since the fl akes are extremely thin. 
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attributed to space-charge-limited current (SCLC), which is 
commonly observed in nanostructures of various materials 
including ZnO nanowires. [ 20–22 ]  When the number of car-
riers injected from contacts is greater than the free carriers 
in the semiconductors, the current is limited by the buildup 
of injected space charge. Since SCLC is sensitive to the den-
sity of trap states, and their energy depth, [ 23 ]  it can be promi-
nently observed 2D structures with large surface to volume 
ratio. Another sample was prepared by three cycles of 15 min 
giving a continuous fi lm of nanofl akes over SiO 2 /Si substrate 
to measure the photoconductivity. Figure   2 h presents the  I – V  
characteristics in dark and under the illumination of 360 nm 
UV light. We observe more than 10-fold increase in conduc-
tivity in the presence of UV light, confi rming the photocon-
ductive nature of ZnO nanofl akes. 

 To study the effect of substrate on the growth, the process 
was repeated on several substrates including, SiO 2 /Si, Cu, Al, 

controlled effi ciently using the method of sonochemical reac-
tions, which solely depends upon the solution pH, concentra-
tion, time, and power.  

 Three different samples were prepared to study the cur-
rent–voltage ( I – V ) characteristics of single nanofl ake and their 
variation with respect to thickness. First sample Z-3 has the 
growth time of 3 min, sample Z-5 has 5 min, and sample Z-15 
has the growth time of 15 min. In order to study the conduc-
tivity of the individual fl akes, electrical contacts were depos-
ited using a focused ion beam (FIB) and  I – V  characteristics 
were measured using a probe station (The Micromanipulator 
and results analyzed by Semiconductor parameter analyzer, 
model no. Agilent 4156 A) attached with Micromanipulator 
tip (model 7A-M). As shown in the Figure   2 g,  I – V  curves show 
slightly superlinear behavior and the conductance increases 
with the increasing thickness of nanofl akes, which increases 
as the synthesis time increases. Superlinear behavior is 

   Figure 2.    Size of fl akes grown on Si substrate over the time: a) After 1 min, hexagonal structures are observed; b) After 3 min of synthesis, the crystal 
forms in to a parallelogram structure; c) 15 min and longer synthesis time results in stacks of nanofl akes; d) 30 min and four cycles show that stacks 
of nanofl akes form a continuous fi lm with the increasing thickness by the time; e) Schematic of the growth mechanism of ZnO nanofl akes showing 
the growth from hexagonal structure to parallelogram structure and further increase in thickness as new layers are formed; f) Evolution of length and 
thickness of the fl akes by time showing that the lateral dimensions of the fl akes increases rapidly to around 10 μm at around 15 min and then stabi-
lizes. The thickness of the single fl akes remains constant around 20 nm. g) Current–voltage ( I – V ) for samples of growth time 3, 5, 15 min show that 
the conductance of the fl akes increases with the time of synthesis as the thickness increases and new layers are added with time; h)  I – V  for continuous 
fi lm of ZnO nanofl akes with growth time 15 min and three cycles show a 10-fold increase in conductivity in the presence of UV light. 
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to study the effect of graphene are shown in Figure   3 f.  I – V  
curves for graphene 2D ZnO nanofl akes hybrid structure are 
presented. We observe that the conductivity of the resulting 
hybrid structure increases by 1000 times when compared with 
simple 2D ZnO nanofl ake. In the presence of the UV light, the 
conductivity increases when compared with the conductivity in 
dark. The rise in conductivity in the presence of UV light shows 
the photoconductivity in UV spectrum, which is characteristic 
of ZnO. [ 27 ]  ZnO is also highly transparent in visible spectrum, 
which makes it viable candidate as electrode in solar cell appli-
cations. The transmittance of the continuous ZnO fl ake layer 
grown on graphene-over-Si substrate is presented in Figure   3 g, 
which shows transmittance exceeding 80% in the visible (λ > 
400 nm) range and strong absorption in UV (λ < 300 nm) range.  

 In conclusion, we have successfully synthesized ZnO nano-
fl akes on different substrates at ambient conditions by using 
sonochemistry. The process is a low-temperature, scalable, and 
potentially high-throughput process, which can control the mor-
phology of ZnO nanofl akes with different synthesis parameters. 
Moreover, our sonochemical synthesis method is much faster 
than conventional hydrothermal methods, environmentally 
benign, and CMOS compatible. Structural analysis revealed 
that the synthesized ZnO nanofl akes have hexagonal wurtzite 
structure oriented in <0001> direction and lateral growth direc-
tion perpendicular to (0110) plane. Electrical and optical meas-
urements show that the as-synthesized nanostructures exhibit 
markedly higher electrical conductivity compared with ZnO 
nanowalls and nanorods. 2D ZnO nanostructures also exhibit 
high transparency close to 90% in visible and infrared region. 
Hence, single-crystalline ZnO nanofl akes can be used in many 

Ni, and Fe alloys, polyethylene tetrapthalate (PET), and gra-
phene ( Figure    3 a–d). Uniform growth is observed on all the 
substrates except on Al where vertical nanowall growth is more 
pronounced and on Cu where a combination of both walls and 
fl akes grows. The reason for wall growth on Al is described ear-
lier. [ 12,24 ]  For the others, nanostructure morphology is largely 
independent of substrate, while the rate of growth and the 
density changes with the substrate used. Ni and Fe alloys and 
graphene result high growth rate and density, while SiO 2  and 
PET result lower growth rate and density for the same growth 
conditions. Among all the substrates used, graphene is of spe-
cial interest owing to its unique electrical and optical proper-
ties. Moreover, growing oxides over graphene could provide 
additional functionality to graphene in electronic and optoelec-
tronic applications. [ 25 ]  The graphene used is chemical vapor 
deposition (CVD)-grown, and the growth process is discussed 
in the Supporting Information. We observed consistent growth 
of ZnO fl akes on graphene over Si substrate as presented in 
SEM pictures in Figure   3 a–d. The micro-Raman spectroscopy 
in Figure   3 e shows two dominant peaks at 1578 and 2695 cm −1  
corresponding to G and 2D bands, respectively, confi rms the 
presence of single-layer graphene. Comparing the Figure   3 a,c 
which shows the growth of nanofl akes on SiO 2  and graphene 
on SiO 2 , respectively, for a growth period of 3 min, we observe 
that the density of growth on graphene is markedly high. This 
could be attributed to the similar hexagonal atomic confi gu-
ration in the “c” plane of both materials, which acts as good 
template for the growth of hexagonal ZnO structures. [ 26 ]  Also 
the high conductivity of the graphene might have accelerated 
the growth of ZnO nanofl akes.  I – V  characteristics measured 

   Figure 3.    ZnO nanofl akes on: a) SiO 2  substrate, b) graphene/Si, c) graphene over SiO 2 , d) graphene over PET. e) Raman spectrum of the graphene on 
Si substrates confi rms the presence of single-layer graphene. f) Electrical conductivity comparison in the presence of graphene and without graphene 
shows that the conductivity increases for the hybrid structure ZnO–graphene by more than 10 times when compared with just ZnO. g) Comparison of 
transmission for graphene and ZnO–graphene hybrid structure. 
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electronic and optoelectronic applications including transparent 
electrodes in photovoltaic cells, photodetectors, biosensors, and 
fl exible transistors.   

 Experimental Section 
  ZnO Nanofl ake Growth : ZnO nanofl akes were synthesized in a 

custom-made quartz container with a built-in sample holder. All the 
reagents used in experiments were purchased from Sigma–Aldrich with 
analytical grade and no further purifi cation was done. A solution of 
20 m M  ZNH [Zn(NO 3 )·6H 2 O] and 20 m M  HMT [(CH 2 ) 6 ·N 4 ] (All chemical 
were obtained from Sigma–Aldrich) prepared at room temperature 
by stirring with a magnetic stir bar at 350 rpm for 5 min to ensure a 
mixed solution was used as the only solution for the growth of 2D ZnO 
nanofl akes. The substrates were cleaned with acetone, isopropanol, 
and deionized water before immersing it into the solution. The solution 
with the immersed substrate then was irradiated using a commercially 
available high-intensity ultrasound setup (750 W ultrasonic processor, 
Sonics and Systems), during 1–15 min cycles at an amplitude of 70% 
of the maximum amplitude ( ≈ 30 W cm −2 ) and frequency of 20 kHz. The 
global temperature of the aqueous solutions did not exceed  ≈ 70  ° C. 
(For detailed processes and chemical reactions taking place, refer to the 
Supporting Information.)   
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