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n the frontier of nanoscience and nano-

technologies, there has been an ever-

growing interest in novel free-standing
two-dimensional (2D) nanostructures owing
to their intriguing application potentials
for flexible thin-film transistors, optoelectron-
ics, sensors, actuators, energy harvesting,
and storage devices." > Among them, the
most representative materials are graph-
enes*> and semiconductor nanomembranes
(NMs).5” In comparison to one-dimensional
(1D) nanostructures that face daunting
engineering challenges in large-scale inte-
gration, 2D geometry is compatible with the
existing fabrication and assembly technol-
ogies stemming from decades of research
and scrutiny in microelectronic industry.
Their free-standing feature allows them to
be transferred onto arbitrary substrates,
including flexible substrates, which in many
cases are incompatible with most high-
temperature epitaxial growth techniques.®®
Therefore, they hold great promises for
applications in which conventional wafer-
based technologies fail to address the re-
quirements, such as flexible transparent elec-
tronics and conformal medical devices.'® To
date, high-frequency transistors,'’ photo-
detectors,'? light-emitting diodes,’® and
biomedical sensors'*'> have been demon-
strated using NMs made from silicon,'® gal-
lium arsenide (GaAs),"* and gallium nitride
(GaN)."” Nevertheless, broader applications
desire NMs from more functional materials
with low-cost and less sophisticated fabrica-
tion approaches.

The prominent methods of producing
semiconductor NMs involve the use of spe-
cialized anisotropic etching or chemically
selective etching of sacrificial layers. For
example, the creation of silicon NMs relies
on defining trenches on (111)-oriented Si
wafers and selective removal of materials
along the [110] direction'® or the selective
etching of silicon dioxide in silicon-on-oxide
(SOI) wafers.'® GaAs NMs are fabricated by
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Free-standing two-dimensional nanostrucutures, such as graphene and semiconductor
nanomembranes (NMs) featuring their integration with flexible polymer substrates, address
applications in which electronic devices need to be stretchable or conformally positioned to
nonplanar surfaces. We report a surfactant-directed surface assembly approach to producing
large-area NMs at the water—air interface. The NMs were produced by employing the
surfactants as templates as well as incorporating them in the crystal structures. By using
excess amount of sodium dodecylsulfate (SDS), a tightly packed monolayer of dodecylsulfate
(DS) ion was formed and directed the crystallization of submillimeter-sized zinc hydroxy
dodecylsulfate (ZHDS) single-crystalline NMs over the entire water surface. This free-standing
NM can be readily transferred to an arbitrary substrate and converted to Zn0O via heat
treatment. A flexible thin-film transistor was also fabricated using the transferred NMs and
demonstrated reasonably good n-type transport properties. This approach circumvented the
needs of single-crystalline substrates for making large-area NMs from materials that do not
possess a laminate structure. It is a low-cost and large-scale synthesis technique and has great
potential in developing NMs and flexible devices from various functional materials that are not

feasible by conventional selective etching or delamination approaches.

KEYWORDS: two-dimensional nanostructure - free-standing -
nanomembranes - surfactant monolayer

etching off sacrificial aluminum gallium
arsenide from multilayer expitaxial films.°
In general, the sacrificial layer should have
distinguishing chemical properties to allow
selective etching. Meanwhile, its crystal
structure should be nearly identical to the
NM material so that high-quality single-
crystalline NMs can be grown epitaxially.
Therefore, the choices of NM materials are
largely limited by the availability of sacrificial
layers. As is done for graphene, exfoliation
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Figure 1. Schematic illustration of the formation process of ZHDS NM:s at the water surface assisted by DS ions.

of naturally layered materials such as MoS, offers an-
other route to 2D nanostructures.?'?? However, the
availability of layered semiconductors has always been
a constraint of considering exfoliation as a general
method for producing NMs. The recent success in
solution synthesis of lead sulfide by oriented attach-
ment?® and ceria ultrathin nanosheets by controlled
precursor supply>* showed good promises in produ-
cing large quantities of 2D nanostructures, but their
sizes remained in the submicrometer regime.
Surfactants are commonly used in nanomaterials
syntheses to modify the morphology of inorganic crys-
tals. In addition to microemulsion synthesis, the me-
chanisms are generally perceived to be the selective
adsorption of surfactants onto certain crystallographic
facets. Alternatively, the other important behavior of
surfactants (i.e., the close-packed monolayer [Langmuir—
Blodgett (LB) film] at the water—air interface) can also
be applied to directing crystal growth. Emulating
biomineralization, epitaxial growth under LB films has
been used to synthesize facet-controlled inorganic
crystals. For example, using a LB film composed of
arachidic acid (AA), PbS, CdS, and PbSe nanocrystals
were epitaxially grown at the liquid—air interface via
reactions between soluble metal precursors and reac-
tive gases.>?® Metal nanoparticle films, such as Ag,
have also been synthesized from AgNOs and formal-
dehyde under a LB film of dihexadecyl phosphate.?’”
Inspired by this strategy, we developed a surfactant-
directed surface assembly approach to producing
large-area NMs at the water—air interface. The NMs
were produced by employing a monolayer of the
dodecylsulfate (DS) ions as templates, as well as incor-
porating them in the crystal structures. Free-standing
NMs composed of submillimeter-sized single-crystal-
line zinc hydroxy dodecylsulfate (ZHDS) were formed
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over the entire water surface. They can be transferred
to an arbitrary substrate and converted to ZnO via heat
treatment. A flexible thin-film transistor was also de-
monstrated using the transferred NMs. This approach
circumvented the needs of single-crystalline substrates
for making large-area NMs from materials that do not
possess a laminate structure.

Synthesis Strategy. Figure 1 illustrates the formation
strategy of ZHDS NMs on the water surface. Zinc ni-
trate and hexamethylenetetramine (HMT) are two well-
known precursors to produce zinc oxide nanostruc-
tures in aqueous solutions.”® However, in the presence
of sulfate ions, both the composition and the morphol-
ogy of the products are dramatically changed. Elemen-
tal zinc and zinc ions often mineralize to zinc hydroxy
sulfate hydrate in the presence of sulfate ions.?’ Morin
et al. recently reported the formation of zinc hydroxy
sulfates semihydrate (3Zn(OH),-ZnS0O,4-0.5H,0) (ZHS)
microplates when ZnSO, was added to the ZnO
growth system.>® In fact, the erosion of zinc metal in
the presence of sulfate ions or chloride ions has been
known to produce similar compounds, although the
degree of hydration and the ratio between hydroxides
and sulfates may vary.3' Therefore, it would not be
surprising that DS ions, containing sulfate groups,
could alter the composition of the products from the
two precursors that normally would produce 1D ZnO
and convert the morphology to 2D. There have been a
number of reports on the synthesis of Zn(OH),/DS
layered composite films, including electrodeposition®*33
and chemical reaction between zinc nitrate and HMT3*3>
Different from those reported, we used an excess
amount of sodium dodecylsulfate (SDS) surfactants
above the critical micelle concentration (CMC) to form
a densely packed DS ion monolayer on the water sur-
face. As depicted in Figure 1, DS ions form a negatively

VOL.6 = NO.3 = 2602-2609 = 2012 ACNJANIC)

W N\
WWww.acsnhano.org

2603



(d) Si

Zn
¢ $

T T
05 10 15 20 25 30 35 d0Kev

-150

50

-50
-100

«
\ 150nm
o

2 4 6 8 10 12 14 pm

Figure 2. Structural characterization of ZHDS NM. (a) Optical microscopy image of a ZHDS NM supported by a Si substrate.
Theinset is a photo of the as-synthesized NM on the water surface in a glass dish. (b) SEM image of ZHDS NMs on a Si substrate.
(c) SEM image taken at the edge of a ZHDS NM showing the layered structure. (d) EDX spectrum of ZHDS NMs showing the
elementary composition. (€) AFM topological image of a single hexagonal ZHDS grain showing the flat surface and a thickness

of ~150 nm.

charged monolayer at the wafer surface, under which
zinc cations are enriched and an electrostatic double
layer is formed. As the temperature increases, the pH
value of the solution, buffered by HMT and its thermal
decomposition to ammonia, also increases, which in-
itiates the crystallization of ZHDS both underneath the
DS ion monolayer and in the bulk solution. Because
there is also a significant amount of DS ions in the bulk
solution, zinc ions are also in the form of ZnDS, and
ZHDS, in addition to all forms of zinc hydroxyl species
(Zn(OH),,, 2, m = 0 to 4). Zinc hydroxyl species, as well
as Zn(OH),DS, species, diffuse to the water surface and
participate in the crystallization of ZHDS on the water
surface. The DS ions stay in the crystal in a tail-to-tail
configuration with sulfate heads bonding with zinc
ions. This creates a layered structure with alternating
zinc hydroxide layers and double hydrophobic DS tail
layers.

Morphology and Structure Analyses. Because of the con-
tinuous distribution of the DS ion monolayer, the
as-synthesized ZHDS NM can completely cover the entire
water surface in the container, as shown in the inset of
Figure 2a. The size of the continuous ZHDS NM is only
limited by the opening area of the reaction vessel. The
photo was taken at an angle, from which the contrast
of the NM is maximized so that the NM is distinguish-
able. Transferring of the NM to a substrate was done by
inserting the substrate below the floating NM and
slowly scooping up. The NMs exhibited good flexibility
and integrity and can cover the entire substrate surface
while remaining intact (Figure S1 in Supporting Infor-
mation). Figure 2a shows such a NM that was trans-
ferred onto a silicon substrate. The color contrast is
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the consequence of optical interference that results
from nonuniformity in thickness. From red to blue, the
thickness decreases. Some radical patterns of color
gradient in this image imply the existence of surface
pyramids, which will be discussed later in detail. The
color contrast also suggests the approximate grain size,
which is from ~50 to >100 um. The cracks and wrinkles
were formed during NM transfer from the water sur-
face to the substrate and/or during the drying of water.
Figure 2b is a scanning electron microscopy (SEM)
image of a NM with smaller grain size supported on a
silicon substrate. It clearly reveals that the NM is
actually composed of hexagonal-like plates. These
plates overlap to the extent that the overall NM is
continuous. Very small open spaces can still be ob-
served at the boundary where the plates meet. At the
exposed edge, the layered structure can be visualized
possibly due to the nonuniform lateral growth of each
layer (Figure 2c). The elemental composition of the NM
is confirmed by the energy-dispersive X-ray spectros-
copy (EDS) equipped in the SEM chamber (Figure 2d).
Signals from Zn, O, C, and S can all be clearly detected,
supporting the possibility of the ZHDS component. The
topography of a single grain was analyzed by atomic
force microscopy (AFM), as shown in Figure 2e. A fairly
flat top surface was demonstrated with a surface
roughness of &2 nm. The thickness was determined
to be ~150 nm for the NM that was grown for 4 h.
The layered structure of the ZHDS NM was con-
firmed by small-angle X-ray diffraction (XRD), as shown
in Figure 3a. The intensity of the reflection peaks
decreases as the order of the peaks increases. From
the position of the first peak (2.2°), the periodicity of
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Figure 3. (a) Small-angle X-ray diffraction of as-synthesized
ZHDS NMs. (b) Wide-angle X-ray powder diffraction of ZHDS
NMs. (c) Wide-angle X-ray powder diffraction of ZHDS NMs
annealed at 500 °C for 12 h.

the layered structure is estimated to be 4.0 nm, which
consists of an inorganic ZH layer and a double layer of
DS ions. To further identify the crystallographic struc-
ture of ZHDS NM, powder diffraction patterns were also
collected, where the high-order reflection peaks result-
ing from the layered structure also appeared (Figure 3b).
The crystal structure of ZHDS could be viewed as a
derivative of that of ZHS, in which octahedral coordi-
nated zinc cations have a six-fold symmetry in the zinc
hydroxyl layer while divalent sulfate ion (as well as
water molecules in the hydrated form of ZHS) layers
bridge the zinc hydroxyl layers.® In the ZHDS crystal
structure, DS ions substitute sulfate ions in ZHS crystals.
The hydrocarbon tails of DS ions overlap by hydro-
phobic interactions and form an effectively Gemini
surfactant layer, bridging the zinc hydroxyl layers and
leaving them unchanged.?”*® In Figure 3b, four peaks
can be indexed to 3Zn(OH),-ZnSO,4-0.5H,0 (ZHS) (PDF
no. 44-0674) (110), (120), (030), and (150) planes. These
are all (hkO) planes, which supports that the crystal
structure of the ZHDS NMs is a derivative from ZHS
hydrate, as the zinc hydroxyl layers in ZHDS should
have the same lattice parameters as those in ZHS while
the c value is significantly augmented by the intercala-
tion of the hydrocarbon tails of DS ions. The sample
was then annealed in air at 500 °C for 12 h to burn off
the organics and dehydrate zinc hydroxide. Corre-
sponding XRD pattern is shown in Figure 3c. After
annealing, all XRD peaks can be indexed to two phases:
zinc oxide sulfate (ZnO-2ZnS0O,, PDF no. 32-1476) and
wurtzite ZnO (PDF no. 36-0451). This result suggests
that the hydrocarbon tails and hydroxyl groups can be
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Figure 4. XPS analysis of as-synthesized ZHDS NM:s. (a) XPS
spectra showing Zn 2P peaks; (b) Wagner plot showing the
modified Auger parameter of Zn in ZHDS as well as Zn in
ZnO, ZnSO,, and Zn(OH),, retrieved from NIST XPS database.

completely removed at elevated temperature, whereas
the sulfate groups still exist in the form of zinc oxide
sulfate. How to effectively remove the sulfate groups
from the NMs would be a critical challenge to receive
pure ZnO phase.

In order to further confirm the chemical environ-
ment of zinc, X-ray photoelectron spectroscopy (XPS)
was used to characterize the ZHDS NM on the Si
substrate. The Zn 2p 1/2 and Zn 2p 3/2 peaks appear
at 1045 and 1022 eV, respectively (Figure 4a). To inter-
pret the chemical environment of zinc from XPS results,
modified auger parameter (o, the sum of kinetic
energy of the Auger transition and Zn 2p 3/2 binding
energy) of the as-grown ZHDS NM was plotted in the
Wagner plot (chemical state plot), as shown in Figure 4b.
The Auger kinetic energy is on the ordinate, and
the photoelectron binding energy is on the abscissa
oriented in the negative direction. To a good approxima-
tion, the shifts in the modified auger parameter (shown
in the diagonal line) between two chemical states
are different in the extra-atomic relaxation (AR®®) or
the polarization energy arising from the neighbor-
ing ligands.®® Standard modified Auger parameters
of Zn(OH),, ZnSO,, and ZnO were retrieved from the
NIST XPS database. Figure 4b shows that the modified
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Figure 5. TEM characterization of ZHDS NMs. (a) Large-area
TEM image where multiple grains can be seen. Inset is the
electron diffraction pattern of a single NM grain, where the
six-fold symmetry can be clearly seen. (b) Edge of a single
NM grain showing the multilayer structure. (c) High-magni-
fication TEM image of a curled edge where the multilayer
structure can be observed. The periodicity is measured
to be ~4 nm. (d) Hexagonal single grain with flat surface.
(e) Hexagonal single grain with obvious surface hillocks.

Auger parameter of the ZHDS NM lies in line with those
of Zn(OH), and ZnSO,, but not ZnO. This is in agree-
ment with the discussed bonding situation: zinc cations
are coordinated by hydroxides and sulfates.

The morphology and crystal structure of the ZHDS
NMs were further characterized by transmission elec-
tron microscopy (TEM). It is worth mentioning that the
ZHDS NMs deteriorated very quickly under the illumi-
nation of focused electron beam, which is a direct
result of the charging effect by the nonconductive DS
ion layers. Figure 5a was snapped at a low magnifica-
tion and further revealed that the ZHDS NMs com-
prised individual overlapping hexagonal grains. By
taking the electron diffraction pattern at each individ-
ual grain, we found that each of them was a single
crystal (inset of Figure 5a). However, when including
multiple grains in the beam spot, we observed multiple
sets of hexagonal single-crystalline diffraction pat-
terns with angle offsets, suggesting the misalignment
between each grain and the others in the vicinity.
Figure 5b shows the edge of a single-crystal NM where
the layers are not perfectly overlapping and thus ob-
servable. The curled edge of another single-crystal NM
in Figure 5c also reveals the layered structure in ZHDS.

WANG ET AL.

The curled edge reveals the cross section of one NM
grain, where the dark stripes and bright stripes corre-
spond to the alternating inorganic and double DS
layers, respectively. The layer thickness was measured
to be ~4.0 nm, which is in good agreement with XRD
data (see Figure 3a). Two typical morphologies of indi-
vidual single-crystalline grains are shown in Figure 5d.e,
respectively, where one has fairly uniform contrast
(Figure 5d) and the other one showed obvious helical
contours (Figure 5e). The grain with helical contours is
the dominating morphology in observed NMs. Affir-
matively, the contrast comes from thickness of the NM,
and the helical contours thus represent morphologi-
cally hillock-like pyramids. This is indicated in Figure 1a
and unveiled by SEM and AFM analyses, respectively.
AFM topographic scan revealed a grain from ZHDS
NMs with hillock step heights of ~8 nm multiples
(Figure S2).

Formation Mechanism. Similar surface hillocks have
also been observed on ZHS plates and were proposed
to be a result of screw dislocations.?**° We believe that
the growth of ZHDS NMs was also driven by screw
dislocations because of the similar crystal structures
and surface hillock features. In order to further verify
this mechanism, the morphology of ZHDS NMs at
different growth time points was investigated by TEM
(Figure S3). After a 15 min reaction, hexagonal plates
smaller than 2 um were observed. Majority of these
plates exhibited a pore in the center. This is a
common phenomenon due to strain relaxation asso-
ciated with screw dislocations, known as dislocation
pipes, which is often seen in screw-dislocation-rich
materials such as GaN.*’*? As the growth proceeded,
the size of the hexagonal plates continuously increased
and eventually reached ~10 um in diameter after
90 min (Figure S2b—d). The dislocation pipes were also
closed during the growth because crystal growth in the
dislocation pipes is energetically easier.** The size of
single-crystalline grains could reach >100 um given
longer growth time.

Evolution of the flat and wide hillock steps from
screw dislocations was suggested to be the result of
the comparable lateral growth rates of all hillock step
edges, where the growth of the hillock steps formed
later cannot catch up with earlier formed ones. This
would also be the key feature that led to the formation
of continuous NMs covering the entire water surface. In
order to illustrate this mechanism, we denote the
growth rates of the first NM layer and the rest layers
as v; and v,, respectively, as shown in Figure 6. Because
of surfactant tails exposed on top of the ZHDS layers,
the ledges at the ZHDS growth front are favorable
deposition sites due to hydrophobic interaction be-
tween the hydrocarbon tails. Thus, fast v, could always
be obtained. When a surfactant monolayer appears on
the water surface, it provides a similar deposition ledge
as those of the rest of the layers directing the growth of
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Figure 6. Schematic drawing that illustrates the difference
in the evolution of the hillock steps between the large-area
NMs grown on the water surface (a) and small-area plates
precipitated from the bulk solution (b). In case (a), the DS ion
monolayer at the water surface leads to comparable v, and
v, and large NM is formed. In the absence of the DS ion
monolayer, v, is significantly limited, so small and thick
plates are produced. (c) ZHDS micrometer-sized plates
grown inside bulk solution. The hillock steps are obvious
on the surface of the plates.

the first layer of NM, resulting in comparable v; and v..
Therefore, large-area NM can be formed without sig-
nificant thickening of the ledges, and clear hillocks are
always shown (Figure 6a). This mechanism is further
proved by the products obtained from bulk solution,
where no large surfactant layer is presented. Without
the assistant of the surfactant layer, v; is significantly
suppressed, while v, is unaffected. Therefore, v, > v;,
and thereby the later formed growth ledge can quickly
catch up with the earlier formed layers, leading to the
formation of small and thick disks in bulk solution
(Figure 6b). The corresponding products are shown
in Figure 6¢, where the hillocks on the surface can still
be clearly observed. The different morphology of ZHDS
on the water surface and in the bulk solution supports
the importance of the surface DS ion monolayer in
directing the growth of large-area NMs. This growth
mechanism suggests that the formation of NMs should
be dictated by the reactions at the water surface. Although
micelles with various morphologies can be formed
at different concentrations and temperature regimes
when the surfactant concentration is above its CMC,
the micelles do not have a direct relationship with the
NM growth at the water/air interface. As evidenced by
TEM analysis, the DS ion double layers are part of the
crystal structure of ZHDS and are unlikely to be a result
of the existence of micelles in the bulk solution.
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Figure 7. (a) Optical microscope image showing a ZHDS
NM-based FETs on a PET substrate. Channel length and
width are 20 and 5 um, respectively. (b) Transfer character-
istics of FETs before (red) and after (blue) annealing at 95 °C
for 48 h. (c,d) Output characteristics of as-synthesized (c)
and annealed (d) samples measured from Vp = 0—15 V and
Vs = 0—20 V with 5 V steps.

Electrical Properties. The large-area substrate-free NM
offers great advantages in fabricating flexible elec-
tronic devices. Field-effect transistors (FETs) were fab-
ricated by transferring the free-standing ZHDS NM
onto a plastic substrate. Standard photolithography,
dielectric and metal evaporation, and liftoff processes
were used to form source/drain contacts with Ti/Au,
gate dielectric, and the contact between SiO, and
Ti/Au. Details of the device fabrication procedure are illu-
strated in Figure S4. ZHDS FETs with a channel width of
20 um and a length of 5 um are shown in Figure 7a. The
electrical transport characteristics shown in Figure 7b
clearly demonstrated an n-type behavior. Drain current
was significantly improved by annealing the device at
95 °C for 48 h in a convection oven after device fabri-
cation. The detail electrical characteristics, that is, the
saturation mobility (#sr) and the threshold voltage
(Vrn), were calculated and extracted by eq 1
1 (WCOXMsat

Ibs = = 1

> >(VGS — V)? (1)

where W and L are channel width and length, Coy is the
capacitance per unit area of dielectric layer, and uy is
the saturation mobility. After the heat treatment, gt
was increased from 0.0027 to 0.12 cm?/V-s for Vps =
15 V, and corresponding on/off ratio was improved
from 10% to 3 x 10°. Vyy calculated by fitting a slope to
the plot of the square root of drain current versus gate
bias was decreased from 1 to 0.6 V. These improve-
ments could be attributed to the removal of water from
the layered structure and/or dehydration of the hy-
droxyl groups. Figure 7¢,d shows the output character-
istics of as-synthesized and annealed ZHDS-NM FETs
measured from Vp =0—-15Vand Vg =0-25V with 5V
steps, respectively. In both cases, the degree of satura-
tion of drain current is similar, while the drain current
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was efficiently suppressed at a low gate bias region
from the annealed device, which is advantageous in
terms of power saving at an off state.

CONCLUSION

In this paper, we reported a novel strategy of
synthesizing large-area free-standing crystalline NMs
without using any crystalline substrates. The formation
of NMs was directed and templated by self-assembled
surfactants in a form of monolayer on the water surface
as well as incorporated inside the crystal. The experi-
ments used excess SDS as surfactants in a conventional
solution for making ZnO nanostructures. Due to the
incorporation and self-assembly of DS ions, continuous
ZHDS NMs were formed covering the entire water
surface. The NM was composed of overlapping sin-
gle-crystalline hexagonal ZHDS plates with the size

METHODS

All chemicals were purchased from Sigma-Aldrich and used
without further purifications. In a typical synthesis, a glass dish
containing 50 mL of an aqueous solution of 20 mM SDS
(dodecylsulfate, sodium salt), 25 mM zinc nitrate, and 25 mM
hexamethylenetetramine was placed in a convection oven set
at 90 °C for 4 h. After that, a continuous membrane formed on
the water surface. This membrane was scooped by a silicon
substrate or carbon film covered TEM copper grid for character-
ization. The morphology and structural characterizations of the
NMs were performed with a LEO 1530 scanning electron micro-
scope, a Philips CM200UT transmission electron microscope,
and a Thermal Scientific K-Alpha small spot photoelectron
spectrometer system. Small-angle XRD was taken by a Hi-Star
2D X-ray diffractometer, and powder diffraction was taken by a
STOE powder diffractometer. The current—voltage characteris-
tics of the single NM FETs were measured using a semiconduc-
tor parameter analyzer (Agilent 4155B) in the dark to avoid any
light-induced photocurrents.
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