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Large-scale silver sulfide nanomesh membranes with ultrahigh flexibility
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Abstract: The growth of flexible semiconductor thin films and membranes is highly desirable
for the fabrication of next-generation wearable devices. In this work, we have developed a one-
step, surface tension-driven method for facile and scalable growth of silver sulfide (Ag>S)
membranes with a nanomesh structure. The nanomesh membrane can in principle reach infinite
size but only limited by the reactor size, while the thickness is self-limited to ca. 50 nm. In
particular, the membrane can be continuously regenerated at the water surface after being
transferred for mechanical and electronic tests. The free-standing membrane demonstrates
exceptional flexibility and strength, resulting from the nanomesh structure and the intrinsic
plasticity of the Ag>S ligaments, as revealed by robust manipulation, nanoindentation tests and
pseudo-in-situ tensile test under scanning electron microscope. Bendable electronic resistance-

switching devices are fabricated based on the nanomesh membrane.

Keywords: Flexible nanomesh, Nanoscale plasticity, Nanoindentation, In-situ tensile test,

Resistance-switching device.
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Inorganic semiconductor thin films play a key role in many optical and electrical devices such
as transistors, light-emitting diodes, and solar cells. The conventional methods for the growth
of thin films and membranes include chemical vapor deposition, physical vapor deposition,
atomic layer deposition, and solution-based spin coating, etc.!”* Continuous and dense films
can be obtained via these methods, but the films either have poor mechanical properties or are

challenging for mechanical measurements.

Bulk inorganic semiconductor compounds are normally regarded as hard and brittle
materials. But recently, several inorganic semiconductors with high ductility at room
temperature were found, such as Ag>S*, ZnS (in darkness)’, and InSe®. These findings have
challenged the traditional recognition of plastic materials and promoted the discovery of new
mechanisms for the ductility of bulk semiconductors. Take bulk a-Ag>S as an example, which
is an n-type semiconductor compound with a bandgap of 2 eV, is highly ductile, and can be
readily processed to various shapes at room temperature. The ductility of a-Ag>S is considered
to arise from the weak Ag-S bond between the slip plane*. Flexible devices such as
photodectors’, non-volatile memory' based on 0-Ag>S membranes have been fabricated,
whereas the mechanical properties of the material down to the nanoscale have not been

explored yet.

In this work, we have developed a solution-based, self-assembling process for the growth
of a large-scale, free-standing 0-Ag>S nanomesh membrane. The synthesis was simply
executed by mixing the aqueous solutions of amidinothiourea (ADT) and AgNOs followed by
standing for 24 h, which in principle can produce Ag>S membranes with an infinite area at the
water-air interface, but rather only limited by the size of the reaction container. Particularly,
the membrane can be renewably formed at the interface after being transferred for mechanical
and electrical tests. An ultra-high ratio of the lateral size and the thickness (> 10°) is achieved

for the membrane, comparable to that of single-atom layer materials such as graphene. Still,
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the membrane is extremely flexible, expandable and deformable, which in part results from the
nanomesh structure and in part from the intrinsic plasticity of the Ag>S ligaments. Bendable

electronic resistance switching devices are fabricated out of the nanomesh membrane.
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Figure 1. (a) Schematic illustration of the interfacial synthesis of Ag>S membrane. (b) Top-

view SEM image of Ag>S membrane. Inset: membrane on a glass substrate. (c) AFM
topography image and height profiles. (d) Photos of Ag>S membrane on water for illustration
of the regeneration process. (¢) Ag>S membrane on water with increased concentrations of

ethanol in water. (f) Copper grid holes without (left) and with Ag>S membrane (right) on top.
After mixing the aqueous solutions of AgNO3 and amidinothiourea (ADT) in a petri dish,
Ag>S nanoparticles were immediately produced with the size of ca. 10 nm, forming a stable
colloidal solution. It is worth mentioning that no extra stabilizing agent was used but rather
ADT acted as a self-stabilizing molecule. Driven by the large surface tension of water, the
nanoparticles floated onto the water-air interface where coalescence®, and then a continuous

Ag>S membrane was formed on the water surface through oriented attachment (Figure S1)after
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standing in dark for 24 h®. The two-dimensional growth of the membrane is only limited by the
reaction container. Its size can readily exceed 10 cm? even after being transferred to a glass
substrate (inset in Figure 1b, UV-vis spectrum shown in Figure S2). The powder X-ray
diffraction (XRD) pattern confirms the formation of Ag>S in the a-phase. Scanning electron
microscopy (SEM) image (Figure 1b) reveals the nanomesh structure of the membrane on a
silicon wafer (deposition method shown in Figure S3) and its thickness was determined to be
44 nm by atomic force microscopy (Figure 1¢ and Figure S4). As such, the lateral size/thickness
ratio of the membrane reaches as high as 10°, comparable to many atomic thick 2D materials

12-14"and mica'®. Very interestingly, the Ag>S membrane can be

such as graphene'®!'!, MoS»
continuously regenerated. As a demonstration, a part of the membrane was dipped out by a
piece of glass, and then the void can be covered again by the newly formed Ag>S on the surface,

turning into a complete membrane after another 24 h standing (Figure 1d). This regeneration

process can repeat many times until the Ag>S concentration was not high enough.

To investigate the effect of surface tension on membrane growth, ethanol was added to
the aqueous solution for lowering the surface tension. The membrane was still formed at
relatively low ethanol concentrations (1 and 5 vol%), but with poor integrity (Figure 1e). When
the surface tension was further decreased with more ethanol added (10 and 30 vol%), the
membrane only appeared at the edge of the petri dish. This phenomenon can be explained by
the Young-Laplace equation Ap=2y/r, where Ap is Laplace pressure, y is the surface tension,
and r is the radius of curvature: the concave surface at the edge endows outward Laplace
pressure on the Ag>S nanoparticles, which provides an extra driving force for the membrane
formation at the water-air interface. More discussion about the effect of surface properties on

membrane growth is provided in the supplementary information (Figure S5-S7).

The Ag>S nanomesh membrane can self-supportively stand across large holes, as

displayed by the SEM images of the grid in which with and without the Ag>S membrane on
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top are compared (Figure 1f). In this circumstance, pretension is considered to exist within the
membrane as reflected by the expanded mesh: the density of the ligaments located on the edge
of the grid hole is much lower than that located in the center (Figure 2a, b). The widths of the
blank areas along the vertical and horizontal directions are then measured and recorded (Figure
2¢): the width in the center of the hole is concentrated at 60 nm, which is very similar to that
of Ag>S membrane deposited on carbon film (Figure S8), while the width on the edge is larger
and more dispersed, ranging from 60 to 400 nm. These results demonstrate that the partially
dissipated pretension via pore expansion should be one of the mechanisms that contribute to
the flexibility of the membrane with great connectivity (Figure S9). Further, we noticed that
the crystallinity of the ligament may be destroyed under such high stress. One typical spot is
shown in Figure 2d, where clear lattice fringes were observed above the yellow dashed line,
while at the waist of the ligament the structure becomes disordered due to the stress

concentration.
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Figure 2. TEM image of Ag>S nanomesh in different spots of the grid (shown in the insets):
(a) in the centre and (b) on the edge. (c¢) Distributions of the blank widths along the horizontal
and vertical direction of the grid. (d) HRTEM image of a ligament on the edge of the grid hole.
(e) SEM image of Ag>S membrane deposited on the broken face of a glass piece. (f) SEM
image of wrinkled Ag>S membrane. (g) Photo of a folded membrane after adding ethanol to

the solution. (h) The folded membrane was picked out of the water with a needle.



The exceptional flexibility and foldability of the Ag>S nanomesh membrane is first
demonstrated by robust manipulations. For instance, the deposition can also be facilely realized
on extremely rough surfaces, e.g. the breaking face of glass (Figure 2e). The membrane
perfectly followed the complex topography without any breakage. This process reminds one of
the stamping procedure in metal sheet processing,'® whereas instead of using a machine for
stamping pressing, the surface tension and atmospheric pressure naturally forced the membrane
to adapt to the rough surface in our case. Another demonstration is that the membrane curled
up owing to flow vibration during transfer (Figure 2f and Figure S10), similar to single-layer'”
or few-layer'> 2D materials and some soft 2D polymers.!” Next, a dynamic observation was
made by adding a drop of ethanol into the solution. The membrane on the water surface was
violently disturbed and folded into a scroll due to a sudden decrease of the surface tension
(Figure 2g). The scroll can be picked up by a needle, overcoming the gravity and surface
tension from the water. The excellent mechanical properties of the membrane endow it with a

promising functional layer for flexible and wearable device fabrication as demonstrated below.



) SO 250
Cono-spherical .=~ o "~ —100nm
S \ —2000nm 1
. I ) 200 f ——5000nm e ‘“-’\4
' ! ':p:". ¥
| - Z 150} i
Glass —— / / =<
/ §e)
/
AgSs |/ TS 8"l
Membrane | Berkovich oo
‘.‘ o _‘ ! 50
| ‘i !

50 100 150

Ay

AS X e
Si Wafe, '\h_.::--"“"'—‘/— /

1000_2000 3000 4000 5000

l Depth (nm)
C
r =i Holding
500 75
L Unloading
- 400 —_
= prd L
O =250
~— 300 g L
2 B | ‘I I S“Ft,’se‘?“e"t Plastic
op-ins
o o L Energy
—1 200 1 L
25|
I Elastic
100 ¢ Energy
1 First Pop-in /
0 1 1 1 1 1 L O 1 1 1 1 1 1 1
0 10 20 30 40 50 60 0 5 10 15 20 25 30 35 40
Depth (nm) Depth (nm)

Figure 3. (a) Schematic illustration of nanoindentations with different indenter tips and
substrates. Note the orange-colour Ag>S membranes possess a nanomesh porous structure. (b)
The typical load-depth curve of nanoindentation on Ag>S membrane over a 50 pm hole. (c)
The representative load-depth curves of nanoindentation tests on the Ag>S membrane on a solid
silicon wafer. (d) The representative load-depth curves of nanoindentation tests on the silicon

wafer (black line) and Ag>S membrane on a silicon wafer (red line) under the load of 75 uN.
To gain quantitative insights into the mechanical properties, the Ag>S membrane was
deposited over patterned holes (®50x40 um, glass substrate) for nanoindentation tests (Figure
3a, top). The load-depth curve and the corresponding optical microscopic images of the
membrane after each indentation were shown in Figure 3b. First, a 100 nm-depth indentation

was applied to probe the mechanical response. The displacement returned to zero upon
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unloading, indicating elastic behavior under such small displacement. When the indentation
depth increased to 2000 nm, the load-depth curve can be divided into two stages: the steep
increase stage from the beginning to 1140 nm displacement, followed by the second stage of a
vibrant plateau. A circle rupture with a radius of ca. 8 um was seen within the film, which
should occur at the transition point (depth 1140 nm, load 113 uN) of the loading process.
Careful observation reveals the smooth funnel-shaped rupture toward the bottom (inset in
Figure 2b), confirming the exceptional deformability of the membrane. The following 5000
nm indentation demonstrates a similar mechanical response, although the membrane was
already damaged after the 2000 nm indentation. The circular void was enlarged but still stayed
localized, and no cracks were observed around it. These results imply that the membrane was
highly tolerant for structural defects, and the stress was beard by the whole membrane upon
large displacement. The break strength omax was estimated to be 741 MPa according to the
equation Gmax=(FmaxE/4mript)?, where Fmax is the maximum load before the break (113 pN in
here), £ is Young’s modulus of the material, r4p is the radius of the indenter tip, and ¢ is the
thickness of the film!%-!1- 14151819 'Thjs value is much higher than the value of bulk Ag>S (63.9
MPa). We propose three main reasons that may cause the high break strength: 1) The strength
was overestimated because of the ignored nonlinear elasticity in the equation above'l; ii)
Compared with the nanoindentation carried out on 2D materials, a blunter tip (74p/t is 10 times
lower) was used and resulted in a higher breaking force which is sensitive to tip radius!’; iii)

The strength of materials normally is enhanced when the size decreases due to the size effect’.

It has been recognized that micro/macro-porous structures can have a substantial impact
on the mechanical properties of materials and can even change a rigid material to a flexible
one.?!?? In this context, it is necessary to determine if the intrinsic mechanical nature of the
Ag>S ligaments contributes to the flexibility of the nanomesh; in other words, to verify if the

plasticity of bulk Ag>S is maintained down to the nanoscale. In this regard, the membrane was
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deposited on a solid silicon wafer for further nanoindentation test (Figure 3a, bottom). Upon
fixed loads, (varying from 20 to 500 uN, Figure 3¢) the hysteresis comprising loading, holding,
and unloading stages indicates the plastic deformation upon the compressive stress>>. The
substrate effect became visible for the 550 uN load cycle as implied by the sudden force
increase at 38 nm depth. Therefore, a more detailed analysis is conducted based on the 75 uN
indentation curve (for comparison, the test on the bare silicon wafer is also recorded as the
black line). During the early loading stage, the curve obeys the Hertz contact theory with a
continuous deformation.?* When the load reached a critical value (17.5 uN), the first pop-in
(small horizontal plateau) occurred, followed by the second and more pop-ins across the
loading stage. The pop-in discontinuities in the loading curve are strongly indicative of the
plasticity of the membrane, as frequently observed in nanoindentation on metals where the pop-
ins occur owing to dislocation nucleation and avalanches**%¢. In terms of bulk Ag>S, Shi et al.
argued its high plasticity originates from the relatively weak Ag-S bond between the slip plane
which results in easy slipping along the [001] direction®. Our results suggest that the plasticity
is retained in the Ag>S membrane with its thickness down to 50 nm, although the detailed
mechanism for the pop-ins is under investigation. In this regard, the total work of the
indentation U, the elastic work U, and the plastic work U, under different loads (Figure S11)
were calculated, where U=U:+U,. Under 75 puN load and 27.5 nm displacement, the U; was
calculated to be 1.3e-3 nJ, meaning up to 95% of the energy was dissipated in plastic

deformation (U).
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Figure 4. (a) Picture of the self-designed 3D printed stage for tensile test. (b) illustration of
the method for mounting the substrate. The orange stripe is the dog-bone-shaped plastic

substrate with Ag>S membrane on top, and the grey ones are the carbon tapes for fixing the
substrate. (c) Schematic illustration of the moving modules in the tensile test. (d) Top-view
photo of the substrate before (left) and after (right) the tensile test. (¢) SEM images of Ag>S

membrane during the tensile test under different strains. Scale bars 1pm.

To monitor the real-time behavior of individual ligaments during tensile deformation, a
device for pseudo-in-situ tensile test under SEM (Supporting video) was home-designed and
fabricated by 3D printing (process details in Figure S12). The Ag>S membrane was deposited
on a standard dog-bone-shaped polyethylene substrate and then mounted on the tensile stage

(Figure 4a, b). The stress is applied to the polymer substrate by clockwise turning of the main
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screw and the precision of strain is 1% (Figure 4c). Some flaws were present in the membrane
(Figure 4e-1) due to the roughness of the substrate, which can just be used as landmarks for
locating the target ligaments. Two ligaments became visible at 5.2% engineering strain and
were selected to study the mechanical response against the horizontal stress (Figure 4e, ii). The
orange-colored ligament had a length of 210 nm and a width of 150 nm at this stage, and
obvious elongation was seen when the strain of the substrate reached 19.7%. The length
increased by 133% and the width decreased by 40% under 31.2% strain (Figure 4e, iii-viii).
The situation of the yellow-colored ligament response is a bit more complex. Firstly, the
direction of this ligament was gradually changed from perpendicular to the stress to almost
parallel to the stress (Figure 4e, ii-v). As the stress continued, necking occurred in the middle
of the ligament (Figure 4e, vi-viii). Finally, the ligament was detached from the matrix on its
left side, whereas no crack was observed within it. The pseudo-in-situ recorded elongation and
necking phenomenon provide strong evidence of the plasticity of the Ag>S ligaments in the

nanomesh.
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Figure 5. (a), Schematic illustration of the resistive switching device structure. (b), Current-
bias curves of the device under different bending radii respond to (c)-(e). (c)-(e) Photos of the
flexible Ag>S device under electrical test with different bending radii. Insets show the side

views of the device.

Resistance switching can occur in Ag>S by applying an external electric field, transitioning
from a high resistance state (HRS) to a low resistance state (LRS) due to the formation of Ag
channels?’-?8, This property endows Ag>S with the potential for developing next-generation
non-volatile memory devices. Herein, a transparent flexible resistance-switching device was
fabricated by depositing the membrane on a flexible polyethylene terephthalate (PET) substrate
with silver electrodes as the bottom contact (Figure 5a). The current-voltage (I-V)
characteristics were recorded with a probe station at different bending curvatures (Figure 5b),
revealing the transition from the HRS (average resistance 82 kQ) to LRS (average resistance
0.25 kQ) when the bias reached 0.15 V (sweeping from 0-0.3 V). We note that the switching
performance remained almost constant, even when the substrate was bent over 180" (Figure Sc-

e and Figure S13).

In conclusion, Ag>S nanomesh membrane with infinite lateral size was obtained via the
one-step, self-regulated growth at the water-air interface. It is worth noting that the membrane
can be renewably grown after it is transferred to substrates for measurements and device
fabrication. Substantial flexibility, deformability and strength of the membrane were observed
via macroscopic manipulation and nanoindentation tests. Nanoindentation also revealed the
intrinsic plasticity of the ligaments within the membrane, as indicated by the pop-ins in the
loading curve. The pseudo-in-situ tensile test under SEM was then performed on a home-made
tensile stage to monitor the response of the ligaments under lateral stress, and the plasticity was
further confirmed by the elongation and necking phenomena. Bendable resistive switching
devices were fabricated based on the Ag>S membrane. Low dimensional Ag>S materials such

as quantum dots and nanowires have been synthesized and applied for optoelectronics and
13



catalysis®*!

and the presented Ag>S nanomesh will be explored in these fields. In the future,
wearable devices and multi-functional nanocomposite®? with Ag>S nanomesh as the active

layer will be made accessible.
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Methods

Ag>S membrane preparation

In a typical process, amidinothiourea (ADT, Ourchem, 98%) and silver nitrate (AgNOs3, Chem-Supply,
99.5%) were dissolved in DI water (18.2 MQ) with a concentration of 40 mM. After adding 10 mL
ADT solution into a petri dish with a diameter of 6 cm, 10 mL AgNOs solution was added into the petri
dish carefully and avoid violent disturbance and vortex. The petri dish with the mixed solution was put
on a steady table without vibration and exposed to light for 24 h, and the membrane would be obtained

at the interface.

Characterizations

The powder X-ray diffraction pattern was collected by Rigaku Smartlab diffractometer with a capillary
tube (@ 0.3 mm). Field-emission scanning electron microscopy (SEM, JEOL 7001f) was used to
characterize the micro surface morphology of Ag.S thin film on different substrates (such as glass,
copper grid, silicon wafer, plastic) with no carbon/gold coating. Transmission electron microscopy
(TEM) and high-res TEM (HRTEM) images were taken by JEOL 2100 under 200kV. The thickness
and roughness of AgS thin film were measured by atomic force microscopy (AFM, Bruker Dimension
Icon) under contact mode. The data of particle size distribution was collected by Malvern Zetasizer

Nano ZS.

Nanoindentation

The nanoindentation experiments were carried out by Hysitron TI 950 Tribonidenter. The
nanoindentation was carried out under displacement-control mode with a cono-spherical indenter (tip
diameter of 5 um) when the membrane is on the hole (Figure 3b), and under load-control mode with a

Berkovich indenter (tip diameter of 150 nm) when the membrane is on the silicon wafer (Figure 3¢ and

3d).

Pseudo-in-situ tensile test
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The dog-bone-shaped plastic substrates for the pseudo-in-situ tensile test were cut off from a
polyethylene film by laser. The device for the pseudo-in-situ tensile test under SEM was home-designed
(Figure S12) and printed by a 3D printer with ABS plastic. The pseudo-in-situ tensile test was carried

out under SEM (JEOL 7001f) with 1 kV and a working distance of 13 mm.

Resistive switching test

The resistive switching experiments were carried out on a probe station with two tungsten probes which
are connected to Keithley 2636B system sourcemeter. The bottom interdigital silver electrodes were
deposited on a flexible substrate through physical vapor deposition with a thickness of 150 nm. The
Ag>S membrane was then deposited on the substrate with the silver electrode through the method
presented in Figure S3. The whole resistive switching tests were carried out on a stabilized platform in
a dark laboratory, and the current-voltage (/-V) characteristics were recorded under a sweeping bias

from-03Vt003V(-03V—>0V—>03V—0V—-0.3V)witha step of 0.002 V.

Associated content

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/

Additional bright-field and dark-field TEM images, powder XRD pattern, UV-Vis spectroscopy of
Ag>S membrane, detailed membrane deposition method, AFM topographic images of Ag,S membrane
formed with different time, photo of Ag>S droplets with different sizes, photo of Ag,S suspensions with
different surfactants, TEM and HRTEM images of Ag,S nanoparticles, blank width and connectivity
distributions of Ag,S membrane on grid, additional SEM images of Ag>S membrane on different
substrates, plasticity and elasticity energy ratios under different indentation depths, three-view drawing
of tensile test device and schematic illustration of dog-bone-shape substrate, additional SEM image of

Ag>S membrane on a flexible substrate under bending state.
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