ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Highly sensitive pressure switch sensors and
enhanced near ultraviolet photodetectors based on
3D hybrid film of graphene sheets decorated with
silver nanoparticlest
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Pressure switch sensors and near ultraviolet (NUV) photodetectors based on graphene nanosheets and
silver nanoparticles composites were proposed and fabricated. X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Raman spectra, ultraviolet-visible spectroscopy (UV-vis), Fourier
transform infrared (FTIR) spectra, energy dispersive spectroscopy (EDS), field effect scanning electron
microscopy (FESEM), and transmission electron microscopy (TEM) have been employed to characterize
the composites. The device based on a flexible pyramid-structured polydimethylsiloxane (PDMS)
substrate was investigated as a pressure sensor, showing that the interface contact resistance can be
changed sensitively by the applied pressure. In addition, benefiting from a combined effect of three-

dimensional structure and enhanced light absorption of silver nanoparticles, NUV photodetectors based
Received 25th February 2017 th it h hiah phot t hort d ti ‘o der 365
Accepted 16th May 2017 on the composites show a high photocurrent, a short response and recovery time of 2 ms under nm
NUV illumination of 0.5 mW cm™2. This work presented a simple route to obtain high performance

DOI: 10.1039/c7ra02342a pressure switch sensors and ultraviolet photodetectors, and would be of some benefit in device
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1. Introduction

Graphene, a two-dimensional (2D) honeycomb lattice of sp-
hybridized carbon nanomaterial, has been widely studied in the
field of materials due to its excellent physical and chemical
properties.’ This 2D material has a high aspect ratio, which
provides a sufficient functional surface and can act as building
blocks for nanoparticle intercalation to fabricate graphene-
derived materials.*” Recently, composites of graphene or gra-
phene oxides (GOs) modified by certain functional materials
have played an increasingly important role because the deco-
rated materials can improve their performance for potential
applications. More generally, due to various new properties, the
metal/graphene hybrid films can be widely used in catalysis,
chemical sensors, rechargeable batteries, transparent electrodes
and so on.”** As a result, composites of graphene decorated with
metal nanoparticles have attracted much attention. Mechanical
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exfoliation of graphite, chemical vapor deposition and chemical
and thermal reduction of GOs in colloidal suspensions are three
main methods to obtain graphene."'*"” The third approach is
scalable and versatile to obtain graphene for chemical func-
tionalization and heterogeneous integration. However, chemical
reduction can remove the oxygen-containing groups of the
insulating GOs to form electrical sp>hybridized graphene
nanosheets (GNs), which also leads to a smaller interlayer
distance and provides more chances for GNs restacking and
aggregation. Silver with good conductivity and chemical stability
is considered as one of the most attractive metal materials.
Moreover, when GNs are decorated with Ag NPs, the Ag NPs act
as a critical spacer and conductor to prevent aggregation of GNs
and increase the electrical conductivity.”**?' In addition,
because of the efficient localized surface plasmon resonance
(LSPR) effect of Ag NPs, surface modification of semiconductive
nano-materials by Ag NPs has been endeavored to improve the
sensitivity, response and recovery time of functional devices.?*?¢
The structure and the electrical transport properties of Ag/
graphene composites have been extensively explored. However,
there are few reports on the devices constructed based on the Ag/
GNs 3-dimensional (3D) multi-layered structure.

Herein, a solution-based synthesis approach of Ag/GNs
composites has been studied. In the synthesis process, GNs
were fabricated by the reduction of GO and utilized as the
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crystal nucleus for Ag NPs decoration. Monodispersed Ag NPs
have been successfully inserted into multi-layered GNs to form
3D Ag/GNs composites. Then the composites were spin coated
on the flexible polydimethylsiloxane (PDMS) substrates to
obtain a sandwich structured pressure switch sensor. To ensure
the stability of the device, a pyramid structured PDMS substrate
was adhered to the pressure sensor device to disperse the
external pressure. Test results show that the interface contact
resistance can be changed sensitively by the applied pressure.
Additionally, the near ultraviolet (NUV) photodetector was
fabricated by loading the composite on N-type Si, which showed
obvious enhancements in photoelectric performance to NUV
light. The results confirm that the photodetector exhibited good
reproducibility and high sensitivity to the NUV light. Correla-
tions between the pressure and resistance of the switch sensor
and response to the NUV light of the photodetector were care-
fully investigated and simple models for the working principle
of the sensors have been well established.

2. Experimental
2.1 Materials

Graphene oxide (detailed sample information are shown in
Table S11) and hydrazine hydrate (purity >98 wt%) were
purchased from Nanjing XFNANO Materials Tech Co., Ltd.
AgNO; and sodium citrate were obtained from Aladdin
Supplies. Potassium hydroxide, ethanol and acetone were
purchased from Chengdu Kelong Chemical Reagent Company.
Isopropyl alcohol and BOE (HF : NH,F = 6 : 1) were acquired
from Suzhou Crystal Clear Chemical Co., Ltd. PDMS (silicone
elastomer and curing agent) was obtained from Dow Corning
Corporation. All the above reagents of analytical grade were
utilized as received. Deionized water was used throughout.

2.2 Preparation of GNs and Ag/GNs

A solution-based approach, including sequential reduction of
GO and AgNOg;, has been carried out to fabricate the Ag/GNs
composites. The whole preparation procedure of inserting Ag
NPs into GNs is illustrated in Fig. 1.

Firstly, hydrazine hydrate as a reducing agent was used for
GO reduction to obtain conductive graphene sheets with the sp>
network. In a typical synthesis procedure, about 30 mg GO was
ultrasonically dispersed in 100 ml deionized water to achieve
a homogenous solution without visible particulate matter.
Subsequently, 1.0 ml hydrazine hydrate was added into the
solution. After heating at 100 °C for 24 h, the mixture turned
from yellowish brown to black. The mixture was then cooled to
obtain GNs solution for further usage.

To obtain Ag/GNs composites, 45 mg AgNO; was ultrasoni-
cally dispersed in 100 ml deionized water. About 2 mg GNs (7 ml
GN s solution) was added to obtain mixed solution. The solution
was heated to boiling. Subsequently, 10 ml of 1% sodium citrate
was quickly added to the solution. Both the excess hydrazine
hydrate and citrate of sodium act as reducing agents, and
additionally, citrate of sodium also act as a stabilizing agent.””**
GNs served as the crystal nucleus for Ag NPs decoration because
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Fig. 1 The schematic illustration describing the solution-based
chemical approach to obtain Ag/GNs composites, including reduction
of graphene oxidation (GO) and AgNOs. (a) GO was uniformly
dispersed in deionized water. (b) GNs dispersion by reduction of GO.
(c) Modifying the Ag nanoparticles into multi-layered GNs to form a 3D
Ag/GNs composites stabilized solution.

the reduced graphene is suitable to chemical functionalization
and heterogeneous integration. Thus, Ag® was successfully
reduced to be monodispersed nanoparticles, which will be
loaded on multi-layered GNs to fabricate a 3D Ag/GNs colloids.
After heating at 100 °C for 1 h, the mixture was then cooled,
filtered and washed several times with deionized water for
further usage. The solution was stabilized by electrostatic
repulsion, and it has no layering for a long time (the photo-
graphs in different periods were shown in Fig. S17).

2.3 Characterizations

The crystal phase, morphology and microstructure of the
samples were characterized using the X-ray diffraction (XRD;
Bruker, A = 1.54056), Raman spectrometer (Renishaw inVia
Raman microscope), UV-visible spectrometer (Thermo Scien-
tific Evolution), Fourier-transform infrared spectrometer (FTIR;
Nicolet 1S50), X-ray photoelectron spectroscopy (XPS; Escalab
250), field emission scanning electron microscopy (FESEM;
Hitachi S4800) and a high-resolution transmission electron
microscope (HRTEM; Tecnai G2 F20 S-TWIN). Amount of silver
present in the Ag/GNs composites materials was estimated by
Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES). The results show that the amount of silver is about 4
wt%. The measurements were conducted under the same
environmental conditions, such as temperature, humidity, etc.

2.4 Fabrication of pressure sensors and photodetectors

For the pressure switch sensor, the centrifuged Ag/GNs
composites was coated onto the PDMS (10 : 1) substrate and
covered with the PDMS (20 : 1) substrate to form a sandwich
structure. Then the pyramid-array-structured PDMS (20 : 1) was
placed on the top of the device (the flowchart schematic of
fabricating pyramid-array-structured PDMS substrates were
shown in Fig. S2t). The PDMS (20 : 1) has a better viscoelasticity
because it has a smaller Young's modulus and bigger adhesion

This journal is © The Royal Society of Chemistry 2017
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strength.”*** Eventually, the whole surface of device was
encapsulated by Kapton tape, as shown in Fig. 2. For compar-
ison, a device based on an ordinary PDMS substrate without
microstructure was also prepared. As for the NUV photode-
tector, zirconium dioxide was deposited on N-type Si (covered
with a mask) acting as insulating layer by dc-sputtering tech-
niques. Then, the substrate was covered with centrifuged Ag/
GNs composites to form a P-N junction. The schematic illus-
tration describing the formation and measurement of NUV
photodetector was shown in Fig. 2. A device based on bare GNs
was prepared as a reference sample.

2.5 Pressure response and photo response measurements

For pressure measurement, the magnitude and frequency of the
pressure was controlled by a linear stepping motor. For photo-
detector measurement, light signals (365 nm, 405 nm, 808 nm,
visible white light, respectively) with a power density of 0.5 mW
cm ™~ were controlled by a function generator. Agilent B2901A
was employed for the electrical measurements. All the
measurements were carried out at room temperature.

3. Results and discussion
3.1 Characterizations

The crystallinity and phases of the as-prepared Ag/GNs were
examined by XRD. Normal (x = 0°) XRD #-26 scanning patterns
were measured from 5.0° to 80.0°. From comparison with the GO
and GNs, all the peaks of Ag/GNs in the patterns can be indexed,
suggesting that graphene oxidation was successfully reduced and
the Ag NPs were well decorated on the GNs, as shown in Fig. 3a.
The grain size of Ag NPs can be calculated according to the
Scherrer equation, D = K2/(8 cos 6), where K (0.89) is Scherrer
constant, A (0.15406 nm) is the X-ray wavelength, 8 (0.923) is the
full width at half maximum (FWHM) and 6 is the diffraction
angle. Based on the above formula, the spherical Ag grain size D
(=9 nm) can be estimated. Based on the Bragg spacing equation
2d sin @ = nA (d is defined as the interplanar spacing), the layer-to-
layer distance of GNs in the Ag/GNs composites is about 0.363 nm,

(a) Coating Ag/GNs colloid (b) Pressure swi
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T
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which is larger than that of graphite with layer spacing distance
(0.335 nm), suggesting the Ag NPs can maintain the interlayer
space and prevent restacking and aggregation of GNs.

Surface enhanced Raman spectroscopy (SERS) on noble
metal nanoparticles has been reported,”**"** which can be
assigned to chemical and electromagnetic enhancements. As
shown in Fig. 3b, D, G and 2D bands are observed in Raman
spectra of GNs and Ag/GNs composites, and the intensities of
these bands for the Ag/GNs hybrid film increased about two- to
three folds compared with the bare GNs. Thus, low enhance-
ment factors (180-250%) suggest that the charge-transfer
complexes with chemical bond or interaction between Ag NPs

19,20

and GNs were generated at the contact area.”” The result further
confirms that graphene oxide was successfully reduced and the
Ag NPs were well inserted into the GNs.

Fig. 3c shows the ultraviolet-visible absorption spectra of
aqueous dispersion of GNs and Ag/GNs composites, GNs
displays a strong absorption peak centered at 260 nm which
corresponds to 7t/7t* transitions of aromatic C-C bonds. Thus,
the 7 electronic conjugation has been restored within the gra-
phene sheets after reduction. After decoration with Ag NPs onto
the surface of graphene, ultraviolet-visible spectroscopy
absorption spectrum of Ag/GNs shows a new broad peak
centered at about 420 nm corresponding to localized surface
plasmon resonance (LSPR) peak of Ag NPs, which further
implies the formation of Ag NPs on GNs.

FTIR transmittance spectroscopy was used to evaluate the
degree of reduction of GO. The FTIR spectra of GO and Ag/GNs
composites are shown in Fig. 3d. For GO, the broad peak cen-
tred at 3244 cm™ " is attributed to the O-H stretching vibrations,
whereas the peaks at 1740, 1620 and 1059 cm™ " are assigned to
the C=0 stretching, sp>hybridized C=C group and C-O
vibration of the epoxy or alkoxy groups, respectively.**-** For Ag/
GNs composites, after the GO is chemically reduced, the C=0
vibration band (carboxylic acid and carbonyl moieties at ~1740
cm ') disappears, the O-H and the C-O stretching bands
remain, while the broad peak centered at 3440 cm™* could be
due to the O-H stretching mode of intercalated water.**** In
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Fig. 3 (a) Normal (x = 0°) XRD 6#-26 scanning patterns for samples. Bottom to top are GO (20 = 10.22°), GNs (260 = 24.55°) and Ag/GNs

composites (26 = 38.1°, 44.3°, 64.4°, 77.4° can be assigned to the (111), (200), (220), (331) crystalline planes of Ag). (b) Raman spectra for GNs and
Ag/GNs composites, respectively. The Ag NPs enhance the intensity of D, G and 2D bands by 180%, 240% and 250%, respectively. (c) Ultraviolet-
visible absorption spectra of GNs and Ag/GNs composites, respectively. (d) FTIR transmittance spectra of GO and Ag/GNs composites,

respectively.

addition, Fig. 3d shows that the peak intensities of the oxygen-
containing groups decrease significantly, which indicates the
effective removal of oxygen-containing groups.

The XPS analysis was performed to further investigate the
chemical compositions of as-prepared composites. Fig. 4a
presents the typical XPS survey spectra in the binding energy
range of 0 to 1000 eV of GO and Ag/GNs composites. GO spectra
shows only C and O XPS peaks, while Ag/GNs spectra show the
signals of Ag 3d, Ag 3p1, and Ag 3p5.*° The high-resolution XPS
spectra of Ag/GNs for C 1s, Ag 3d peak doublets and O 1s peak
are shown in Fig. 4b, c and d, respectively. The high-resolution
C 1s spectra (Fig. 4b) illustrate that the intensities of all oxygen-
containing bonds (C=0, C-O and C-OH) decline dramatically
after the chemical reduction, which indicates the considerable
de-oxygenation by the reduction process.*****” As shown in
Fig. 4c, relevant high-resolution Ag 3d XPS spectra contain two
peaks at 368.4 eV and 374.4 eV, corresponding to Ag 3ds/, and
Ag 3d3,, respectively.®® In the meantime, the binding energy of
the O 1s photoelectron peak is at 530.4 eV (Fig. 4d). XPS analysis
has proved again the formation of Ag/GNs composites.

FESEM images of GNs and GNs/Ag composites are shown in
Fig. 5a, respectively. The energy dispersive spectrometer (EDS)
elemental mapping results of Si, C, Ag of the Ag/GNs composites
are shown in Fig. 5b and the EDS spot analysis result is shown in
Fig. 5¢, which confirm the presence of silver and carbon elements

27284 | RSC Adv., 2017, 7, 27281-27289

without other impurities (Si is from the substrate). TEM was
employed to further study how the Ag NPs combined with the
GNs, as shown in Fig. 5d-f. Compared with the TEM images of
bare GNs and Ag NPs (Fig. 5d), as shown in image for the Ag/GNs
composites (Fig. 5e), it can be seen that the Ag NPs are uniformly
located on the graphene frames with few Ag agglomerations. The
TEM image reveals that the Ag particles are of about 10 nm in
average diameter, which is consistent with the result of XRD. The
Fig. 5f is the high-resolution TEM image of a single Ag particle
attached on the graphene nanosheets, which exhibits clear lattice
fringes, indicating high crystallinity of the nanoparticle. Top and
side views of structured PDMS are show in shown in Fig. S3.f
Pyramidal PDMS (20 : 1) structure with sidewalls aligned to the
mask edge was well produced. Additionally, the top and cross
section morphologies of pressure switch sensor were shown in
Fig. S4,1 and the cross-sectional thickness of the device is about 2
um. From the results of various characterizations above, we know
that the components of as-designed pressure sensor have been
obtained successfully.

3.2 Pressure-response of the as-prepared 3D
microstructured device

To explore the applications of the as-fabricated pressure switch
device, the resistance of the device was measured under

This journal is © The Royal Society of Chemistry 2017
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Fig.5 (a) FESEM images of GNs and GNs/Ag composites, respectively. (b) Energy dispersive spectrometer (EDS) maps of Si (green), carbon (red)
and Ag (yellow). (c) EDS spot analysis of Ag/GNs composites. (d) TEM images of GNs and Ag NPs (inset). (e) TEM image of Ag/GNs composites. (f)
HRTEM image of Ag/GNs.
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different pressures. As shown in Fig. 6a, the device has an
original resistance of 3300 Q, and the stabilized resistance is
about 90 Q at a big enough external pressure, which is reason-
able considering the resistivity results of the materials in the
previous report (GNs ~ 8200 Q m™ ', Ag/GNs composites ~ 93 Q
m ™ 1).* As is illustrated in Fig. 6b, with the external pressure
increasing within a small range, the resistance show a sharply
decline. However, when the pressure reaches a certain extent,
the resistance is relatively stable. Responses of device under
different external pressure with various periods are shown in
Fig. 6¢, suggesting the device has a high sensitivity and stability.
To evaluate the repeatability of the device in practical applica-
tions, the resistance response of our constructed device as
a pressure switch sensor was recorded in a long period, as is
plotted in Fig. 6d. The excellent switching response of the device
was clear and stable when the pressure was periodically
switched on and off, which further demonstrated that it can be
potentially applied in pressure switching or sensing.

The response to pressure can be attributed to the change of
the contact resistance. The external pressure will be dispersed
and evenly applied on the 3D Ag/GNs composites due to the
pyramid structure. The Ag/GNs composites will act as a spring
since the Ag NPs is an excellent nanospacer. With the external
pressure applied, the alternate-superimposed 3D microstruc-
ture will be compressed, which provides more chance for Ag
NPs touching with each other, resulting in the decrease of
resistance. Conversely, spatial distance and the contact state
will recover to the original state when the pressure is removed.
However, at a higher pressure, there is a ramp appearing in the
stabilized process of the response curve, which can be attrib-
uted to compression deformation of the Ag NPs and pyramid
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structured PDMS and this interesting behavior is explained in
detail in Fig. S5.f In addition, a reference device without
pyramid-structured PDMS was also prepared for comparison,
and the pressure response of reference device with different
periods are also shown in the Fig. S5.F

3.3 Photocurrent response of NUV photodetector

NUV photodetectors based on Ag/GNs composites were fabri-
cated to verify the improved sensitivity induced by the combi-
nation of 3D structure and LSPR effect of Ag NPs. Fig. 7a shows
the working principle of the assembled device. The photocur-
rent measurements were conducted under illumination of LED
light at room temperature. Fig. 7b shows I-V characteristics of
the fabricated Ag/GNs photodetector measured in dark and
under light illumination with different wavelengths (365 nm,
405 nm, 808 nm and visible white light). The asymmetry in the
recorded I-V plots demonstrated the Schottky contact between
Ag/GNs composites and N-type Si substrates. As shown in
Fig. 7b, the photocurrent responses of Ag/GNs sample are
higher than those of GNs sample at the irradiation with wave-
lengths of 365 nm, 405 nm and white light. However, with the
wavelength increasing, the photocurrent response decline
gradually, which is consistent with the results of UV-vis
absorption spectra of GNs and Ag/GNs composites. When the
irradiation wavelength reaches 808 nm, there is no obvious
current response difference between GNs and Ag/GNs. Thus, the
results reveals localized surface plasmon resonance (LSPR) of
Ag nanoparticles in the Ag/GNs composites can be applied to
the near ultraviolet region and visible region.
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Fig. 6 Characterization of the resistance under different pressures. (a) Resistance of the device under different pressures with the period of 20
seconds. (b) The resistance change and relative resistance change versus the applied pressure. (c) The response to external pressure (the top
figure is 0.02 N and the bottom figure is 0.5 N) with different periods (5 s, 10 s, 15 s and 20 s). (d) The long-term response of the switch sensor

under 1 N for 250 cycles.
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(a) The working principle of the Ag/GNs photodetector. (b) /-V characteristics of the GNs and Ag/GNs photodetectors in dark and under

irradiations with various wavelengths (365 nm, 405 nm, 808 nm, visible white light). (c) Photocurrent response under NUV light (365 nm, 0.5 mW
cm™2) from 1V to 5V bias with NUV light periodically switched on and off. (d) Response and recovery time of GNs photodetectors at 5 V bias. (e)
Response and recovery time of Ag/GNs photodetectors at 5 V bias. (f) The long-term (500 cycles) response of Ag/GNs photodetectors at 5 V bias.

In the near ultraviolet region, compared with the pure GNs
sample, the Ag NPs coating layer would tremendously improve
the photocurrent of the prepared detector. At an applied bias
from 1 V to 5 V, the fabricated photodetector could be turned
on/off reversibly, by switching the NUV illumination (365 nm)
with a period of 4 s (Fig. 7c). All samples were measured by
periodic on/off radiation with 50% on-off ratio. Furthermore, to
estimate the ultrafast response and recovery from the NUV
illumination, photocurrent transient properties of the samples
with or without Ag NPs measured under NUV LED on/off shift
were shown in Fig. 7d and e, respectively. For pure GNS device,
the response and recovery time was 20 ms. After Ag NPs loaded
GNs device, the response and recover time was 2 ms. These
results indicate that the photodetector decorated with Ag NPs

This journal is © The Royal Society of Chemistry 2017

has an enhanced photocurrent and a short response and
recovery time.

Generally, owing to the high aspect ratio of GNs, oxygen
trapped on the surface plays an important role in photocurrent
response. At ambient conditions, oxygen molecules are adsor-
bed on the GNs surface by capturing free electrons and ionized
(0, (g) + e — 0,7), resulting in a surface depletion layer, as
shown in Fig. 7a. After NUV light irradiation, the photo-
generated holes can migrate to surface, react with ionized
oxygen, and then release free oxygen molecules. Due to the
limited amount of ionized oxygen, the surface depletion layer is
not sufficient to separate all of photogenerated electron-hole
pairs, leading to the recombination of some photogenerated
electron-hole pairs at the GNs defect location. As mentioned
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above, Ag NPs act as a useful spacer to increase the inter-layer
distance, which efficiently inhibit restocking and aggregation
of GNs and provide a larger space. Thus, Ag NPs can cooperate
with the surface depletion layer to separate the electron-hole
pairs more efficiently, and result in the remarkable photocur-
rent increase and short response time, as shown in Fig. 7c-e. On
the other hand, the electrons transfer from Ag NPs to GNs by
LSPR can increase the photocurrent directly.***® The concrete
process of the LSPR effect can be expressed as follows: when the
wavelength of irradiated UV is larger than the size of Ag NPs, the
high-density electrons in Ag NPs would induce an oscillating
electron cloud. Furthermore, the electron transfer is very fast
because the hot electron was oscillated with illuminated light at
a high frequency. Therefore, the performance of the NUV
photodetector could be greatly enhanced with the shorter
response time by coating the Ag nanoparticles on the surface of
the GNs. Moreover, another factor must be evaluated is the
repeatability and long-term stability of the ultraviolet photo-
detector. The typical results for Ag/GNs is shown in Fig. 7f. It is
clear that the variation is very small, demonstrating that the
sensors have good stability and is reliable for NUV detection.

4. Conclusions

Ag nanoparticles have been successfully attached to the as-
prepared graphene nanosheets to form a 3D multi-layered Ag/
GNs structure. The pressure switch sensor device based on
the Ag/GNs composites and flexible pyramid-structured PDMS
substrates shows high sensitivity and excellent long-term
stability. The NUV photodetector based on the composites
exhibits good reproducibility and high sensitivity to the NUV
light. This research presented a simple route to obtain high
performance pressure switch sensor and NUV photodetector.
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