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technology.[7–9] Even though the resist-
ances of synaptic devices often change 
with the signal inputs, the changed 
resistances can be maintained.[10–22] Such 
resistance variability is very similar to 
the plasticity of the synaptic weight, so 
the synaptic devices are gradually begin-
ning to be used as the basic units of ANN 
systems.[11–24] Table 1 compares the basic 
performance of several typical two-ter-
minal synaptic devices.

Electrical noise can often be solved 
by optimizing the hardware structure 
of the systems.[4] However, the internal 
heat generated by the current during the 
operation of the system is unavoidable.[4–6] 

For machine learning, the most direct impact of that heat is 
to destroy the stored content in the synaptic devices, that is, 
to delete part or all of the learning results, so that the system 
is unable to quickly match received information with similar 
information that had been previously received.[4,6,7,9] This leads 
to the fact that machines have to input a large number of 
samples to complete the modeling, which greatly reduces the 
learning speed of the machines.[4,6,7,9] The average temperature 
produced by electronic chips during operation is ≈70–80 °C.[25] 
Such a temperature environment would undoubtedly be fatal to 
synaptic devices driven by ion movement and filament growth. 
The ions and the particles that make up the filaments will dif-
fuse, thus destroying the stored information (some even diffuse 
at room temperature).[14,26–28] Therefore, if the learning speeds 
of ANN systems are to be improved, an urgent task would be to 
strengthen the thermostability of synaptic devices.

This work introduces a flexible synaptic device with excel-
lent thermostability-based on a polyimide–tungsten quantum 
dot (PI-WS2 QD) nanocomposite. The resistance of the device 
is adjusted by the capture and release of carriers by traps in the 
active layer. The high thermostability of the device is attributed 
to the doping with WS2 QDs. The specific electrical characteris-
tics of the device are described, and the conduction mechanism 
is explained by fitting the electrical characteristic curves.

2. Results and Discussion

A schematic for the synthesis of WS2 QDs is shown in 
Figure 1a. During the ultrasonic treatment, the WS2 bulk is 
gradually exfoliated to form WS2 nanosheets by using N,N-
dimethylformamide (DMF) catalysis.[29–31] Transmission 
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1. Introduction

The development of machine learning has expanded the scope 
of artificial intelligence, in areas such as driverless cars, image 
recognition and classification, machine translation, target rec-
ognition, even emotion recognition, and art creation, and so 
on. Machine learning has attracted more and more attention 
because it disassembles the tasks performed, which makes 
various types of machine assistance possible.[1–3] The process 
of machine learning refers to the characteristic synthesis of all 
kinds of similar information received by a system. This process 
is called “modeling”. The external factors affecting the mod-
eling speed mainly include incorrect selection of samples and 
the use of models that are too complex. However, compared 
with these, the most disturbing factors are random types of 
internal noise interference, such as electrical noise and internal 
heat generated during the device’s operation.[4–6]

Improvements in artificial neural network (ANN) theory 
have greatly promoted the development of machine learning 

© 2022 The Authors. Advanced Electronic Materials published by 
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electron microscopy (TEM) and electron diffraction (ED) 
images of the WS2 nanosheets are shown in Figure S1, Sup-
porting Information. When the temperature in the oven 
reaches the boiling point of DMF (153  °C), a high pressure 
is formed due to the boiling of DMF in the autoclave.[29–31] In 
this high-temperature and high-pressure environment, DMF 
promotes the fracture of WS bonds, which breaks the WS2 
nanosheets into nano-sized quantum dots.[31]

Figure 1b shows the dispersion of WS2 QD, as well as TEM 
images, and the lattice spacing is 0.024 nm. The average sizes 
of WS2 QDs are ≈1 to 5  nm, as shown in Figure  1c. A com-
parison of the X-ray diffraction (XRD) patterns for the WS2 
bulk and the WS2 QD is shown in Figure  1d. According to 
existing relevant research, for WS2 in a single-layer quantum 
dot state, the (002) peak should not be observed. Therefore, 
the XRD pattern for WS2 QD, as shown in the figure, clearly 
indicates that WS2 QDs have been successfully synthesized.[29] 
Figures 1e and 1f show a schematic, and the physical and cross 
sectional scanning electron microscope (SEM) images of the 
device, respectively. The average thickness of the device’s active 
layer is seen to be ≈20  nm and that layer can be easily bent. 
The atomic force microscope (AFM) image shown in Figure S2, 
Supporting Information, indicates that the WS2 QDs are evenly 
distributed in the PI matrix. The average surface roughness of 
the active layer was 0.17 nm. All results indicate that a PI-WS2 
QD nanocomposite can be deposited smoothly and uniformly 
by using a simple spin-coating process. At the same time, they 
also indicate that our devices can be mass-produced using a 
spin-coating process".[14]

Figure 2a compares the I–V curves for the Al/PI-WS2 QD/
ITO and the Al/PI/ITO devices (for an applied voltage from 0 
to 5 V). Figure S3, Supporting Information, shows the distribu-
tion of the set voltage during 200 repetitions. As can be seen 
from the figure, the average set voltage value of the device is 
≈4  V. Because electrons cannot tunnel through a thickness of 
20 nm, no tunneling current is observed for the pure PI-based 
device.[32–34] However, due to the incorporation of the WS2 QDs, 
the potential barrier between the two electrodes becomes signif-
icantly thinner, resulting in a tunneling current.[10,29,35,36] This is 
further confirmed by the curve shown in Figure S4, Supporting 

Information. With increasing WS2 QD concentration, the cur-
rent increased significantly. Figure  2b,c uses potential barrier 
diagrams to illustrate this principle. Figure S5, Supporting 
Information, compares the I–V characteristics of 25 different 
devices. Due to the uniform distribution of the WS2 QDs in 
the PI matrix, the electrical characteristics of each device are 
consistent.

As a memristor, the Al/PI-WS2 QD/ITO device exhibits dif-
ferent resistance change modes for different external electrical 
signal input.[14,17,20,21] We tried to input a small voltage several 
times because we expected the WS2 QDs to be gradually filled. 
During 30 cycles of a positive sweep voltage (0 V → 1.5 V → 0 V),  
the conductance of the device gradually increases, and when 
same voltage sweep is applied in reverse, the device shows the 
same electrical characteristics, as can be seen in Figure  2d,e. 
Electrons tunneling through the active layer begin to be par-
tially captured by the traps provided by WS2 QDs.[10,11,37,38] The 
resistance of the device decreases mainly because the traps in 
the active layer are filled. When the trap is not filled, more of 
the tunneling electrons will be captured by the traps. At larger 
currents, more electrons tunnel per unit time.[37–39] In this way, 
more electrons are trapped by the traps, and the reduction in 
the resistance becomes more obvious.[37–39] Figure S6, Sup-
porting Information, uses energy-band diagrams to depict this 
phenomenon.

To explore the response of the Al/PI-WS2 QD/ITO device to 
the pulse, we applied more than 250 sets of positive and nega-
tive pulses (positive pulse amplitude: 1.5 V, pulse width: 10−3 s, 
interval is 10−3 s; negative pulse amplitude: 5.5 V, pulse width: 
10−3 s, interval: 10−3 s) (all pulse widths and intervals mentioned 
below use these two sets of parameters). Figure  2f shows the 
response of the device to the first 20 sets of the pulse. When 
a negative pulse voltage with an amplitude of 5.5 V is applied, 
the trapped electrons began to be released in large quantities, 
and the conductance decreases sharply. From the figure, during 
the first 20 cycles, the conductance of the active layer can be 
seen to change regularly. Moreover, in the subsequent applica-
tion process, the conductance of the active layer stably changes 
periodically. We arranged an initial state corresponding to 0.1 V 
in the application process and measured the conductance at 

Table 1.  Comparisons of data on our devices to previously reported data.

Device structure Operation type Operation voltage [V] Power consumption order High temperature resistance or not Retention time [s] Ref.

Al/GQD-PEDOT:PSS/ITO Charge trapping 3 10−3 No 102 [11]

Al/Cu2+-PMSSQ/Al Ion migration 3 10−9 No 102 [14]

Al/PMMA-CdSe/CdZnS 
QD/PEDOT:PSS/ITO

Charge trapping 3 10−6 No 104 [15]

Al/CEA:GQD/ITO Charge trapping 3 10−6 No 104 [16]

Ag/ZIF 8-PVP/ITO Conduction filaments 0.8 10−6 No 104 [17]

Al/zein/ITO Conduction filaments 0.4 10−6 No 102 [18]

Mg/collagen/ITO Charge trapping 3 10−8 No – [20]

Au/Ti3C2-Ag NP/ITO Conduction filaments 2.5 10−3 No 103 [23]

Ag/Melanin/ITO Conduction filaments 1.2 10−3 No 450 [24]

Al/PVA-IMGQD/ITO Charge trapping 1.5 10−11 Yes 3 × 104 This work

The full names of CEA-GQD and ZIF 8-PVP are chicken egg albumen-graphene quantum dot and zeolitic imidazolate framework-8-polyvinylpyrrolidone, respectively.
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the 10th, 20th, and 30th applied pulse; the results are shown in 
Figure 2g. The conductance of the active layer corresponding to 
the number of applied cycles of the pulse basically maintains 
nearly the same value. Figure  2h records the increasing and 
decreasing of the conductance at the first, 20th, 50th, 100th, 
150th, and 256th cycles. Figure 2i shows the electric energy con-
sumed during the first set of positive pulse application, where 
the electric energy is given by W = V × I × dt, with “dt” being 
the pulse width.[14] The energy consumed by the device during 
the application of one cycle of the pulse is seen to be very low, 
on an order of femtojoules (fJ). It is worthy to note that with 
changing WS2 QD concentration, the magnitude of the cur-
rent generally changes significantly. From this point of view, 
reducing the WS2 QD concentration will greatly help reduce 
the power consumption of the device.[14] Moreover, as Figure S7,  

Supporting Information, shows, the device maintains its 
original electrical characteristics, after having been exposed 
to air for more than 3 months and after having been repeat-
edly bent for 1 × 104 times. Due to its good anti-fatigue proper-
ties, PI will not be structurally damaged, not even after having 
been repeatedly bent for more than 1 × 104 times. In addition, 
without the application of a strong external electric field, the 
electrons captured in the WS2 QDs cannot be released, so the 
resistance of the active layer will not change.[32–34,37,38]

Whether the trapped electrons can be firmly bound in the 
traps of the active layer is the key to data storage. Figure 3a com-
pares the I–V characteristic curves for the Al/PI-WS2 QD/ITO 
and the Al/PI-WS2 NS/ITO devices exposed to 100  °C (for an 
applied voltage from 0 to 5 V). The log(I/V2)–1/V fitted curves 
shown in Figure S8a,b, Supporting Information, indicate that 

Figure 1.  a) Schematic for the synthesis of WS2 QDs. b) TEM image of WS2 QDs (scale bars: 10 and 5 nm). c) Diameter distribution of the WS2 QDs. 
d) Comparison of the XRD patterns of the WS2 bulk and a WS2 QD. e) Schematic and f) physical image and cross sectional image of the Al/PI-WS2 
QD/ITO synaptic device.
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for the two devices, the hot electrons emitted from the ITO 
electrode flow through the active layer by direct tunneling in 
the lower voltage range. For the tunneling electrons, the rela-
tionship between the current and the barrier thickness can be 
described as follows:[40–42]

J exp
L

q m
π φ≈ −





4
h

2 B 	 (1)

where qφB is the Schottky barrier, L the thickness of barrier, 
m the effective mass of electron, and ℎ Planck’s constant.[41,42] 
Because WS2 NSs contain more trap centers than WS2 QDs, 
the barrier of the active layer of the Al/PI-WS2 NS/ITO device is 
thinner as shown in Figure S8c,d, Supporting Information.[43] 
In this way, the number of electrons tunneling through the 
active layer of the Al/PI-WS2 NS/ITO device is larger at the 
same voltage.[41–43]

Then we fitted the section in the I–V curve form of 2.5 to 
4.1  V for the Al/PI-WS2 NS/ITO device and found that log 
(I/V) versus V1/2 plot showed a highly linear relationship, as 
shown in Figure  3b. This indicates that in this voltage range, 
the conduction mechanism of the device conforms to hop-
ping conduction.[44,45] In other words, a considerable part of 
the trapped electrons obtain enough energy due to heating and 
tunnel between the WS2 NSs separated by the barriers. When 
the potential barriers become thinner due to an applied elec-
tric field, the wave function of the electrons in each trap can be 
extended to cover other traps.[36,43] Therefore, when the applied 
voltage increases to a sufficient value, a directional hopping cur-
rent will naturally form.[36,43] However, for the Al/PI-WS2 QD/
ITO device, there is no hopping current because the barriers 
between WS2 ODs are too thick. A schematic for this process is 
shown in Figure S9, Supporting Information. For the interval 
from 4.2 to 5  V, the log(I/V2) versus 1/V fit to the I–V curve 

Figure 2.  a) Comparison at an applied voltage of 0 →5 → 0 V between the I–V curve for the PI-WS2 QD nanocomposite with a WS2 QD concentration 
of 50% and the I–V curve for a pure PI- based devices. b,c) Potential barrier diagrams of a pure PI active layer (b) and the PI-WS2 QD nanocomposite (c) 
with a 50% concentration of WS2 QD. d,e) I–V curves of an Al/PI-WS2 QD/ITO synaptic device driven by positive (d) and negative (e) voltage sweeps.  
f) Variation in the conductance of an Al/PI-WS2 QD/ITO synaptic device driven by positive (1.5 V, 10−3 s) and negative electric pulse (−5.5 V, 10−3 s) of 
the first 20 cycles. g) Conductance distributions for resistance states in 256 cycles of pulse applications. h) Conductance variations in the first, 20th, 
50th, 100th, 150th, and 256th cycles of pulse applications. i) Distribution of the electric energy consumed during the first cycle of the positive pulse.
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is linear (as shown in the insert of Figure 3b), indicating that 
the conduction of the device is governed by the direct tunneling 
mechanism.[41,42] When the voltage is sufficiently large (more 
than 4.2 V), the barriers between the traps are too thin to bind 
the electrons, so all the injected electrons can tunnel through 
the active layer.[44,45] In this process, the injected electrons are 
in a trap-free state.[44,45] Figure 3c shows the log(I/V)–V1/2 fitted 
I–V curve from 4 to 5  V for the Al/PI-WS2 QD/ITO device. 
From the figure, the log(I/V) versus V1/2 plot can be seen to 
not be linear. This indicates that no tunneling electron mani-
fold exists between WS2 QDs.[44,45] As shown in Figure 3d, the 
slope of the log–log fitting line is 3.62, indicating that the elec-
trons trapped by the WS2 QDs are still firmly bound, although 
the Al/PI-WS2 QD/ITO device is exposed to a high temperature 
of 100 °C, and that the main component of the current is due 
to electrons tunneling between the two electrodes.[10,38] The 
reason for all the phenomena above is most likely because the 
electrons trapped by the WS2 NSs have freedom in the “x” and 
the “y” directions, while the motion of the electrons trapped by 
the WS2 QDs are limited in all directions. This is the so-called 
quantum confinement effect, as shown in Figure 3e,f.[36,43]

Figure  3g shows the retention curves for the initial state 
and for the state after having applied a 1.5  V pulse for 10, 20 
and 30 times to the Al/PI-WS2 QD/ITO device, at a tempera-
ture of 100 °C. During the test time of 3 × 104 s, no significant 
change was found in the conductance of the Al/PI-WS2 QD/
ITO device. The electrons captured by the WS2 QDs were still 
firmly bound, even though the temperature was 100  °C. The 
strong binding force of the WS2 QDs on the electrons is due to 
their strong quantum confinement effect.[43] As a comparative 
experiment, we also measured the retention of an Al/PI-WS2 

NS/ITO device. After having applied 30 pulses with an ampli-
tude of 0.7 V to the Al/PI-WS2 NS/ITO device, we placed it in 
a high-temperature environment of 100 °C. The electrons that 
gain energy because of the heating gradually become unbound, 
so that the conductance continues to decrease, as shown in 
Figure 3h.
Figure 4a–d shows the hysteresis characteristics and endur-

ance of an Al/PI-WS2 QD/ITO device in a 100 °C environment. 
It can be seen from the figures that the electrical character-
istics of Al/PI-WS2 QD/ITO devices remain basically stable 
even under the environment of 100 °C, which indicate that the 
binding force of WS2 QDs on electrons makes it impossible for 
electrons to escape to form thermal current. Moreover, even if 
the device is placed in a 100 °C environment for a period of time, 
its various resistance states will not change easily. Figure S10, 
Supporting Information, exhibits the differential scanning calo-
rimetry (DSC) curve for the PI-WS2 QD nanocomposite. It can 
be seen from the figure that the glass transition temperature of 
the PI-WS2 QD nanocomposite is 170 °C, which indicates that 
the state of the active layer does not change at 100 °C.

A 5 by 5 array composed of Al/PI-WS2 QD/ITO devices with 
polyethylene naphthalate (PEN) as the substrate was repeatedly 
bent for more than 1 × 104 times and placed in an environment 
at a temperature of 100 °C. Pulses with amplitudes of 1.5 V were 
applied to the ports corresponding to the device in the yellow 
area in Figure 4e, which briefly depicts the layout of the experi-
ment. After 1.5  V pulse has been applied 30 times, the letter 
“H” can be clearly seen in the array, and the array completes the 
preliminary learning of the information, as shown in Figure 4f. 
This is completely consistent with the operation of the device 
at room temperature, as shown in Figure  4g,h. Moreover, the 

Figure 3.  a) Comparison of the I–V curves for the Al/PI-WS2 QD/ITO and the Al/PI-WS2 NS/ITO devices under a varying applied voltage from 0 to 
5 V. b) The log(I/V)–V1/2 fitting result for the interval from 2.5 to 4.1 V in the I–V curve for the Al/PI-WS2 NS/ITO device, and the insert exhibits the 
log(I/V2)–1/V fitting result for the interval from 4.2 to 5 V in the I–V curve for the Al/PI-WS2 NS/ITO device. c) The log(I/V)–V1/2 fitting result for 
the interval from 4 to 5 V in the I–V curve for the Al/PI-WS2 QD/ITO device. d) The log–log fitted I–V curves for an Al/PI-WS2 QD/ITO device in the 
interval from 0 to 5 V. In the voltage range from 1 to 2 V, the slope of the I–V curve was 1.2 indicative of a small number of electrons being trapped by 
the WS2 QDs. When the voltage exceeds 2 V, a large number of electrons begin to be trapped by the WS2 QDs, the slope is 2.5, which indicate that 
the conduction mechanism conforms to space charge limited conduction. All the WS2 QDs are filled with electrons and the device transition to a low 
resistance state, while the voltage reaches 4 V. e,f) Schematic and wave function diagrams of electron binding in the WS2 NS (e) and the WS2 QD (f). 
g) Maintenance time of the conductance in each state at 100 °C. h) Comparison of conductance maintenance times for PI-WS2 QD-based and PI-WS2 
NS-based devices at 100 °C (after 30 pulses had been applied). The concentrations of the WS2 QDs and the WS2 NSs were 50%.
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learning results at each stage will not destroyed by the high 
temperature, as shown in Figure S11, Supporting Informa-
tion. Even when the temperature rises to 150 °C, the device still 
operates normally. Figure S12, Supporting Information, shows 
that the information stored in the device can be maintained for 
more than 105 s even in an environment with a temperature 
of 150 °C. However, when the temperature rises to 155 °C, for-
getting begins to occur. When the temperature exceeds 150 °C, 
the trapped electrons obtain enough energy to break free from 
the WS2 QDs. Figure S13, Supporting Information, exhibits the 
learning process of the device in an environment with a tem-
perature of 150  °C. Until the temperature reaches 150  °C, the 
device still performs normal learning. However, for Al/PI-WS2 

NS/ITO devices, due to the relatively weak binding force of 
the WS2 NSs on the electrons, the learning results are gradu-
ally destroyed at 5 × 103 s, as shown in Figure S14, Supporting 
Information.

To evaluate the recognition capability of the Al/PI-WS2 QD/
ITO synaptic devices, we used a Modified National Institute of 
Standards and Technology (MNIST) method to conduct pattern 
recognition simulations on the data shown in Figure  4a. The 
main information obtained from the Modified National Insti-
tute of Standards and Technology (MNIST) simulation and 
learning algorithm is shown in Figure S15, Supporting Informa-
tion, and the pattern recognition process is shown in Figure 5a. 
The input of the system is determined by 784 (28 × 28) pixels 

Figure 4.  a,b) I–V curves for the Al/PI-WS2 QD/ITO synaptic device driven by a positive (a) and a negative (b) sweeping voltage at 100 °C. c) Conduct-
ance distribution of each resistance state in 256 cycles of pulse applications at 100 °C. d) Conductance variations in the first, 20th, 50th, 100th, 150th, 
and 256th cycles of pulse applications at 100 °C. e) Schematic for the method used for the anti-noise interference test at a high temperature of 100 °C. 
Input pulse signal for the learning content (1.5 V, 10−3 s) to the “H” area in a 5 by 5 array at the same time. f) Schematic for the learning process.  
g) Schematic for the machine learning process at room temperature. The input pulse signal for the learning content (1.5 V, 10−3 s) to the “H” area in a 
5 by 5 array at the same time. h) Schematic for the learning process at room temperature. The reading voltage of all electrodes was 0.1 V.
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and 784 neurons, and the output consists of 10 (2 × 5) neurons. 
The synaptic weights of the 784 neurons are variable, and the 
10 output units correspond to the numbers from “0” to “9”. As 
shown in Figure  5b, without any learning, the initial recogni-
tion rate of the device is 13.4%. After 60 000 times of learning 
about each number, we tested the device 10 000 times with the 
same number. The recognition rate means that the ratio of 
the device to recognize these numbers is 85.63%. The weight 
value map and the heap map for this process are shown in 
Figures 5c and 5d, respectively. With increasing training times, 
the memory of the numbers by the devices gradually becomes 
clearer and more specific, and the tiles in the confusion matrix 
become arranged diagonally and have the largest saturated 
color. All these indicate that the Al/PI-WS2 QD/ITO synaptic 
device can correctly infer each number through training.[18]

3. Conclusion

In an Al/PI-WS2 QD/ITO synaptic device, the conductance 
of active layer undergoes a rapid change due to the trapping 
of electrons emitted from the electrodes. Even at a high tem-
perature of 100  °C, the device continued to operate normally, 
and the learning results at each stage were maintained, which 
should greatly improve the efficiency of modeling, and signifi-
cantly improve the speed of machine learning. Such excellent 

performance is attributable to the strong quantum confinement 
effect of the WS2 QDs, as a 2D material, on the trapped elec-
trons. We believe that these experimental results provide impor-
tant information for future research on high thermostability 
synaptic devices whose “conduction mechanism depends on 
defects in insulating active layer” and on other types of devices 
with the similar functions.

4. Experimental Section
Synthesis of the PI-WS2 QD Nanocomposite: WS2 QDs were synthesized 

by using the hydrothermal method. The WS2 bulk (250  mg) was put 
into 5 mL of DMF. After ultrasonic treatment for 3 h, a transparent dark 
green WS2 nanosheet (NS) dispersion was obtained. The obtained WS2 
NSs dispersion was then put into an autoclave and treated in vacuum 
at 200 °C for 10 h. The obtained transparent light green clear liquid was 
a dispersion of WS2 QDs. The obtained WS2 QD dispersion was mixed 
into a PI/DMF dispersion with a PI concentration of 50 mg mL−1, and 
stirred for 3 h to obtain a PI-WS2 QD mixture.

Fabrication of the Al/PI-WS2 QD/ITO Synaptic Device: A spin coating 
method (rotating speed: 1000  rpm for 10 s → 3000  rpm for 20 s → 
5000 rpm for 30 s → 3000 rpm for 20 s → 1000 rpm for 10 s) was used to 
coat the prepared PI-WS2 QD mixture on the surface of an ITO electrode 
that had been treated with ultraviolet light, after which the ITO electrode 
coated with a PI-WS2 QD nanocomposite was annealed on a hot plate 
at 150 °C for 3 h. Finally, to complete the preparation of the device, the 
thermal evaporation method was used in a vacuum of 1 × 10−6 Torr, to 
deposit Al electrode with a thickness of 200 nm.

Figure 5.  a) Schematic for a single layer network for recognition of the number “0”. The input pattern “0” (28 × 28), input neurons (28 × 28, yellow), 
and output neurons (2 × 5, red) are fully connected. b) Relationship between learning times and the recognition rate. c) Weight value and d) heap 
maps of the device’s learning process for numbers from 0 to 9 at a temperature of 100 °C.
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Characterization: All electrical characteristics of the device were 
measured by using a Keithley 4200. TEM images were obtained 
by using a CM30 TEM system at a driving voltage of 300  kV. SEM 
images were acquired out by using a Nova Nano SEM 450 system, 
and XRD patterns for the WS2 bulk and the WS2 QD were measured 
with the help of a SmartLab instrument, UPS spectra was determined 
with the aid of a theta probe base system (Thermo Fisher Scientific). 
The data for the differential scanning calorimetry (DSC) curve were 
carried out by a SDT Q600, Auto-DSCQ20 System. AFM images were 
carried out by using a Dimension 3100 (Vecco, CA) system in the 
tapping mode.
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