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memory devices have attracted extensive 
attention for their potential applications 
as basic building blocks in a wide range 
of organic electronics such as radio fre-
quency identification devices, sensors, 
flexible circuits, and displays.[1–5] To date, 
much progress has been made in various 
types of OFET memory devices, such as 
floating-gate OFET memory, polymer 
electret OFET memory, and ferroelec-
tric OFET memory.[6–11] However, OFET 
memory devices are far less mature than 
their Si counterparts; many issues remain 
regarding their charge storage capacity, 
stability, and reliability, limiting their 
practical applications. For OFET memory 
devices, charge storage layer has been 
considered as an important factor domi-
nating charge trapping and detrapping 
process, which directly affects memory 
performance.[12–18] Thus, there is a desire 
to develop an efficient charge storage layer 
for high-performance OFET memory 
device.

Previous studies have reported that the OFET memory 
devices with well-separated and highly ordered charge trapping 
sites showed better retention capability and higher charge trap-
ping capacity as compared to those using continuous film or dis-
ordered nanoparticles (NPs) as charge trapping elements.[6,19–22] 
For example, Cho and co-workers have demonstrated that 
charge trap density can be significantly enhanced by vertically 
engineering multilayered ferritin NP materials as charge-
trapping layer in their approach for the applications of OFET 
memories. More importantly, the obtained memory perfor-
mance parameters, such as memory window and programing/
erasing current ratios, can be precisely controlled by imple-
menting a different number of such charge-trapping layers.[22] 
Therefore, it is clear that developing isolated and ordered arrays 
of charge trapping sites is worth the effort for further research 
and development. Many materials, which are generally metallic 
conductors and narrow-bandgap (NBG) semiconductors, have 
been processed into isolated and ordered charge trapping sites, 
such as metallic NPs (Au, Ag, Al, Pt NPs, etc.),[20,23–25] inorganic 
materials (MoS2, carbon materials, etc.),[26,27] organic molecules 
(C60, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), CuPc, 
etc.),[28–31] conjugated polymer NPs,[32] etc. These studies have 
contributed to the development of OFET memory devices. 

In this paper, the development of organic field-effect transistor (OFET) 
memory device based on isolated and ordered nanostructures (NSs) arrays 
of wide-bandgap (WBG) small-molecule organic semiconductor material 
[2-(9-(4-(octyloxy)phenyl)-9H-fluoren-2-yl)thiophene]3 (WG3) is reported. The 
WG3 NSs are prepared from phase separation by spin-coating blend solutions 
of WG3/trimethylolpropane (TMP), and then introduced as charge storage 
elements for nonvolatile OFET memory devices. Compared to the OFET 
memory device with smooth WG3 film, the device based on WG3 NSs arrays 
exhibits significant improvements in memory performance including larger 
memory window (≈45 V), faster switching speed (≈1 s), stable retention capa-
bility (>104 s), and reliable switching properties. A quantitative study of the 
WG3 NSs morphology reveals that enhanced memory performance is attrib-
uted to the improved charge trapping/charge-exciton annihilation efficiency 
induced by increased contact area between the WG3 NSs and pentacene layer. 
This versatile solution-processing approach to preparing WG3 NSs arrays as 
charge trapping sites allows for fabrication of high-performance nonvolatile 
OFET memory devices, which could be applicable to a wide range of WBG 
organic semiconductor materials.

Field-Effect Transistor Memory

Owing to the merits of low-cost, nondestructive read-out, good 
compatibility with flexible substrates, and easily integrated 
structure, nonvolatile organic field-effect transistor (OFET) 
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However, one limiting factor is charge loss caused by the 
narrow bandgap, resulting in data-retention degradation. Wide-
bandgap (WBG) organic semiconductor have been widely used 
in organic light-emitting diodes (OLEDs),[33,34] while they are 
rarely reported as charge trapping elements in OFET memory 
devices. Compared to metallic conductors and NBG semicon-
ductors, WBG semiconductors own a high potential barrier, 
making it ideal for preserving trapped charges, which holds 
great promise for use in memory devices. Meanwhile, to pro-
long data retention time and improve charge storage capacity, it 
would be highly desired to pattern isolated and ordered arrays 
of WBG organic semiconductor materials as charge trapping 
sites for OFET memory devices. In previous reports, numerous 
methods have been developed to prepare isolated and ordered 
charge trapping arrays, such as thermal evaporation,[2,23,24] self-
assembly,[6,21,25,35] microcontact printing,[20] synthesis in block 
copolymer,[19] etc. However, these methods face some issues 
in practical application including high cost, low efficiency, and  
complex manufacturing process. Therefore, preparing well-
separated and ordered charge trapping arrays via inexpensive 
and simple solution process remains challenging.

Solution process is the most promising approach for com-
mercial manufacturing owing to its low cost, as well as good 
compatibility with large-area and flexible substrates.[36,37] As a 
simple solution-processing method, spin-coating is a ubiquitous 
technique throughout the fields of science and engineering, 
where it is applied for depositing thin films onto either rigid 
or flexible substrates for a wide variety of applications. Spin-
ning blends of different materials may result in phase separa-
tion, depending on materials, concentration, solvent, substrate, 
temperature, as well as film deposition process.[38–40] By tuning 

these relevant parameters, many possible morphologies can 
be made from the phase separation. Various phase-separated 
morphologies have been applied in organic electronics, such 
as OFETs, OLEDs, organic photovoltaic solar cells (OPVs), etc., 
to improve device performance.[41–44] Motivated by the previous 
research in phase-separated microstructures, we are interested 
in developing isolated charge trapping sites using WBG organic 
semiconductor materials by phase separation from spin-coating 
blend solutions.

In this work, we report a simple approach to developing 
WBG small-molecule organic semiconductor material 
[2-(9-(4-(octyloxy)phenyl)-9H-fluoren-2-yl)thiophene]3 (WG3) 
nanostructures (NSs) arrays by spin-coating blend solutions of 
WG3/(trimethylolpropane) (TMP). The WG3 NSs exhibit iso-
lated and well-ordered distribution as a result of phase separa-
tion. By employing the WG3 NSs arrays as charge trapping sites 
for pentacene-based OFET memory devices, memory character-
istics are significantly improved compared to those of the OFET 
memory device using smooth WG3 film as charge storage layer. 
A quantitative study of the WG3 NSs morphology is carried 
out using MATLAB to investigate the reason for the enhanced 
memory performance. Furthermore, operational mechanisms 
for the OFET memory devices are discussed.

Schematic illustration of the process for forming WG3 NSs 
arrays is shown in Figure 1a. It is known that most small mole-
cules face difficulty in solution processability, while alkyl chains 
in WG3 make it able to have excellent solubility in toluene. The 
WG3 NSs arrays were fabricated by spin-coating from toluene 
solutions of a mixture of WG3/TMP = 1:5 onto the SiO2 sub-
strates. It has been demonstrated that surface energy plays an 
important role in controlling the process of phase separation in 

Small 2017, 1701437

Figure 1. a) Schematic illustration of the process for forming WG3 NSs arrays. b) 2D and c) 3D AFM images of WG3 NSs. d) Water contact angles 
as a function of WG3 ratio in the blends. Insets: Photographs of a water droplet on pure TMP film, WG3/TMP (1:5) blended film, and pure WG3  
film.
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binary blends and therefore determines the surface morphology 
of thin film.[38,45] When the WG3/TMP blend solution dripped 
onto the hydrophilic SiO2 substrate, polar material TMP with 
high surface energy is preferentially deposited on the substrate 
surface, whereas the WG3, with low surface energy, forms at 
the film–air interface, resulting in a vertical stratification. Then 
the transient stratified layer becomes unstable due to Maran-
goni-like instability, further leading to a lateral phase separation 
during solvent evaporation.[39,46] The formation of WG3 NSs is 
attributed to the vertical and lateral phase separation caused by 
the preferential aggregation of TMP at the substrate–film inter-
face and the phase segregation in the film. 2D and 3D atomic 
force microscopy (AFM) images of the WG3 NSs arrays are 
shown in Figure 1b,c, respectively. The WG3 NSs are found 
to be uniform with an average height of ≈9 nm. To investigate 
the structure of phase-separated WG3, the sectional view from 
the location indicated by line in the AFM image (Figure S1a, 
Supporting Information) was obtained, as shown in Figure S1b 
(Supporting Information). It reveals the nanocolumn-like struc-
tures of phase-separated WG3. In addition, height histogram 
was extracted from the AFM data to further study the distribu-
tion of WG3 NSs, as shown in Figure S1c (Supporting Infor-
mation). Two peaks were observed in the WG3/TMP layer, indi-
cating the presence of two distinct types of surface topographies. 
The first sharp peak is centered at ≈2.7 nm, corresponding 
to the height of the bottom film among WG3 NSs; while the 
second peak is centered at ≈8 nm, which agrees well with the  
height of WG3 NSs. These results suggest that the phase-
separated WG3 NSs are isolated with relatively uniform height. 
To further confirm the surface composition of the blended film, 
water contact angle measurements were performed on the  
WG3/TMP blended films containing different WG3 ratios. 
Photo graphs of a water droplet on the corresponding surface are  
exhibited in the insets in Figure 1d. The water contact angle of 
WG3 is 97.74° and that of TMP is 47.34°. Figure 1d shows the 
water contact angle as a function of the WG3 ratio in the blends. 
Note that water contact angle of the WG3/TMP blended film 
increases rapidly with the increased WG3 ratios, and reaching a 
value of 96.56° at WG3 ratio of 10%, which is almost the same 
as the water contact angle of pure WG3 film. This indicates that 
the NSs are predominantly composed of WG3. These results 
demonstrate that isolated and ordered NSs arrays of WBG 
small-molecule organic semiconductor have been successfully 
developed in a versatile, low-cost, low-temperature, and easily 
accessible approach.

With the WG3 NSs arrays as charge trapping layer, we 
studied charge transport and charge storage characteristics 
of the OFET memory devices. An illustration of the 3D struc-
ture for the memory device is shown in Figure 2a. The devices 
were fabricated in bottom-gate/top-contact configuration 
with p-type pentacene as the active layer. Figure 2b shows the 
molecular structures and the relative positions of the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) energy levels of pentacene and WG3. 
WG3 is a WBG material having a strong hole-trapping prop-
erty, with HOMO energy level of −5.9 eV and LUMO energy 
level of −2.1 eV, which were studied by cyclic voltammetry (CV), 
as illustrated in Figure S2 (Supporting Information). Finally, 
60 nm of Cu was thermally evaporated on top of the pentacene 

layer as the source and drain electrodes. In addition, an OFET 
utilizing a WG3 film as charge trapping layer (denoted as WG3 
film device) was also fabricated as a reference device to gain a 
better understanding of the effect of the WG3 NSs on device 
performance. The continuous and smooth WG3 thin film was 
formed by spin-coating from the homo-WG3 solution on the 
SiO2 substrate, as characterized by AFM in Figure S3 (Sup-
porting Information). The representative output and transfer 
characteristics of the OFET memory device using WG3 NSs 
arrays as charge trapping sites (denoted as WG3 NSs device) 
and the WG3 film device are shown in Figure S4 (Supporting 
Information). Both devices showed typical p-type field-effect 
transistor behaviors. The WG3 NSs device exhibited a mobility 
(μ) of 0.33 cm2 V−1 s−1, a threshold voltage (VTH) of −10.58 V, 
and an ON/OFF current ratio of 106, and the WG3 film device 
exhibited a μ of 0.79 cm2 V−1 s−1, a VTH of −11.84 V, and an 
ON/OFF current ratio of 104, as summarized in Table S1 (Sup-
porting Information). Although there is a decrease in mobility 
of the WG3 NSs device, the WG3 NSs appear to be no signifi-
cant damage to the hole transport in the conductive channel in 
the WG3 NSs device, providing the potential for use in high-
performance OFET memory device. Figure S5a,b (Supporting 
Information) shows the AFM images of 50 nm thick pentacene 
films obtained on the WG3 NSs and the WG3 film, respectively. 
The AFM measurements indicate that the lower mobility of the 
WG3 NSs device was caused by the smaller pentacene grains 
grown on the relatively rough WG3 NSs than that grown on 
smooth WG3 film.[47,48] Moreover, it is worth noting that the 
ON/OFF current ratio of the WG3 NSs device was two orders 
of magnitude higher than that of the WG3 film device, which is 
favorable to obtain a stable and reliable memory device.

To investigate the charge storage characteristics of the WG3 
NSs device, the shifts in the transfer curves were measured, as 
shown in Figure 2c. When a negative gate bias (VG) of −100 V 
was applied to the WG3 NSs device for 1 s, the transfer curve of 
the device shifted from its initial position toward the negative-
voltage direction and then steadily sustained at the shifted posi-
tion (defined as the programmed state), indicating that holes 
trapping occurred in the device. It is interesting to note that in 
the dark condition the electrical voltage bias could not overwrite 
the memory device even a high positive voltage of 180 V was 
applied (Figure S6a, Supporting Information). This is ascribed 
to a lack of mobile electrons in pentacene in the ambient con-
dition. Previous studies demonstrated that light illumination 
could generate excitons in the semiconductor layer of OFET 
memory devices, which can assist the programming/erasing 
operation with or without external voltage bias.[9,49,50] Therefore, 
in the erasing process we utilized a white light with light inten-
sity of about 5 mW cm−2 to illuminate the memory device. It 
was found that the transfer curve shifted back to its initial posi-
tion (defined as the erased state) after the WG3 NSs device was 
illuminated for 1 s. Memory window (ΔVTH) is an important 
parameter for memory devices, which is defined as the differ-
ence between VTH in the programmed and the erased states. 
ΔVTH of the WG3 NSs device is about 44.8 V, and the corre-
sponding charge trapping density (Δn) in this memory device 
is estimated to be 2.97 × 1012 cm−2 using the equation Δn = 
ΔVTH·Ci/e, where Ci is the capacitance per unit area of the 
dielectric layer and e is the elementary charge. In addition, to 
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identify the role of TMP in the memory device, the electrical 
characteristics of OFET with a single TMP layer were also 
measured, as shown in Figure S7 (Supporting Information). 
The OFET with a TMP layer showed negligible shift in transfer 
curves under a negative gate voltage of −100 V, indicating that 
the WBG organic semiconductor WG3 is responsible for the  
charge storage in the memory device. To further study  
the effect of the WG3 NSs on the charge storage, the shifts in 
the transfer curves of the WG3 film device were also investi-
gated, as shown in Figure 2d. As in WG3 NSs device, the WG3 
film device also exhibited electrically inerasable characteristics 
under dark (Figure S6b, Supporting Information). After a pro-
gramming voltage of −100 V was applied for 1 s and followed by 

a light illumination (5 mW cm−2 for 10 s), the WG3 film device 
exhibited a window width of 27.6 V with a corresponding Δn of 
1.83 × 1012 cm−2, which were much smaller than those of the 
WG3 NSs device. The results demonstrate that the isolated and 
ordered WG3 NSs arrays effectively enhance the charge trap-
ping capacity of the memory device. Moreover, it is interesting 
to note that in the light-erasing process when the WG3 film 
device was illuminated by light for 1 s, the transfer curve shifted 
back to the initial state by only ≈33%, and could completely 
return to the initial state until the device was illuminated for 
10 s (see Figure S8, Supporting Information). To further study 
the role of the WG3 NSs arrays in the charge trapping/charge-
exciton annihilation process, the variations in VTH as a function 
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Figure 2. a) Schematic illustration of pentacene-based OFET memory device in bottom-gate/top-contact configuration. b) Energy level diagram and 
chemical structures of pentacene, WG3, and TMP. Transfer characteristics obtained under dark after programming and erasing operations for OFET 
memory devices based on c) WG3 NSs and d) WG3 film, with source–drain voltage (VD) kept at −30 V. For the programming process, both devices were 
biased at the same VG of −100 V for 1 s. For the erasing process, white light, with wavelength of 410–800 nm and intensity of 5 mW cm−2, illuminated 
directly from the top of the devices. WG3 NSs device was illuminated for 1 s, while WG3 film device was illuminated for 10 s. VD = 0 V in both the 
programming and erasing processes. Variation in VTH as a function of e) program time and f) erase time, respectively, for both WG3 NSs and WG3 film 
devices. VG = −100 V was applied as the programming voltage, and the same light source was used during the erasing operation.
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of programming/erasing durations were characterized in both 
the WG3 NSs and WG3 film devices, as depicted in Figure 2e,f. 
Here, ΔVP and ΔVE denote the variations in VTH in the pro-
gramming and erasing processes, respectively. As shown in 
Figure 2e, in the electric-programming process, when the pro-
gramming pulse width was 20 ms, substantial increases in ΔVP 
of both the WG3 NSs and WG3 film devices were observed, and 
the ΔVP gradually increased and eventually became saturated 
with the increase of programming duration. However, the WG3 
NSs device showed a larger ΔVP in contrast to the WG3 film 
device under the same programming condition, indicating a 
higher charge trapping capacity. In the light-erasing process 
(Figure 2f), ΔVE of the WG3 NSs device increased dramati-
cally and reached saturation when the device was illuminated 
for only 1 s, while the WG3 film device saw a slow and slight 
increase in ΔVE as the illumination time increased. The results 
demonstrate that utilizing isolated and ordered WG3 NSs as 
charge trapping sites is an effective strategy to improve the effi-
ciency of the charge trapping/charge-exciton annihilation.

Data retention characteristics and device switching capa-
bility were investigated to evaluate the stability and reliability 
of the memory devices. The WG3 NSs device and the WG3 
film device were subjected to the same bias conditions to set 
the programmed and erased states as shown in Figure 2c,d, 
respectively. The retention capability of the WG3 NSs device 
was found to be well preserved with a high on/off current ratio 
of 105 after 104 s (see Figure 3a). Further extending the fitting 

curve, the retention time could exceed five years with an on/off 
current ratio over 10, as shown in Figure S9 (Supporting Infor-
mation). In comparison, obvious degradation was observed 
in the programmed state of the WG3 film device, leading to 
a significant reduction in the on/off current ratio from 104 
to 102 in 104 s, as shown in Figure 3b. A series of program-
ming (VG = −100 V, VD = 0 V, under dark), reading (VG = −25 V,  
VD = −30 V, under dark), and erasing (VG = 0 V, VD = 0 V, under 
illumination) operations was applied to characterize the device 
switching capability. Figure 3c,d illustrates multiple electric-
programming/light-erasing switching cycles of the WG3 NSs 
device and the WG3 film device, respectively. Both devices 
exhibited reversible memory characteristics for 150 program/
erase cycles. Compared to the WG3 film device, the WG3 NSs 
device exhibited more stable switching properties. Thus, uti-
lizing WG3 NSs arrays as the charge trapping sites successfully 
improved the stability and the reliability of the memory device, 
which allow for realizing high-performance OFET memory 
devices.

Quantitative studies in MATLAB were carried out to explore 
the correlation between the memory performance and the 
WG3 NSs morphology. WG3 and TMP solutions were mixed 
at different volume ratios from 1:1 to 1:5, and then the blends 
were spin-coated to form different blended films. AFM meas-
urements were performed to investigate the surface mor-
phologies of the blended films, as shown in Figure 1b,c, and 
Figure S10a–c (Supporting Information). It was found that WG3 
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Figure 3. Data retention characteristics of a) WG3 NSs device and b) WG3 film device. Program/erase (P/E) cycles of c) WG3 NSs device and d) WG3 
film device. Program operation: VG = −100 V for 1 s, VD = 0 V, under dark, for both devices; read operation: VG = −25 V, VD = −30 V, under dark, for 
both devices; erase operation: VG = 0 V, VD = 0 V, light illumination for 1 s for WG3 NSs device, and light illumination for 10 s for WG3 film device.
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ratio in the blends had a significant impact on determining 
the domain structures induced by phase separation. With the 
decrease of the WG3 ratio in the blends, the domain structures 
become smaller and more isolated with regular shape, whereas 
the height of WG3 NSs appears highly similar in different 
blended films with an average value of about 10 nm, as con-
firmed by the 3D AFM images in Figure 1c and Figure S10a–c 
(Supporting Information). Here, the AFM topography of the 
WG3 film was adopted as the standard reference to quantita-
tively analyze the effect of blend ratios on the morphologies 
of the blended films. We standardized the color bars in the 
AFM topographies of the blended films, then used MATLAB 
to convert the color images to grayscale ones, as shown in 
Figure 4a–d. The proportions of WG3 NSs (np) in different 
blended films can be simulated and calculated in MATLAB, 
which were 0 (pure WG3 film), 0.245734 (WG3:TMP = 1:5),  
0.243747 (WG3:TMP = 1:3), 0.317749 (WG3:TMP = 1:2), and 
0.484349 (WG3:TMP = 1:1), respectively. The results indicate 
that the density of WG3 NSs increases with the increase of the 
WG3 ratio in the blends, which are consistent with the 3D AFM 
images of the blended films. Furthermore, electrical charac-
teristics of OFETs based on the blended films were also meas-
ured (Figure S11, Supporting Information), and the electrical 
parameters are summarized in Table S1 (Supporting Informa-
tion). Figure 4e shows the transfer curves of OFETs with WG3 
film or different blended films in the programmed state after 
applying a gate bias of −100 V for 1 s under dark. It can be seen 
that more positive VTH was obtained for the device with higher 

WG3 ratio. We defined the variation in memory window (ΔMW) 
as the difference between the memory window of the OFETs 
with blended films (ΔTH, WG3 NCs) and the memory window of 
the WG3 film device (ΔTH, WG3 film). Figure 4f shows ΔMW as a 
function of np, indicating an approximately linear relationship. 
By linear fitting in MATLAB, the relationship between ΔMW and 
np can be expressed by the following equation with a linear fit-
ting correlation coefficient of 0.93

101.00591n 2.73322MW p∆ = −  
(1)

As displayed in the 3D AFM image (Figure 1c) and the sec-
tional view of AFM image (Figure S1a, Supporting Informa-
tion), the WG3 NSs exhibited nanocolumn-like structure. For 
simplicity of analysis, we presume that the nanocolumn-like 
WG3 NSs in the different blended films have the same height 
(h) and radius (r). The surface area of the top (St), the surface 
area of the side (Ss), and np can be calculated using the fol-
lowing equations

dt p
2

p
2

0∫ π π= =S n r n r
r

 
(2)

2 d 2s p p
0∫ π π= =S n h r n hr
r

 
(3)

p
t=n

S

S  
(4)
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Figure 4. Grayscale images of blended films with WG3/TMP blend ratio of a) 1:1, b) 1:2, c) 1:3, and d) 1:5, converted from the color AFM images 
using MATLAB. e) Transfer curves of OFETs with pure WG3 film or blended films in the programmed state after applying VG = −100 V for 1 s under 
dark. f) Variation in memory window (ΔMW) as a function of proportion of WG3 nanocolumns (np) on blended films with different WG3/TMP blend 
ratios, where np was simulated and calculated in MATLAB. ΔMW and np were found to be linearly dependent with a correlation coefficient of 0.93 by 
linear fitting in MATLAB.
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where π is a constant, and S is the surface area of the conduc-
tive channel of the OFETs. The relationship between ΔMW and 
Ss can be extracted from the above equations

50.502955 2.73322MW s∆ = −r

hS
S

 
(5)

This result indicates that ΔMW is linearly related to Ss. More-
over, Ss is approximately equal to the contact area between 
the WG3 NSs and the pentacene film (Sc), because St is far 
smaller and therefore can be neglected with respect to Ss. In 
this case, it can be concluded that ΔMW and Sc exhibit a prac-
tically linear relationship, which impressively demonstrates 
that the improvement in memory window can be ascribed to 
the increased contact area between the WG3 NSs and the pen-
tacene film. Moreover, we also measured the data retention 
characteristics and switching capability of each device with 
different WG3/TMP blend ratio, as shown in Figure S12 (Sup-
porting Information). All the memory devices exhibited revers-
ible and stable switching capabilities, however, the retention 
properties showed obvious degradation with the increase of 
WG3 ratio. This is supposed to originate from the diffusion of 
trapped charges in the continuous WG3 domain, resulting in 
poor retention stabilities. This result reveals that isolated WG3 
NSs as charge trapping sites contribute to stable and reliable 
memory performance.

Operational mechanisms of the WG3 NSs device and the 
WG3 film device are illustrated in Figure S13 (Supporting 
Information). As shown in Figure S13a,c (Supporting Informa-
tion), when the memory devices are subjected to an appropriate 
negative gate bias in dark condition, holes are injected by tun-
neling into the WG3, and steadily trapped by WG3 due to its 
strong hole-trapping capability as well as the large energy bar-
rier between the HOMO of pentacene and WG3. The trapped 
holes in the WG3 result in a reduced concentration of holes in 
the semiconductor channel. Consequently, the transfer curve 
shifts to the negative-voltage direction, which is the electric-
programming process. In the light-erasing process, when the 
memory devices are illuminated, a large amount of excitons 
are generated in pentacene and then move to the pentacene/
WG3 interface where charge-exciton annihilation subsequently 
occurs, resulting in the neutralization of trapped holes in WG3 
(Figure S13b,d, Supporting Information).[49,50] Thus, the transfer 
curve shifts back to the positive-voltage direction. Interestingly, 
the energy levels of the WG3 NSs and the WG3 film appear to 
be identical, which indicates the same tunneling barrier with 
pentacene; however, the memory performance of the WG3 NSs 
device is far superior to that of the WG3 film device. Compared 
to the WG3 film, the WG3 NSs have larger contact area with the 
pentacene film due to their nanocolumn-like structures, which 
substantially increases the probability of charge tunneling from 
the semiconductor channel to the gate dielectric during elec-
tric-programming process, and charge-exciton annihilation at 
pentacene/WG3 interface during light-erasing process, leading 
to a remarkable improvement in charge trapping capacity and 
switching speed of the memory device.[9,51,52] Moreover, the iso-
lated WG3 NSs structures can effectively suppress the lateral dif-
fusion of the trapped holes among the WG3 NSs, which enable 
memory device with high stability and reliability.

In conclusion, the WBG small-molecule organic semicon-
ductor material WG3 has been successfully processed into 
isolated and ordered NSs arrays as a result of phase sepa-
ration by spin-coating blend solutions of WG3/TMP. We 
achieved remarkable improvements in memory performance 
by employing the WG3 NSs as charge trapping sites for pen-
tacene-based OFET memory device compared to the device 
using smooth WG3 film as charge trapping layer. The quantita-
tive study of the WG3 NSs morphology reveals that enhanced 
memory performance is attributed to the improved charge 
trapping/charge-exciton annihilation efficiency induced by 
increased contact area between the WG3 NSs and pentacene 
layer. Meanwhile, the isolated WG3 NSs structures can effec-
tively suppress the lateral diffusion of the trapped holes in the 
WG3, and therefore improve the stability and reliability of the 
memory device. Our study demonstrates a versatile, low-cost, 
low-temperature, and easily accessible spin-coating method 
to form isolated and ordered WG3 NSs, which could be appli-
cable to fabrication of well-separated and highly ordered arrays 
of charge trapping sites for high-performance OFET memory 
devices for promising applications in flexible electronics.

Experimental Section
Fabrication of WG3 NSs: WG3 was synthesized by the authors’ group, 

and TMP was purchased from Sigma-Aldrich and used as received. Pure 
WG3 and TMP solutions were prepared using toluene (3 mg mL−1). 
Blend solutions were prepared by mixing the pure WG3 and TMP 
solutions in different volume ratios (WG3:TMP = 1:1, 1:2, 1:3, and 
1:5, respectively). The blend solutions were ultrasonically treated for 
1 h at room temperature to promote complete dissolution. The blend 
solutions were spin-coated onto the SiO2 substrates at a spin speed of 
3000 rpm for 30 s. Then the blended films were dried at 80 °C for 30 min 
in an oven to remove the residual solvent.

Device Preparation: All the OFETs were fabricated in a top-contact 
and bottom-gate configuration. Heavily doped n-type Si substrates 
with 300 nm thermally grown silicon dioxide were cleaned in sequence 
by bath sonication with acetone, isopropanol, and deionized water for 
12 min each, and then transferred into an oven at 120 °C for 30 min 
after dried using a nitrogen gun. For WG3 NSs device, the WG3 NSs 
were prepared by spin-coating from the blend solutions of WG3/TMP 
(1:5) onto the SiO2 substrates. To fabricate reference devices, WG3 
film was formed by spin-coating from pure WG3 solution in toluene 
(0.5 mg mL−1), and TMP film was prepared by spin-coating from pure 
TMP solution in toluene (2.5 mg mL−1). All the solution-processed films 
were fabricated by spin-coating at the same spin speed of 3000 rpm for 
30 s, and then dried at 80 °C for 30 min in an oven. Then pentacene 
(purchased from Sigma-Aldrich, used without further purification) was 
thermally deposited with a deposition rate of 0.1 Å s−1 under vacuum 
at a pressure of ≈5 × 10−4 Pa to form the 50 nm thick film. As a final 
step, source and drain electrodes of about 60 nm thick copper (Cu) were 
thermally evaporated through a shadow mask. The channel length (L) 
and width (W) of the devices were 100 and 2000 μm, respectively.

Characterization: The surface morphologies of different films were 
obtained with a Bruker Dimension Icon AFM operated in tapping 
mode (Bruker Sb/Si probe tip with a resonant frequency 320 kHz and 
the spring constant 42 N m−1) at room temperature. Water contact 
angles were characterized by using a Krüss DSA-20 contact angle 
measurement system. The electrical characteristics of the OFETs were 
measured by using a Keithley 4200 SCS semiconductor parameter 
analyzer in a shielding box under ambient conditions. Commercial LED, 
with a wavelength of 410–800 nm and an intensity of 5 mW cm−2, was 
illuminated directly from the top of the devices.
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