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The Nanosprouts Structural Inhomogeneity of Organic
Semiconductors and the Optical Memory Properties

Lizhi Yan, Deng Zou, Yuyang Yin, Yifan Guo, Ming Chen, Xing Cheng,
and Paddy Kwok Leung Chan*

Structural inhomogeneities are extensively observed in organic films. Detailed
understanding of the crystal lattice packing modes and orientations of these
inhomogeneity structures will provide insightful views in revealing the rela-
tionship between film morphology and device performance. Herein, this study
reports a characterization approach utilizing the lateral force microscopy (LFM)
to directly obtain lattice structure information on a commonly used organic
small molecular material, i.e., 2,9-Diphenyl-dinaphtho[2,3-b:2′,3′-f]thieno[3,2-
b]thiophenes (DPh-DNTT) deposited by thermal evaporation. By enhancing
sensitivity, the spatial resolution of the LFM approach is optimized. The crystal
structure information up to sub-molecular scale can be resolved through the
optimization of the LFM test, enabling precise determination of molecular ar-
rangements. Based on the nanosprouts structural inhomogeneity, DPh-DNTT
nonvolatile optical memory transistors (OMTs) are developed and the devices
demonstrate intrinsic optical memory property with a long retention time of
over 1 × 104 s, accompanied by a binary state current ratio greater than 105.
Besides proposing the utilization of Kelvin probe force microscope (KPFM) and
LFM to identify the charge trapping sites of the OMT, a 16 × 16 flexible active
matrix OMT array is fabricated with image processing capability. The devices
showcase their potential for applications in the field of machine vision.

1. Introduction

Optical memory transistors (OMTs) represent a promising av-
enue for the next-generation memory circuits by integrating
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optical memory capabilities with well-
established transistor structures.[1–4]

Organic OMTs, in particular, have
emerged as a promising technology due
to their advantages of being lightweight,
cost-effective, and easily integrable into
flexible and wearable applications. In re-
cent decades, various organic OMTs have
been developed and classified according
to their charge trapping mechanisms,
including photochromic,[5–7] functional
dielectric,[8–10] floating gate,[11–13] and
heterostructure configurations.[14,15]

These devices have demonstrated sig-
nificant advancements, such as on/off
ratios up to 108 and charge retention
with a drain current decrease of less
than 0.4 order after 108 s.[16,17] However,
the fabrication of these devices typi-
cally involves additional processes, such
as blending photochromic molecules,
functionalizing dielectric layers, fab-
ricating floating gates, and forming
heterostructures, which are not cost-
effective for developing flexible systems.
To simplify fabrication and reduce costs,

OMTs with intrinsic optical memory properties confined to the
semiconductors have been introduced, eliminating the need for
additional processing steps.[18,19]

Salleo et al. first observed photoinduced bias-stress reversal
in a transistor utilizing poly (9,9′-dioctylfluorene-co-bithiophene)
(F8T2) as the active layer.[20] Further research explored vari-
ous organic molecules like 4(HPBT)-benzene,[21] sexithiophene
(6-T),[22] copper phthalocyanine (CuPc),[23] NDI(2OD)(4tBuPh)-
DTYM2,[24] and rubrene as photoactive channels.[25] Typically, the
underlying mechanism of photoactive behavior in these devices
is attributed to charge trapping at the semiconductor-dielectric
interface. In the state-of-the-art research on OMTs with intrinsic
optical memory properties, devices based on nanosprouts struc-
tures have demonstrated superior memory performance. These
include an on/off ratio exceeding 106, mobility high as 7.7 cm2

V−1 s−1, and retention times for more than 6 h.[18,19] Despite
the correlation between the presence of nanosprouts structures
and enhanced memory performance, the charge trapping mech-
anisms remain unclear. A comprehensive study that investigates
the correlation between the lattice packing of nanosprouts struc-
tures and the memory properties of these OMTs is crucial. Such
research would provide valuable insights into the underlying
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Figure 1. The optical memory properties caused by the nanosprouts structures. a) Device structure of the optical memory transistor, the DPh-DNTT
film is evaporated at a substrate temperature of 100 °C. b) SEM image of the DPh-DNTT film evaporated at a substrate temperature of 100 °C, the
nanosprouts structures are colored manually. c) Transfer curves of the pristine, after programing and after erasing of the optical memory transistor, VDS
= −3 V. d) Retention test of the optical memory transistor, current read at VGS = 0 V, VDS = −0.1 V. e,f) AFM topography image and the corresponding
KPFM potential distribution map of the channel area of the OMT after programing.

memory mechanisms and would advance the development and
application of OMTs with nanosprouts structures.
Lateral force microscopy (LFM), invented in 1987 by Mate and

colleagues,[26] has played a significant role in nanomechanics
research.[27–30] In addition to its contributions to this domain,
LFM has demonstrated the capability for atomic resolution imag-
ing in both contact mode and non-contact mode tests.[31–34] Its
relatively minor damage on organic materials makes it a promis-
ing characterization technique for directly acquiring the molecu-
lar lattice packing information. However, current LFM imaging
of lattice structures in organic films primarily focuses on the her-
ringbone type.[35–40] While these demonstrations are important,
it remains uncertain whether LFM is a viable option for routine
organic lattice structures imaging, particularly given the diversity
of lattice packing modes in organic films.
In this study, we developed a nonvolatile OMT based on the

nanosprouts structures of DPh-DNTT film, wherein the active
layer exhibits intrinsic optical memory properties. By incorporat-
ing an aluminum oxide (Al2O3) high-k dielectric, the OMT op-
erates at voltages below 4 V and demonstrates promising data
retention performance, maintaining a binary states current ratio
exceeding 105 for 1 × 104 s and a predicted current ratio larger
than 104 for 8.9 × 108 s. Subsequently, we employed LFM un-
der ambient conditions to directly characterize the lattice struc-
tures at the grain boundaries of the DPh-DNTT films. In the
film, nanosprouts structures are molecules under a “face on”
packing mode with their c-axis parallel to the substrate sur-
face, while the terrace structures are molecules standing up-
right on the substrate. Additionally, finer crystal packing infor-
mation in nanosprouts structures can be obtained by employing

probes with enhanced sensitivity. The exposed lattice plane in the
nanosprouts structures is characterized as the (110) plane. To the
best of our knowledge, this is the first time the exposed surface
lattice packing information of this kind of film has been reported.
We show that LFM imaging of sub-molecular resolution can be
achieved even in ambient condition tests through autocorrelation
function (ACF) filtering. Furthermore, by using high-resolution
Kelvin probe force microscopy (KPFM) and LFM, the location
of the charge trapping sites is concluded to be at the interface
between the nanosprouts structures and the terrace structures.
Beyond the working principle of the OMTs, we further demon-
strate their application potential by fabricating a 16 × 16 flexi-
ble active matrix OMT array, showcasing image recognition and
storage functions.

2. Results and Discussion

2.1. The Optical Memory Properties Caused by the Nanosprouts
Structures

The structural inhomogeneities in organic films offer the po-
tential of generating intriguing phenomena, for instance, optical
memory phenomenon stemmed from the lattice structures mis-
match. We utilized the bottom gate top contact (BGTC) transistor
structure to investigate the optical memory properties caused by
the nanosprouts and the schematic drawing of the OMT device
structure is shown in Figure 1a. A false colored scanning elec-
tron microscopy (SEM) image of DPh-DNTT film is showcased
in Figure 1b. The film thickness is 40 nm and is subjected to
thermal evaporation at a substrate temperature of 100 °C. This
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thickness is maintained throughout all subsequent sections un-
less otherwise specified. As shown in Figure 1b, both terrace
structures, and nanosprouts structures (highlighted in yellow)
can be observed, and the detailed investigations of these struc-
tures will be discussed in the following sections. The memory
performance of the OMT is evaluated by the optical-electrical
programing and erasing process. Under the program condition:
gate-source voltage (VGS) = 4 V, drain-source voltage (VDS) = 0 V,
and 445 nm light illumination at a power density of 20 mW cm−2

for 10 s, the threshold voltage (VTH) value of the transfer curve
shifts 2.04 V toward positive side as shown in Figure 1c. The
transfer curve of the device reverses back to the pristine state
with the erase condition: VGS = −4 V, VDS = 0 V for 10 s., i.e.,
445 nm blue light and positive gate bias are used for program-
ing, and negative gate bias with no light are used for erasing.
The retention test results in Figure 1d show that after the pro-
gramming process, the on/off state current ratio of the OMT can
remain larger than 105 for longer than 1× 104 s, and the projected
time for a current ratio longer than 104 is 8.9 × 108 s (Figure S1,
Supporting Information). The VTH shift values of this OMT are
adjustable and affected by factors of optical power density, pro-
graming duration, and programing gate bias value. As depicted
in Figure S2 (Supporting Information), a longer programing du-
ration, a higher optical power density, and an increased program-
ing gate bias value result in a more rapid VTH shift. On the other
hand, if the positive gate bias or light illumination are applied in-
dividually during the programing process, or the light illumina-
tion is combined with negative gate bias rather than positive bias,
these do not lead to a significant VTH shift (Figure S3, Supporting
Information). The fatigue test results for this OMT are presented
in Figure S4a (Supporting Information). After 300 program-erase
cycles, the OMT exhibits a slight decrease in the programming
state current while maintaining a relatively stable erasing state
current. By assuming an on/off ratio of 103 as the minimum re-
quirement for the operation of the OMT devices, the extrapolated
results in Figure S4b (Supporting Information) suggest a device
lifetime of ≈1.1 × 104 cycles.
To elucidate the charge trapping mechanism of the optical

memory phenomenon, we conducted KPFM test on the channel
area of the OMT after programing. The KPFM test was first cali-
brated on the standard Al/Au sample, as presented in Figure S5
(Supporting Information). The morphology image and the cor-
responding KPFM potential map of the channel area of DPh-
DNTT film after programing are presented in Figure 1e,f. No-
tably, the potential distribution exhibits a strong correlation with
the nanosprouts structures shown in themorphology image. The
potential distribution of nanosprouts structures demonstrated a
lower value compared to the surrounding terrace film after pro-
graming, showcasing an average reduction of ≈15% compared
to the adjacent areas along the diagonal, as demonstrated in
Figure S6 (Supporting Information). This observation suggests
that the work function of the nanosprouts structures tend to
align more closely with the highest occupied molecular orbital
(HOMO) after programing. It can be understood as during the
programing process, charge accumulation occurs within or ad-
jacent to the nanosprouts structures, which are the origins of
the memory properties. We further deposited DPh-DNTT and
copper hexadecafluorophthalocyanine (F16CuPc) films on the
OTS/SiO2/Si structure at a substrate temperature of 100 °C and

explored their memory performances, as presented in Figure S7
(Supporting Information). Generally, the DPh-DNTT film on the
OTS/SiO2/Si substrate exhibited nanosprouts structures and sig-
nificant optical memory performance. In contrast, the F16CuPc
film on the same substrate did not display nanosprouts struc-
tures and demonstrated negligible optical memory performance.

2.2. Characterizing the Lattice Packing Modes of Inhomogeneity
Structures in DPh-DNTT Film via LFM

The charge trapping sites that are crucial to the manifestation
of the memory phenomenon are situated within or adjacent
to the nanosprouts structures. A comprehensive understanding
of the crystal lattice packing modes and orientations of these
nanosprouts structures is essential for elucidating the charge
trapping mechanism. LFM has been employed to directly char-
acterize the lattice structure of these nanosprouts formations
within the DPh-DNTT films. The atomic configurations of mate-
rials can be revealed throughmeasurement of lateral forces. This
concept can be comprehended through the Prandtl-Tomlinson
(PT) model, which correlates the stick-slip motion with the pe-
riodic potential profile.[41–46] In the context of an LFM test, the
tip exhibits a stick-slip behavior as it traverses the periodic poten-
tial defined as the summation of the Lennard-Jones potential of
each surface atom interacting with the tip atom.[44,45,47] The lat-
tice structure of DPh-DNTT crystal is exhibited in Figure 2a, with
the dimensions along the three axes marked.[48] The schematic
diagram of the LFM test is shown in Figure 2b. The cantilever
of the AFM probe twists at an angle proportional to the friction
force between the probe tip and the testedmaterial. This twist an-
gle is detected by the photodetector and generates a lateral out-
put signal. The film morphology is characterized by the varia-
tion in friction force (Figure S8, Supporting Information). The
LFM image of a selected nanosprouts-terrace interface area is dis-
played in Figure 2c, showing a prominent parallel structure in the
nanosprouts part. The distance between two parallel structures
is calculated to be 2.40 ± 0.05 nm. In the enlarged LFM image
of the terrace part (Figure 2d), the lattice parameters of this her-
ringbone structure are 0.78 ± 0.02 and 0.62 ± 0.02 nm, as shown
in the inset image of Figure 2d. When compared with the lat-
tice structure in DPh-DNTT crystal shown in Figure 2a, one can
notice that the nanosprouts structures are the molecular “face
on” packing mode, while the terrace structures are molecules
standing upright on the substrate. The LFM test results men-
tioned above are conducted using a probe with a 1/h𝑘t value of
0.044 (μN)−1, where h is tip height of the AFM probe, and 𝑘t is
torsional spring constant of the cantilever. The effects of 1/h𝑘t
value on the LFM images will be further discussed.
To enhance the sensitivity of LFM measurements and reveal

finer crystal packing structure within nanosprouts structures, re-
lated aspects including the origin of the LFM signal and the me-
chanics of the cantilever were considered. Consequently, it has
been concluded that the sensitivity of LFM test increases with
the increase of 1/h𝑘t value.

[49,50] Detailed calculations supporting
this conclusion can be found in the Supporting Information. It
is important to note that an excessively small 𝑘t value may in-
duce a multiple-slip phenomenon,[43] thereby disrupting the ac-
curate detection of lattice information by the LFM. To verify these
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Figure 2. The lattice packing information of nanosprouts and terrace structures of DPh-DNTT film. a) Lattice structure of DPh-DNTT crystal. b) Schematic
diagram of the LFM test. c) LFM image of a selected nanosprouts-terrace interface area. d) LFM image of the terrace film, the insert image in Figure 2d
is the enlarged view of the herringbone structure.

assertions, we carried out LFM tests with five distinct commer-
cially available AFM probes, each characterized by differing 1/h𝑘t
and 𝑘t values. Detailed information can be found in Figure S9
and Table S1 (Supporting Information), which successfully af-
firm the assertions mentioned above. An ideal AFM probe for
LFM tests should possess a maximum 1/h𝑘t value while simul-
taneously maintaining a sufficiently large 𝑘t value to prevent the
occurrence of the multiple-slip phenomenon. An AFM probes
opportunity map for LFM measurements of DPh-DNTT lattice
is provided in Figure S10 (Supporting Information).
A schematic diagram of the LFM test on DPh-DNTTmolecule

is presented in Figure 3a, where the probe slides over the
molecule to detect crystal packing information. The LFM im-
age of the nanosprouts using a probe with a 1/h𝑘t value of
0.044 (μN)−1 is exhibited in Figure 3b, similar to Figure 2c, it dis-
plays a single direction parallel structure, with the length between
two parallel structures calculated to be 2.40 ± 0.05 nm. This cor-
responds to the “face on” state of the DPh-DNTT crystal packing
mode. In contrast, the LFM image of the nanosprouts structure
obtained using a probe with a 1/h𝑘t value of 0.056 (μN)

−1 reveals
the presence of two distinct types of parallel structures, as shown
in Figure 3c. The calculated lengths between two parallel struc-
tures are found to be 2.40 ± 0.05 nm and 0.98 ± 0.02 nm. The
parallel structure with a length of 2.40 ± 0.05 nm corresponds
to “face on” state of the DPh-DNTT crystal as mentioned above.
The 0.98 ± 0.02 nm parallel structure exhibits a strong correla-
tion with the diagonal of the herringbone structure, specifically
the (110) plane in the DPh-DNTT lattice. The lattice arrangement
of the nanosprouts, as viewed from the side and top perspectives,
is depicted in Figure 3d,e, respectively. We believe that the expo-
sure of the (110) lattice plane in the nanosprouts structures is due

to the energy preferential during the organic film growth process
and it is governed by the Gibbs-Curie-Wulff theorem.[51]

The LFM tests mentioned above were conducted under am-
bient conditions. Compared to tests conducted under ultra-
high vacuum (UHV) conditions, ambient LFM measurements
can potentially lead to a reduction in resolution. Factors con-
tributing to this reduction include the capillary force from wa-
ter meniscus formation, enhanced contamination effects, fluc-
tuations in temperature and humidity, and disturbances from
air movement.[52,53] Despite these negative effects, LFM results
can still be enhanced to achieve sub-molecular resolution us-
ing autocorrelation function (ACF) filtering. The LFM image
of the nanosprouts structure after ACF filtering is displayed in
Figure 3f. Additional details regarding the principles underly-
ing this technique, as well as the methodology, are provided
in the Supporting Information. The ACF filtered image reveals
periodic bright spots. The distances between successive bright
spots along the longitudinal axis of DPh-DNTT molecules are
0.79 ± 0.05 nm, 0.73 ± 0.05 nm, and 0.91 ± 0.05 nm. Addition-
ally, a distance of 0.98 ± 0.02 nm is noted between two parallel
molecules, as shown in Figure S11a (Supporting Information).
These lengths exhibit a strong correspondence to the lengths be-
tween the hump portions of the DPh-DNTTmolecules along the
lattice c-axis, as illustrated in Figure 3g and Figure S11 (Sup-
porting Information). The units of the lengths in the schematic
diagrams of Figure 3d,e,g are in sub-angstrom magnitude for
practical purposes.
The cross-sectional SEM image of the evaporated DPh-DNTT

film is depicted in Figure S12 (Supporting Information), reveal-
ing that the nanosprouts structure stems from the bottom part
of the thin film. Figures S13 and S14 (Supporting Information)
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Figure 3. The methodologies for enhancing the resolution of LFM test. a) Schematic diagram of the LFM test on DPh-DNTT molecule, hump portions
of DPh-DNTT molecule are marked. b,c) LFM test results of the nanosprouts structure of DPh-DNTT film of probes with 1/h𝑘t values of 0.044 (μN)

−1

and 0.056 (μN)−1. d,e) Crystal packing mode diagrams of side view and top view of the nanosprouts structure. The black dotted line in Figure 3d depicts
the herringbone structure of DPh-DNTT lattice. f) The LFM test image of nanosprouts structure after ACF filtering. The insert image is the enlarged view
of the periodic bright spots. g) The lengths between hump portions of DPh-DNTT molecules along c-axis.

display the XRD results of the deposited film, indicating the pres-
ence of in-plane peaks in the out-of-plane tests. This observation
aligns well with the identification of “face on ” and “stand up”
lattice packing modes in LFM assessments. We have further em-
ployed LFM on two commonly used organic materials, F16CuPc
and dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene (DNTT), and
evaluate their lattice structures (Figure S15, Supporting Infor-
mation). The comparable results with other characterization ap-
proaches suggest that the LFM has high potential for exploring

the lattice configurations of polycrystalline organic semiconduc-
tors under ambient conditions.

2.3. The Charge Trapping Mechanism

Instead of using 100 °C, if the DPh-DNTT is evaporated at a
substrate temperature of 25 °C under the same thickness of
40 nm, the films show no nanosprouts structures (Figure 4a) and
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 2365709x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202500197, W
iley O

nline L
ibrary on [22/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 4. The nanosprouts structures-optical memory property dependent relationship. a) SEM image of the DPh-DNTT film evaporated at a substrate
temperature of 25 °C. b) Transfer curves of the pristine, after programing of the transistor with DPh-DNTT film evaporated at a substrate temperature
of 25 °C as active layer, VDS = −3 V, (program condition: VGS = 4 V, VDS = 0 V, 445 nm optical power density of 20 mW cm−2, 10 s). c) LFM image of the
DPh-DNTT film evaporated at a substrate temperature of 25 °C.

negligible optical memory performance (Figure 4b). Additionally,
post-annealing treatments to these films are unable to induce the
nanosprouts structures and the optical memory performance, as
illustrated in Figure S16 (Supporting Information). In the ab-
sence of the distinguishable nanosprouts structures, no signif-
icant optical memory performance is observed in the devices.
KPFM results of transistor without nanosprouts structures and
the associated optical memory phenomenon (DPh-DNTT film
evaporated at a substrate temperature of 25 °C) after programing
are shown in Figure S17 (Supporting Information). The KPFM
potential distribution map of the channel area does not exhibit
discernible charge accumulation phenomenon. We further con-
ducted programming with a gate-source voltage of up to 8 V
on transistors with DPh-DNTT semiconductors evaporated at 25
and 100 °C. The results are presented in Figure S18 (Supporting
Information). An increased programming gate bias results in a
more rapid VTH shift (Figure S2b, Supporting Information). As
expected, both types of devices exhibit a larger memory window
when the programming voltage is increased to 8 V. The 25 °C
transistor exhibited a memory window of 0.51 V and an on/off
ratio lower than 103, while the 100 °C one exhibited a memory
window of 4.10 V and an on/off ratio larger than 106. This im-
plies that the 25 °C transistor is not suitable for effective memory
device applications compared to the 100 °C one.
Given that a transistor is essentially an interface domain de-

vice, a primary research objective is to investigate whether the
charge trapping sites are situated at the interface between the
nanosprouts structures and the dielectric layer, or at the interface
between the nanosprouts structures and terrace structures. LFM
measurements are used to ascertain the lattice packing informa-
tion of the film, which shows no memory effects, and to gain fur-
ther insight into the locations of the charge trapping sites. The
LFM test image (Figure 4c) reveals that the primary lattice pack-
ingmode in this DPh-DNTT film aligns with the “face on”mode,
despite an absence of the apparent nanosprouts structures. More
LFM images of this type of film can be seen in Figure S19 (Sup-
porting Information). It is important to mention that the promi-
nent “face on” packing mode is signature of the nanosprouts ob-
served in the 100 °C deposited film. Since the whole film is un-
der the “face on” lattice packing mode, the density of the “face

on” state in the non-memory film (25 °C) is significantly greater
than that in the memory film (100 °C). The interface area ratio
between the “face on” semiconductor and the dielectric layer in
the non-memory film is also larger than the film with memory.
This observation contradicts to the assumption that the charge
trapping sites are located at the interface between the “face on”
state and the dielectric layer. Moreover, the application of post-
anneal treatment to non-memory films does not induce memory
performance. These results lead us to conclude that the semicon-
ductor/dielectric interface or the bulk nanosprouts themselves
are not the origin of the optical memory phenomenon. Given
the actual architecture of the device and the nanosprouts struc-
tures, we believe that the charge trapping sites are positioned at
the interface between the nanosprouts structures and the terrace
structures.
The primary lattice packing mode in DPh-DNTT films de-

posited at 25 °C is characterized by a “face on” orientation. In con-
trast, the majority terrace structures in films deposited at 100 °C
exhibit a “stand up” orientation. One of the well accepted expla-
nations to this phenomenon is the surfacemobility-diffusion dis-
tance temperature-dependent theory.[54–56] According to this the-
ory, at lower substrate temperatures, organic molecules demon-
strate limited surface mobility, restricting their ability to recon-
figure easily. Consequently, the molecules align parallel to the
substrate to release surface energy. Conversely, at elevated tem-
peratures, the molecules gain increased thermal energy, which
enhances their surface mobility. When the temperature is suffi-
ciently high to provide the activation energy required for the or-
ganic molecules, a transition from a local energy minimum to
a global energy minimum state occurs.[54] This transition facili-
tates the alignment of molecules in a “stand up” packing mode
over a larger diffusion distance.
Themolecular packing orientation of organic molecules is sig-

nificantly influenced by material-substrate surface interactions
during the growth process. In addition to the temperature ef-
fects mentioned above, we have also investigated the impact of
substrate surface roughness on film morphology. The findings
are presented in Figures S20-S22 (Supporting Information). Sub-
strates with varying surface roughness were produced by adjust-
ing the Al evaporation speed during the evaporation process. The
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optical memory performance was also evaluated, as shown in
Figure S22 (Supporting Information). The results indicate a pos-
itive correlation between the density of the nanosprouts struc-
tures and the substrate surface roughness values. Furthermore,
the memory performance exhibits a dependency on the density
of the nanosprouts structures.
The optical memory effect is correlated with the presence of

these nanosprouts structures. We estimated the density of total
charges trapped using the equation:

Ntrap = CΔVTH∕e (1)

where Ntrap is the density of the total trapped charges, C is the
areal capacitance of the dielectric, ΔVTH is the OMT threshold
volatage shift after programming, and e is the elementary charge.
Under the program condition: VGS = 4 V, VDS = 0 V, and 445 nm
light illumination at a power density of 20 mW cm−2 for 10 s,
the VTH shift value is 2.04 V. The Ntrap is estimated to be 4.42 ×
1012 cm−2. We calculated the density of the nanosprouts struc-
tures via ImageJ software on SEM images shown in Figure S23
(Supporting Information); the density of the nanosprouts struc-
tures is estimated to be ≈8.9 × 108 cm−2. The number of charges
trapped in a single nanosprouts is estimated to be 4.96 × 103.
The working mechanism of the OMT can be elucidated as fol-

lows: the structural inhomogeneities between the terrace struc-
tures and the nanosprouts structures introduce crystal lattice
mismatches, as previously discussed, resulting in the genera-
tion of effective charge trapping sites. The illumination involved
in the programming process generates photoactivated electrons
and holes. The normalized absorbance of the evaporated DPh-
DNTT film is exhibited in Figure S24 (Supporting Information);
note that the 445 nm light involved in the programming pro-
cess is within the absorbance limit of the film. Subsequently, un-
der the influence of positive gate bias, these photoelectrons be-
come entrapped within the trapping sites situated at the inter-
face between the terrace structures and the nanosprouts struc-
tures. The additional holes attracted by the trapped electrons in
the channel area increase the conductivity of the transistor chan-
nel, resulting in a shift of the threshold voltage to more positive
values.[57,58] An increased gate bias facilitates the accumulation
of more charges in the trapping sites near the bottom channel
area. During the erasing process, a negative gate bias enables
the removal of the trapped electrons from the trapping sites. The
extra holes induced by the trapped electrons vanish during this
de-trapping process, and the device reverts to its high resistance
state.[19,59] The schematic diagram of the working mechanism of
theOMT is depicted in Figure S25 (Supporting Information). The
dependence of the optical memory property on the nanosprouts
structures in DPh-DNTT films can be attributed to the effec-
tive charge trapping sites, which arise from the crystal struc-
ture mismatch between the interface of terrace and nanosprouts
configurations.[59–62]

2.4. The Demonstration of the Image Recognition and Storage
OMT Array

16× 16 flexible activematrixOMT arrays are fabricated to demon-
strate the application potential of these memory transistors. The

array possesses image processing capabilities, facilitated by the
incorporation of both photo detection and memory functions
within its design. The optical images of the fabricated OMT array
are displayed in Figure 5a, while a zoomed-in view of the pixel
area is presented in Figure 5b, and the schematic diagram of a
single cell within the array is depicted in Figure 5c. The detailed
fabrication process, including the photolithography and reactive
ion etching processes, is provided in the Experimental Section
and Figure S26 (Supporting Information). It is worthmentioning
that the fabrication of an OMT array presents more challenges
compared to individual devices, as a single leakage cell can cause
an entire line to fail. Moreover, any inconsistencies or defects can
lead to malfunction of the array, especially under image process-
ing. This demands high homogeneity across each cell, which re-
quires precise control in each fabrication step.
The thickness of the Al2O3 dielectric layers in the array is

34 nm, determined by cross-sectional scanning transmission
electron microscopy (STEM) test (Figure S27, Supporting Infor-
mation). The areal capacitance of the ODPA/Al2O3 structure in
the OMT array has a mean value of 248.5 nF cm−2, as depicted
in Figure S28 (Supporting Information). In the fabrication pro-
cess of this array, contact holes in the parylene isolation layer
are created through photolithography and reactive ion etching
(RIE) processes. These contact holes are situated on the gate
lines, source lines, and drain lines; thus the proper functioning
of the transistor cells is highly dependent on the success ratio of
this procedure. The contact holes opening success ratio is mea-
sured to be 100% using a 16 × 16 electrodes crossbar structure
(Figure S29, Supporting Information). The transfer curves and
leakage currents for the 16 × 16 OMTs in the array are displayed
in Figure S30 (Supporting Information), encompassing a total of
256 devices, as well as the statistical distribution of parameters
such as mobility, VTH, and on/off ratio. These 256 devices exhibit
moderate performance, characterized by a mean mobility value
of 2.1 cm2 V−1 s−1, a mean VTH value of −1.0 V, a mean on/off
ratio value of 9.1 × 105, and a leakage current of less than 1 nA
within the scanning range of 1.5–−3 V. A customized automatic
test system was developed for on-site image recognition (Figure
S31, Supporting Information). The image recognition and stor-
age functions were demonstrated using this automatic test sys-
tem. The blue light (445 nm) passing through a shadow mask
serves as the image input signal. The image recognition and stor-
age capabilities of the OMT array are demonstrated in Figure 5d.
The photograph on the left in Figure 5d displays the pattern of
the input optical signal, while the right current map exhibits a
pattern of the capital letter “H”. This pattern, composed of 256
pixels, was captured after programming and turning off the light.
The integration of image processingwithin the array itself has the
potential to enhance the speed and efficiency of image process-
ing systems, as it eliminates the necessity for external process-
ing. The current “1T” array design exhibits cross-talk problems,
which could be addressed and improved upon in more sophisti-
cated array structure designs.[63,64]

3. Conclusion

In summary, we have developed a non-volatile OMT device
based on the nanosprouts structures of DPh-DNTT organic semi-
conductor. The optical memory effect is found to be directly
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Figure 5. OMT array with image recognition and storage capability. a) Photographs of the 16 × 16 active-matrix OMT array. b) The enlarged view of the
pixel area of the OMT array. c) Schematic diagram of an individual memory transistor in the array. d) The demonstration of the image recognition and
storage functions of the optical memory transistors array, the current values are read at VGS = 1 V, VDS = 1 V through the homemade automatic test
system. The left is the photograph of mask on OMT array, the right is the tested current map after programing (program condition: VGS = 4 V, VDS =
0 V, 445 nm optical power density of 20 mW cm−2, 4s for each gate line).

correlated with the presence of these nanosprouts structures.
Utilizing LFM as the primary analytical tool, we have charac-
terized the nanosprouts structures and terrace structures of the
DPh-DNTT film as corresponding to themolecular “face on” and
“stand up” packingmodes, respectively. LFM, utilizing enhanced
sensitivity probes, has revealed that the nanosprouts structures
present the (110) lattice plane as the exposed surface. Further-
more, employing KPFM and LFM techniques, we have identi-
fied the charge trapping sites of this OMT at the interface be-
tween the nanosprouts structures and the terrace structures. Fi-
nally, we demonstrated an OMT array with image recognition
and storage capabilities. Our work highlights the potential of
LFM tests for the in-depth understanding of the charge trap-
ping properties of organic materials, which play critical roles in
the overall performance of the thin film organic transistors and
memories.

4. Experimental Section
Materials: The solvents and SAM (octadecylphosphonic acid (ODPA)

97%) were purchased from Sigma–Aldrich. DPh-DNTT was obtained from
Lumtec (99%). Glass was obtained from Epredia. Aluminum and silver
were bought from Kurt J.Lesker(99.99%), gold was bought from Hebei
Hongju Metal Materials(99.999%). Parylene was purchased from Spe-
cialty Coating Systems. Polyimide was obtained fromMitsubishi Chemical
Corporation.

Device Fabrication: For the single device OMT fabrication, The glass
substrate was sequentially cleaned by ultra-sonicated bath in deionized
(DI) water, acetone, isopropanol (IPA) and another acetone for 5 min,
and then boiled in IPA bath for 10 min with temperature of 220 °C, and
the glass substrate was dried by N2 flow (99.9%) and then O2 plasma
treatment for 15 min; then 50 nm patterned Al was thermally evaporated
onto the glass substrate after the cleaning process, the Al was patterned
by shadow mask. The Al layer was employed as the gate electrode of the
transistor, the dielectric Al2O3 was prepared by anodization process in a
sodium citrate electrolyte. The current density during the anodization pro-
cess was set to the value of 0.7 mA cm−2. The voltage set between the
anode (Al) and the cathode (graphite) was 8 V, and the anodization pro-
cess was completed when the voltage was larger than 8 V. After the fabri-
cation of the Al2O3 dielectric layer, the substrate was immersed into 2 mM
ODPA in IPA solution for 18 h. The areal capacitance of the ODPA/Al2O3
structure was 350 nF·cm−2. Before the DPh-DNTT evaporation, the sub-
strate was ultra-sonicated bath cleaned in IPA for 5 min to remove the
ODPA residue, and then dried by the N2 flow. Then 40 nm DPh-DNTT
was thermally evaporated onto the substrate in the base pressure of 1 ×
10−6 torr at a 0.03 nm s−1 deposition rate; in the DPh-DNTT evaporation
process, the substrate temperature was controlled by temperature con-
trollers, and the substrate was heat by Peltier heaters. The DPh-DNTT was
patterned by a shadowmask. Then 50 nm Ag was thermally evaporated as
Source/Drain electrodes, the Ag was patterned by the shadow mask, the
W/L was 2000 μm/50 μm.

16 × 16 flexible active matrix OMT array fabrication: 50 nm thick PI film
was mounted on glass substrate via Kapton tape, then 150 nm patterned
Al was thermally evaporated onto the PI substrate, the Al was patterned
by shadow mask. Then Au was thermally evaporated via shadow mask to
connect the Al gate lines temporarily. The dielectric Al2O3 was prepared by
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anodization process, the voltage set between the anode (Al) and the cath-
ode (graphite) was 20 V, and the anodization process was completed when
the voltage was larger than 20 V. After the fabrication of the Al2O3 dielec-
tric layer, the top part of the PI substrate was cut to separate the gate lines.
Then the substrate was immersed into 2 mM ODPA in IPA solution for
18 h. The areal capacitance of the ODPA/Al2O3 structure was 248.5
nF·cm−2. Before the DPh-DNTT evaporation, the substrate was ultra-
sonicated bath cleaned in IPA for 5 min to remove the ODPA residue
and then dried by the N2 flow. Then 40 nm DPh-DNTT was thermally
evaporated onto the substrate in the base pressure of 1 × 10−6 torr at
a 0.03 nm s−1 deposition rate; in the DPh-DNTT evaporation process, the
substrate temperature was 100 °C; the DPh-DNTT was patterned by the
shadow mask. Then 50 nm Au was thermally evaporated as Source/Drain
electrodes, the Au was patterned by the shadow mask, the W/L was
180 μm/30 μm. Then 300 nm parylene was chemical vapor deposited to
form the isolation layer, then contact holes were achieved by photoetching
plus RIE etching process, the photoresist used was OSCoR 5020 organic
compatibility photoresist, the RIE power was 200 W, and the etching time
was 7 min; then the photoresist was removed by the OSCoR 5020 strip-
per, at last, 120 nmAu connect lines were thermally evaporated via shadow
mask to connect the devices.

Characterizations: The transfer curves of the optical memory transis-
tors were measured by a Keithley B1500 source-meter in a N2 filled glove-
box. The LED (Luxeon Star) was employed as the light source during
the programming process, the optical power density was tuned by tun-
ing the current value of the source meter, and the light intensities were
calibrated by a Newport 843-R power meter. The absorption spectra of
the DPh-DNTT film were measured by UV–vis absorption spectroscopy
(PerkinElmer Lamba 365 UV–vis spectrophotometer). The areal dielec-
tric capacitances were measured by Keysight E4980AL precision LCR me-
ter. The cross-sectional images of organic films were captured by Hitachi
S4800 SEM, and the top SEM images were captured by Zeiss Leo 1530
SEM. The LFM test images were captured by an Oxford Cypher AFM with
the lateral force mode. The ACF filtering was conducted through Gwyd-
dion software. The KPFM test images were captured by an Oxford Cypher
AFM. The XRD results were captured with a Rigaku SmartLab 9 kW X-ray
diffractometer with a HyPix-3000 detector, sourced from a copper target.
The crystal lattice structures were generated from Diamond software. For
the array automatic test system, the DAQ card used was NI USB 6343, the
multiplexers used were ADG732 32 channel multiplexers, the current test
was conducted by Keithley 2636 source meter.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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