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1. Active material charge transport and optical absorption

In this paper, we present an ingenious and representative material design via
sectional spectral cover from UV to NIR region, based on three types of materials
below.
1.1 Fullerene and its derivative

Fullerene and its derivatives, a kind of near-spherical organic molecules with
good structural stability, which can be easily deposited as thin films by various
methods, have been extensively studied as n-type semiconducting materials to achieve
a functional unit of an electronic device. In the past decades, such materials based on
fullerene have been used in organic diodes, transistors, photovoltaics, catalyst,
photodetectors due to its excellent electronic properties, including n-type behavior, a

strong electron accepting nature, a high carrier mobility and superconductivity.! In

S1



addition, density functional theory calculations by Marchiori et al.? anticipate a dipole
assisted exciton dissociation at conjugated polymer/fullerene interface, suggesting
fullerene is a promising material with the main features of high efficiency on charge
separation.

Due to wide band gap, the fullerene and its derivatives exhibit strong absorption
in the UV-blue spectral region, as shown in Table S1.

1.2 Perylene bisimide derivative

Perylene bisimide derivatives, most used as n-type semiconducting materials,
have interesting transport and optical properties which stem from their strong
tendency to form polycrystalline films in which the molecular planes orient in fixed
directions with respect to the substrate. In the past decades, this type of material is
used as molecule templating in organic solar cells®, charge acceptor in photodetectors®
and active layer in organic transistors’ because of their interesting semiconductive
properties. Furthermore, most perylene bisimide derivatives have a clear absorption
between 450~550 nm, which is very suitable for green light absorption, as shown in
Table S1.

Considering an ingenious design, in this paper, PTCDA is employed as green
photoabsorber and sandwiched between Cq, and PbPc because of its strong
anisotropies in conduction (p-type vs n-type), depending upon whether conduction is
measured perpendicular or parallel to the molecular plane.® In other words, PTCDA
transports electrons in the directions parallel to the molecular planes and mainly holes
in the direction perpendicular to the molecular planes, served as a transition layer
between pn heterojunction (PbPc/Cg), which is beneficial to enhance exciton
diffusion and dissociation.® In addition, it’s also worth noting that heterojunctions
based on thin films of PTCDA or its related bisimides, and certain phthalocyanines,
show a marked tendency toward exciton dissociation at the phthalocyanines/PTCDA
interface. These exciton dissociation processes are presumed to be assisted by the
presence of fixed charges or high dipolar fields, as a result of charge transfer
processes across the hetero-interface.’

1.3 Phthalocyanine dyes
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Generally, most materials composed of phthalocyanine compounds are revealed
to work as p-type semiconductors for OFET applications with only few
phthalocyanine materials as n-type semiconductors and even less as ambipolar ones.
Various functional phthalocyanines as well as their tetrapyrrole analogs, porphyrins,
have been extensively studied as organic semiconductors since the first report of
organic field effect transistors (OFETs) in 1986. The large conjugated system,
excellent photoelectric characteristics, intriguing and unique optical properties, high
thermal and chemical stability, and most importantly the easy functionalization of
phthalocyanines render them ideal organic semiconductor materials as active layers
for OFETs. Previous publications have indicated that the mobilities of phthalocyanine
compounds are in the range of 104~5 cm?V-!s"!, even reaching up to 10 cm?V-!s"! for
TiOPc-based OFET!?, which exceeds the mobility of amorphous silicon (a-Si) thin-
film-transistors. The results indicate that phthalocyanine dyes can be a very good
alternative to fabricate OFETs.

The spectra of phthalocyanine dyes consist of an intense absorption band in the
visible region traditionally near 670nm called the Q band and a generally weaker band
near 340 nm called the Soret or B band. The positions of the absorption bands in
phthalocyanines, (particularly the Q band) are affected to a varying degree by the
central metal, axial ligation, solvents, peripheral and nonperipheral substitution,
aggregation, and by extension of the conjugation. Thus, the spectral absorption for
some phthalocyanine molecule is highly redshifted and extended to NIR, covering
red-NIR region, for example, lead phthalocynine (PbPc¢), tin phthalocyanine (SnPc),
manganese phthalocyanine (MnPc), oxo-titanium phthalocyanine (TiOPc),

chloroaluminum phthalocyanine (AICIPc), and so on, as shown in Table S1.

Table S1 Example illustrations of spectral absorption for fullerene and derivatives,

perylene bisimide derivatives, and phthalocyanine dyes, respectively.

Materials Photoabsorption region Reference
C6() 200-450 nm Rll
Fullerene and Cqo 200-600 nm R!2
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derivatives PCBM 200-500 nm R13

Perylene PTCDA 400-600 nm R®
bisimide PTCDI 450-550 nm R4
derivatives PTCDI-PFDA 450-550 nm R
PbPc 600-900 nm R!6

SnPc 600-900 nm RY7

Phthalocyanine MnPc 650-850 nm R!3
dyes TiOPc 600-900 nm R10
AICIPc 550-900 nm R

2. Crystal and Morphological characterizations

Figure S1 shows the XRD pattern for PVA film prepared by 0.5 wt%
concentration water solution. The diffraction pattern of as-prepared PVA indicates a
diffraction band at 20 = 19.4°, which can be assigned to the partially crystalline nature
of PVA polymer molecules as a result of strong intermolecular and intramolecular
hydrogen bonding between the PVA chains?®. The atomic force microscopy (AFM)
image of PVA film corroborates the analysis results above, as shown in Figure S2a. It
can be clearly observed that the PVA surface shows very small dots evenly distributed
with their height being approximately 5 nm, which may be above-mentioned tiny
crystals of PVA.?! Furthermore, the 3D AFM image confirms that PVA layer was
smooth and pinhole-free with its root-mean-square (RMS) roughness of ~1.2 nm.

In addition, in order to clarify the effect of charge-transport interface on the
electrical properties of OFETs, morphologies of the Cg4y films are investigated in
detail, as shown in Figure S2b-d. It is noted that the topography of Cgy film on bare
SiO, (Figure S2b) is extremely uniform and smooth with a RMS roughness of 1.58
nm. The needle-like small crystals with pores were present on the surface. Meanwhile,
the morphology of Cg film on SiO,/PV A substrate (Figure S2c¢) has a result similar to

the case above with an RMS roughness of 2.40 nm. On the contrary, the morphology
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of Cgo deposited on SiO,/PVA/OTS substrate (Figure S2d) shows drastic differences
from the two cases above. Huge Cg crystalline grain is obtained. Previous studies
have demonstrated that the OTS SAMs can improve the crystallinity of the organic
semiconductors and the quality of the interface??. Thus, electrons can transport more
easily. The results of output and transfer characteristics are also in consistence with

the above-mentioned AFM images, as shown in Figure S3 below.

120

p—

>

[—
[

o0
=]
1

=)
[
1

Intensity (a.u.)

(]
(—]

0 | L I > ] = L] v I e ) * ] ' L}
10 20 30 40 50 60 70 80
2 Theta (deg.)

Figure S1. XRD measurement of the as-prepared PVA film, the inset shows the 0.5 wt%
PVA solution.
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Figure S2. (a) AFM image of the as-prepared PVA; the inset is corresponding 3D
morphology. (b)-(d) are AFM images of Cgy films deposited on different SiO,
substrates: (b) bare SiO,, (c) SiO/PVA, (d) SiO,/PVA/OTS.

3. Charge-carrier mobility and threshold voltage calculation

The field-effect mobility (z4xr) is one of the most important parameters of organic
field-effect transistor (OFET) devices, which is widely used to describe transport
speed of the charge carrier in the FET device. A higher ur provides a larger output
current, shorter switching cycles, and a superior on/off ratio, which is also of
significance for transistor-type memory. According to the gradual channel

approximation, we obtained a typical drain current in the linear and saturation

regime?3:

W, C. Ve
Id,lin = %[Vds (Vgs - VT) - ;S ] , (Vs << (Vgs - V1) (1)
Id,sat = Wltzl;zjq(lfgs - VT)2 > (Vds > (Vgs - VT)), (2)
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where W and L are the channel width and length, C; the insulator capacitance, z4;, and
Uy the field-effect mobility in the linear and saturation regimes, V, the gate voltage,
V4s the drain voltage and V7 the threshold voltage. In this paper, we extracted the p,
and V1 from the saturation transfer curve to characterize OFET mobility and memory
window. Herein, the saturation mobility z4, and threshold voltage V1 were obtained
by using the Equation (2) when the data were fitted to a quadratic function with the

transfer curve in the saturation regime.

4. Electrical characteristics of related OFETs

Figure S3 shows the output and transfer characteristics of the pristine Cgp-based
field-effect transistor fabricated on different substrates, indicating typical n-channel
operation. It can be obviously seen that the devices fabricated onto SiO,/PVA/OTS
substrate (Figure S3c-d) exhibit dramatically larger drain output current and on—off
current ratio as compared with those fabricated onto bare SiO, (Figure S3c-d). A
detailed summary including the key metrics for OFETs is presented in Table S2. The
results above suggest that the as-proposed device structure with triple-layer coating of
gate insulator is fundamental and promising for achieving high performance

photomemory.
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Figure S3. Output and transfer characteristics of the Cgp-based field-effect transistors

fabricated onto different substrates, (a)-(b): bare SiO,, (c)-(d): SiO,/PVA/OTS.

Table S2. The summary of electrical parameters for the Cgo-based OFETs.

Device structure ¢ Usat Vr S oo/ 1ot
cm?/(V-s) \Y% V/decade

Si0,/Cgo/Al 0.003 83 3.8 3x103°

Si0,/PVA/OTS/Cgo/Al 0.09 28 2.7 2x10°¢

This work 0.03 35 5.1 3x10%¢

2 All the data listed for every device structure were the average values out of four samples;
b [, were extracted in the saturation region of transistor operation at V= 50 V, Ves= 100V,
respectively;

¢ I,, were extracted in the saturation region of transistor operation at Vy=V,= 50 V.

5. Photo memory characteristics of the as-prepared transistors

Figure S4 shows the transfer characteristics of the as-prepared organic
photomemory under broadband illuminations with different radiation power,
illustrating obvious photo memory properties from UV to NIR region. Furthermore,

Figure S5 shows a 3D memory window map of the organic photomemory transistor

S8



under different wavelength and optical power, indicating that the memory property is
broadband-responsive and it can be tuned by adjusting the incident optical power
(Popt), where an increasing P,, can enhance total photon absorption, thereby
increasing the optical memory window. Thus, it is concluded that higher memory
window can be achieved under larger incident optical power. To prove the application
of our device in photo memory further, the time-stability measurement of data
retention capability is performed on the photomemory device after UV-NIR
illuminations, as shown in Figure S6. The drain current /4 can be almost maintained
constant for ~100 s and has a slight decrease after 103 s for full spectral radiation. A
small increase of Iy after light-write process is attributed to the contribution of slow
release of interfacial trapped charges under long time operation, indicating that the
interfacial trap level is a shallow trap state. However, this current ratio is still
recognizable for the photomemory device in a light-write/voltage-erase cycle. This
result shows that the memory device with PVA electret is suitable for applying in
photomemory. Besides, the memory window AVt has a more or less decrease in
0~100 s range, which presumably stems from interfacial trap recombination, and then
tends to hold stable after 100 s. Here, it is worthy of note that the photomemory
efficiency, 7, is still up to 50% after 103 s, indicating some potential applications in

future broadband photomemory.
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Figure S4. Transfer characteristics of the organic photomemory under (a) 808 nm, (b)
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780nm, (c) 650nm, (d) 532nm, (e) 450nm and (f) 405nm illuminations with different

radiation power, illustrating obvious photo memory properties from UV to NIR

region.
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Figure §5. 3D memory window map of the organic broadband photomemory under

different wavelength and optical power.
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Figure §6. Device time-stability measurement of the photo memory properties after

light-write process. (a) drain current l; plotted as a function of time. (b)

corresponding memory window AV plotted as a function of time.

6. Estimation of energy barrier lowering for electron injection at source electrode
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upon illumination, leading to photo multiplicative memory effect

1). The calculation process is as follows:

The image-force lowering of energy barrier at source-organic semiconductor

contact, A¢’0’, can be calculated from the y-component of the electric field at the

source contact** (y=0), F o:

3)

As shown in Figure S7, a schematic illustration of carrier concentration is presented,

as follows.

Carrier concentration 0

v +
Figure S7. A schematic illustration of accumulation of photo generated holes (density
p) near the source electrode and electrons (density n) near the gate dielectric in the

channel layer.

At V=0 and V,;=0, the y-component of the electric field near the source can be
calculated by single carrier approximation? :
_ 2k, Tp,
.0 : 4
grgO
Here py is the hole concentration at y=0 under illumination, which can be expressed as
DPo=PogtPoph, With pj, the contribution from gate voltage and p,,, from photo

illumination . Substituting Equation (4) into (3), one obtains:
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1 1
2( 2k, Tp, |*
A%n=q[4 9 :][ 5 °j 5)
&€, £.8,

The hole concentration p, is related to the average hole density in the organic layer at

x=0, p,, that can be calculated from the threshold voltage?, V7, :

d
V. = qap, ©)

i
Here c; is the gate capacitance per unit area. In order to get the relationship between py
and p,, we assume: (i) y-component of electric field F), is invariant of coordinate y; (ii)
only holes are considered in calculating y-component of electric field. The equations

describing hole concentration p, y-component of electric field F, can be expressed as:

) dp
]p = qp:upr - qu d_y = O(Balance of drift and diffusion of holes in y-direction.) (7)

dF, ¢ | | |
dy &€, (Poisson Equation) (®)

Here q is the elementary charge, u, the hole mobility and D, the hole diffusion

constant. The solution of above two equations is

Hply

D

pP=pe )

The average hole concentration at x=0, y=[0,d], p,, is

1 d _,upry k T _qud

_ Dp _ Kplpy kyT

po=—[pe 7 dr="EP 1 .
d '([ qF,d (10)
(Einstein relation u,/D,=q/kgT is used)

_ qud pa _ qu pa
Po = k,T _q:y; N k,T _ZL; (V= F,d is used) (11)
l-e ™ l—e ™

For qV>>ksT, above Equation is reduced to Equation (12)
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qV

_ 47
Py = T P, (12)

B

Energy barrier lowering results from the holes which induced by the gate voltage, Ag, ,
is

! ! ! !

Ab =g g  2kIp,, \* g g 2kIp,, 9V, |
dre &, £.8, dre &, &, kT
(13)
Substituting Equation (6) into above Equation, we obtain:
1
Ad, =g q V(26T cV, 9V, | —q q |2V v, !
dre &, £.&, qd kT dre g, ) \ €.6,d
(14)

Dopn can be calculated from the increment of average hole concentration p,,; by

illumination, which is related with the threshold voltage shift 4V, as follows:

d
AVzh :M (15)
C.

1

The total lowering of energy barrier by gate voltage and light illumination, Ag,,, is

1 1
q 2 2szﬁ(pO,g +p0,ph) 4

A¢tol = A¢g + A¢ph = q

4re &, £.€,
L 1 (16)
(g P(2e0u+an),
- g
dre &, £.&8,d
The net energy barrier lowering induced by light illumination is
A¢ph = A¢tot _A¢g- (17)

Then, we obtained the Ag,,~0.476 eV, and Ag,,~0.139 eV at V,=60 V under 405 nm

illumination.
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2). According to the thermionic emission theory?’, the injected current at source

electrode can be expressed as:

¢
oo kT
Jp~F, e e (18)

The barrier lowering Ag,,~0.139eV. If ) is a constant, we estimate the AJy, /J,, is

about
Adp 0.139¢V
T
e Ml — p0.0259¢V 014 (19)

Actually, the concentration of electrons at y=0 will increase when injection barrier is
lowered under illumination, and F,, will be decreased. Thus, the increment of the
injected current under illumination, AJy, /Jy, , should be smaller than 214 times. The
multiplication effect of ~10? magnitude is noteworthy, which indicates that
photoinduced charge-injection enhancement is non-negligible and photo
multiplicative memory effect indeed exists under a certain voltage offset, as

schematically shown in Figure S8.

Photomultiplication

PbPc PTCDA Cg

Figure S8. Schematic energy level diagram for photoinduced charge-injection

enhancement kinetics, leading to photo multiplicative memory effect.

7. Effect of mobility imbalance of the three materials on the device properties

According to previous publications, the three materials used in the experiment
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have imbalanced mobilities. For comparison, Cg as n-type semiconductor has an
electron mobility of 102~10"' ¢cm?V-!s'!; PbPc¢ as p-type semiconductor has a hole
mobility of ~10 cm?V-ls'!; and PTCDA is a weak p-type material with a mobility
range of 107~1.4 cm?V-!s”!, depending on material purity and the conditions of film
deposition?®. As a result, the effect of the materials’ mobility imbalance on the device
properties are mainly reflected in the below aspects:

(a) Cgo s firstly used as a photo absorbing material for UV-blue region due to its wide
band gap. More importantly, it also serves as charge-carrier transport layer close
to the surface of gate dielectric because of its higher mobility. Thus,
photogenerted- and electrically-injected charges will achieve faster transport and
extraction, thereby improving device properties.

(b) In this experiment, we design an electron energy-level mismatch between the gold
electrode and PbPc molecule to suppress output signal in darkness, which is
advantageous to enhance the photomemory efficiency. Furthermore, under
illumination, smaller hole mobility of PbPc will be beneficial to induce high-
density accumulated holes near source electrode, leading to energy-level bend
downwards and then triggering electron injection enhancement effect, eventually
further improving photomemory efficiency (details see main body of manuscript

and section 6 above).
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