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ABSTRACT: The crystallization of organic or perovskite semiconductors reflects the intermolecular interactions and crucially
determines the charge transport in opto-electronic devices. In this report, we demonstrate and investigate the use of an
ultrasonicated dispenser to guide the formation of crystals of organic and perovskite semiconductors. The moving speed of the
dispenser affects the match between the concentration gradient and evaporation rate near the three-phase contact lines and thus
the generation of various crystallization morphologies. The mechanism of crystallization is given by a relationship between the
calculated concentration gradient profile and the degree of crystal alignment. Highly ordered, aligned crystals are achieved for
both organic bis(triisopropylsilylethynyl)-pentacene and perovskite MAPbI; semiconductors. Absorption spectra, Raman
scattering spectroscopy analysis, and grazing incidence wide-angle X-ray scattering measurement reveal the strong anisotropy of
the crystalline structures. The aligned crystals lead to remarkably enhanced electrical performances in an organic thin-film
transistor (OTFT) and perovskite photodetector. As a demonstration, we combine the OTFT with photodetectors to achieve
an active matrix of normally off, gate-tunable photodetectors that operate under ambient conditions.

KEYWORDS: ultrasonicated dispensing, organic semiconductor, perovskite, crystallization, transistor, photodetector

1. INTRODUCTION

Printing electronic technologies have attracted tremendous
attention for their potential use in flexible manufacturing with
the competitive advantages of large area, low cost, and the
capability to print various patterns for matrix or circuits,
avoiding the traditional photolithography procedure and
potential destruction to the films. Particularly, inkjet printing,
a typical technology of direct-write printing, was first
investigated and has been widely applied in electronic
devices, " biological devices,”* and other sensors™ Never-
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theless, disconnected drops of ink ejected from the nozzle
under pressure could cause discontinuity of the film. Several
technologies appear to improve the problem. Hasegawa et al.”
have used a dual-head printer to generate continuous small-
molecular semiconducting films under the principle of
antisolvent crystallization. The Jurchescu® and Shkunov’
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Figure 1. Ultrasonic vibrated dispenser: optical image (left) and schematic representation (right) including the micropipette, plastic body, plastic

takedown screws, communication cable, and piezo.

teams have both used the spray printing method to produce
uniform organic thin films, in which the ink is atomized by an
external force before dispensing from the nozzle to avoid
discrete droplets. In the usual noncontact, ink-jet printing, the
solution droplet is released by a pulse of piezoelectric effect,
drops from the nozzle, and hits the substrate (Figure S1).
Solutions or inks with high viscosity or low polarity require
high electric field to be printed out continuously and
stably.'~'* Also, the process of falling out of the nozzle and
hitting the substrate surface needs particular optimizations on
the viscosity, polarity, and other parameters of the
solution.'”'* Here, we utilize an ultrasonicated dispenser to
guide the formation of crystals and obtain a tunable
morphology of crystal films of organic and perovskite
semiconductors, including remarkably aligned crystals with
high electrical performance. Furthermore, we produce active
photodetector arrays based on the organic thin-film transistor
(OTFT) and a perovskite with the large-area, low-temperature
direct-write printing technology.

The setup and working principle of an ultrasonicated
dispenser is shown in Figure 1. The key parts of the dispenser
are a quartz micropipette for holding the solution, fixed with a
piezo actuator controlled by electric voltage. A plastic body
connects them with a communication cable for digital control.
The micropipette is loaded with solution when dipped into a
solution reservoir due to the capillary force. The printing
process is briefly illustrated in Figure 1 (right). As the filled
micropipette gradually approaches the substrate (5 um
between tip and substrate, Figure S3), a liquid meniscus
forms to connect the substrate and micropipette. On account
of the inverse piezoelectric effect, the micropipette vibrates at
the frequency of 458 kHz under the voltage applied by the
piezo. The solution is continuously released of the needle by
vibration and deposited on the substrate with the micropipette
moving along a predefined path. Different from the conven-
tional inkjet printing that delivers discrete liquid drops onto
the substrate, the vibration-assisted dispensing allows the
droplet to be in touch with the substrate, guarantees stably and
continuously releasing of solutions, and gives a high tolerance
for viscosity and polarity of solutions. The intimate contact
between solution droplet and the substrate reduces the effect
of viscosity and splashing.

In previous studies, the ultrasonic vibrated dispenser has
been mainly employed to print metal nanoparticles or
nanowires’ for conducting electrodes or interconnects. The

unique feature of the dispenser is that it bridges the liquid
between the static substrate and the dynamically moving
micropipette. Here, we take advantage of such a feature and
investigate the remarkable capability to control the morphol-
ogy and guide the crystallization of organic and perovskite
semiconductors, in order to obtain well-aligned crystals and to
improve electrical performance in field-effect transistors'> and
photodetectors,'® respectively. In this study, we investigate
how to control solution deposition and to guide the
crystallization of the semiconductors by tuning the dynamic
nature of the dispenser. After optimizing an abundance of
deposition conditions (moving speed, concentration of the
solution, temperature of the substrate, etc.), we study the
impact of various crystallizations on the electrical performance
of thin-film transistors (TFTs) and photodetectors based on
these crystals. Furthermore, we demonstrate how to apply such
a technique to make the active matrix of photodetectors, which
exhibits superior performance compared with that of a single
phototransistor or photodetector.

2. EXPERIMENTAL SECTION

2.1. Crystal Growth and Characterization. Bis-
(triisopropylsilylethynyl) (TIPS)-pentacene (purchased from Sigma-
Aldrich) dissolved in Anisole (purchased from Sigma-Aldrich) with
different concentrations respectively is used as the printing ink. Pbl,
(purchased from Aldrich) was mixed with MAI on the molar mass
ratio of 1:1, dissolved in DMF (10 wt %), and then heated for 3 h at
temperature of 70 °C with tinfoil packaged. The solutions were
printed into crystalline films by SonoPlot Microplotter II with an
operation voltage of 0.1 V. Grazing incidence wide-angle X-ray
scattering (GIWAXS) measurements were carried out by an Xeuss 2.0
SAXS/WAXS laboratory beamline using a Cu X-ray source (8.05 keV,
1.54 A) and a PILATUS3 R 300K detector. The incidence angle is
0.2°. The absorption spectra were recorded by a UV—visible
spectrophotometer (Thermo Scientific, Evolution 220). Polarized
Raman spectroscopy was measured using a Renishaw inVia Reflex
(laser spot size is 1—2 ym, 532 nm, 485 UW).

2.2. Device Fabrication. N-doped silicon with 300 nm SiO,
dielectric layers is served as a substrate, which were first cleaned in an
ultrasonic bath using acetone, alcohol, and deionized water. Then, the
substrate was dipped in piranha solution (H,SO,/H,0, = 3:1) to
make a super-hydrophilicity surface. We then used poly-methyl
methacrylate (PMMA) to modify the substrates, which improves
wetting of the printed solution and thus the crystal formation and film
uniformity for TIPS-pentacene (Figure S2).””~' PMMA (Sigma-
Aldrich, M,, = 20 000) dissolved in anisole (0.5 wt %) was spin-coated
with the speed of 500 rpm for S s and then 2000 rpm for 30 s,
followed by annealing at 120 °C for 20 min. The printing was carried
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Figure 2. POM images of TIPS-pentacene crystals obtained from depositing a solution of (a—c) 0.5 wt % or (d—f) 0.6 wt % at speeds of 100, 400,
and 800 um/s. (g) Chemical structure of TIPS-pentacene. (h—k) AFM images of the films shown in (b—e). (1) Chemical structure of the
perovskite. (m—o0) POM images of crystals obtained from a perovskite solution of 10 wt % printed at 500, 100, and SO ym/s.

out in ambient conditions with the substrates heated under 50 °C for
TIPS-pentacene and 60 °C for perovskite. Subsequently, gold
source—drain electrodes were deposited (40 nm, 0.2 A/s) by thermal
evaporation in vacuum (6 X 107* Pa) through shadow masks.

2.3. Device Characterization. The OTFT devices (without
passivation layer) were electrically characterized by a semiconductor
parameter analyzer (Agilent, BISOOA) under ambient and dark
conditions at room temperature. The photo-electric response of
photodetectors was characterized in air by a semiconductor parameter
analyzer (Agilent, B1S00A) in the dark or under illumination with a
white light from the microscope.

3. RESULTS AND DISCUSSION

3.1. Control of Crystal Morphology. The crystals of
TIPS-pentacene printed with optimized conditions are shown
in Figure 2. The size of the well-organized crystal is around
several hundreds of micrometers and some reach millimeters,
which is comparable with those obtained from other methods
such as zone-casting,”’””" shearing,”* dip coating,”’ and gap
casting.”* They are also much longer and better aligned as
compared with the crystals deposited by spin-coating (Figure
S6a) with the spherical crystals in tens of micrometers and
without orientation. This is because in spin-coating the
solution evaporates quickly,” and the concentration gradient
sharply decreases from the liquid—air interface to the solid—
liquid interface.”””” As a result, a large number of crystallites
form spontaneously from the supersaturated solution near the
liquid—air interface.”® In comparison, the micropipette of the
dispenser moves at a selected speed with releasing the solution
stably and continuously, which leads to a concentration
gradient along the printing direction and can be tuned to
match the evaporation rate.

We optimized the deposition conditions including substrate
surface and temperatures (see Experimental Section) and then
systematically studied how the moving speed of the micro-
pipette influences the meniscus and the crystal morphology. By
varying the moving speeds as 100, 400, and 800 um/s when

depositing a 0.5 wt % solution of TIPS-pentacene, three
different morphologies are obtained including small pieces of
platelike crystals (thick and discontinuous, Figure 2a), thin
crystalline belts along the printing direction (Figure 2b), and
isotropic, spherical crystals (Figure 2c). By further employing
atomic force microscopy (AFM) to reveal the micrometer-
scale morphology, we observed well-aligned crystals with a
uniform height at the printing speed of 400 ym/s (Figure 2h).
We measured the thickness of the film in about 100—200 nm
by a surface profiler (Figure S9) and observed gaps among
crystals in some films by a polarized optical microscopy
(POM) system (Figure S4). Especially, the films printed at a
high speed of 800 yum/s exhibit spherical crystals with a large
number of microscopic voids (Figure 2i), which may
deteriorate the charge transport in device operations.””

The concentration of the TIPS-pentacene solution was
increased from 0.5 to be 0.6 wt % to investigate the impact of
the solution concentration. When setting the moving speed as
100 pm/s, similar platelike crystals were also obtained but are
larger and thicker (compare Figure 2d and 2a). Especially, in
the AFM characterization, lamina structures with well-defined
crystal terraces are found in the platelike crystals obtained at
low speeds (Figure 2j). At a speed of 400 um/s, ribbonlike
crystals appear and are slimmer and denser than those
obtained at 0.5 wt % (compare Figure 2e and 2k with 2b).
When the printing velocity is 800 ym/s, well-aligned crystals
are still generated compared with the spherical crystals
obtained at the lower concentration (compare Figure 2f and
2¢). Note that there is no interchain entanglement among
small molecules as occurs in polymers,”"** and thus, we can
neglect the changes in viscosity for solutions of various
concentrations.””

When depositing the perovskite MAPbI, solution (10 wt %)
at speeds of 50, 100, and 500 ym/s, a change of morphology
was also observed. The morphology changes from very
uniformly aligned, crystalline belts along the printing direction
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Figure 3. (a—d) UV—vis absorption spectra of TIPS-pentacene deposited at 400, 1500, and 2000 ym/s and spin-coated at 2000 rpm (0.6 wt %).
(ef) Polarized Raman spectroscopy of TIPS-pentacene printed at 400 and 2000 ym/s (from 0° to 360° in steps of 30°). (g—1) GIWAXS
measurements for the film printed at (gh) 100, (ij) 400, and (k1l) 1500 pm/s showing different morphologies. A schematic of lattice plane
observed when the printing direction was aligned (m) parallel and (n) perpendicular to the incident beam direction. (o) Crystal orientation and the

inferred printing direction in the a—b plane.

(Figure 2m) to randomly oriented crystalline belts (Figure
2n,0). Especially, the crystalline belts obtained at S0 ym/s are
generally continuous and extend from the beginning to the end

with align methods

of the pattern, reaching a length scale of several centimeters
that really longer than the direct spin coating®* or comparable

35
such as shearing.
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Figure 4. (a—c) Simulated curves of the concentration along the X-axis, with schemes of crystallizations. (d—f) Corresponding polarized optical
images of TIPS-pentacene crystals printed at 700, 400, or 100 um/s, 0.5 wt %. The insets are the crystals obtained after printing.

3.2. Anisotropic Properties. The anisotropic optical
properties of printed TIPS-pentacene are studied using
polarized UV—visible absorption spectroscopy at wavelengths
in a range of 400—800 nm. All the crystalline films exhibit
characteristic absorption peaks at 425, 450, 648, and 700 nm
(Figure 3a—d), consistent with those of reported thin
films.*~*® Changes in the intensity of the absorption peaks
are examined by rotating the samples by certain degrees with
respect to the polarizer for the incident light (Figure 3a),
where 0° is defined when the polarizer is parallel with the
printing direction (Figure SS). The intensity is at the
maximum at 30° and it reduces as the rotation angle increases
and reaches a minimum at 90°, where the printed patterns are
vertical to the polarized light. With further rotation of the
sample, the intensity of the absorptions gradually recovers as
the rotation degree reaches 120°. For the crystals printed at
1500 pm/s (Figure 3b), the maximum of absorption is
obtained at 90° and a weaker dependence of the absorption on
the rotation angle is observed. This is because crystals grow
from the pattern edge toward the middle (vertical to the
printing direction) because of the coffee ring effect’”™*' and
surface tension.”" For the crystals printed at 2000 um/s
(Figure 3c), the spherical crystals hardly exhibit a change in the
absorption intensity due to the random crystalline orientation,
comparable with a spin-coated film (Figure 3d).

Furthermore, angle-dependent polarized Raman spectrosco-
py is used to characterize the structural alignment of the
polycrystalline thin films. When the polarized laser is parallel to
the short (or long) axis along the side groups (or benzene
rings), a maximum Raman scattering intensity will be observed
at 1374 cm™' (or 1578 cm™") signifying the short-axis (or long-
axis) mode.” We take the peak of 1374 cm™ to plot against
angular variation (Figures 3e,f and S13). The crystalline belts
printed at 400 pm/s exhibit large Raman scattering intensities
at 150° and 330°, while the minimum intensities appear at 60°
and 240°, exactly perpendicular to the former and correspond-
ing to the long- and short-axis of the molecule, respectively.
The strong scattering intensity indicates the stretching
vibrations of C—C*" and thus the orientation of the benzene

rings, as shown in Figure 3c. In contrast, very little anisotropy
is found in the spherical crystalline film. Additionally, the
randomly oriented crystallites are substantially smaller than the
laser sport-size and lead to the very low anisotropy (Figure 3f).
The GIWAXS measurements”””” were carried out with the
printing direction of the samples aligned parallel and
perpendicular to the incident beam (Figure 3g—l1). It is
revealed that (Okl) planes are mainly observed when the
incident X-ray is perpendicular with the printing direction,
whereas (h0l) planes are observed in the parallel alignment,
which is consistent with previous observations of crystals
deposited by jet printing.*’ In addition, the diffraction peaks
for (210) planes are only observed when the incident beam is
parallel to the printing direction, and the distance between
(210) planes is approximate 3 A, corresponding to the 7—7x
stacking distance. The results are consistent with other reports
showing that TIPS-pentacene arranges into a lamellar packing
structure with a 2D “brick-wall” motif.*° Especially, when the
orientations (210) with the strong 77— interactions are
generally along the channel, high charge transfer efficiency
would be obtained as proved in previous studies.*” Therefore,
we would suggest that the printing direction is closed to the a-
axis and probably between the a-axis and (210) direction, as
shown in Figure 3o.

Among different printing speeds, 400 pm/s results in the
highest crystallinity and the strongest orientational order, as
suggested by the appearance of higher order diffraction peaks
and relatively higher peak intensity. Observations of the
intensity of absorptions, Raman spectroscopy, and GIWAXS
confirm the anisotropy of guided crystallizations,**~>° and such
a highly ordered structure is supposed to benefit the device
performance.*>>"*

3.3. Mechanism of Guided Crystallization. 3.3.1. Sol-
ution Dynamics. The formation of diverse crystallization
morphologies is essentially attributed to the concentration
gradient generated during the meniscus-guided printing
process.”>" In general, the printing speed determines the
distance (I,) from the pipette to the three-phase contact line,
which is the boundary between the liquid-phase solution and
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Figure S. (a,b) Calculated concentration contours of the deposited solution on the substrate with printing speed of 200, 300, 400, 500, and 600
um/s, respectively. (c) Images taken from the POM system for crystals of TIPS-pentacene formed by printing at 200—600 um/s (upper) and
crystals of perovskite MAPbI, formed by printing at 30—500 um/s (below).

the solid-phase crystals. We found that I, is influenced by
printing speeds and it is closely related to the resulting crystal
morphologies. A numerical model is proposed to help
understand, with the X-axis (Y-axis) along (vertical to) the
printing direction (Figure 4d). Along the X-axis and at a
certain point (x,), V (mL/s) is defined as the initial volume of
the solution released from the micropipette onto the substrate
in a unit area, with M as the initial mass of the solute (mg), r
(mL/s) as the evaporation rate of the solution, and ¢ (s) as the
evaporation time of the solution. Then, the local concen-
tration, C (mg/mL), is

C=M/(V—-rxt) (1)

Constants include M and r, and variables include ¢ and V.
Note that t is determined by the distance between the position
of micropipette (x,,) and the point x and the moving speed of
the micropipette (v)

t=(x, —x)/v 2)

Moreover, the volume V increases with lowering of the
printing speeds, because it takes longer time for the pipette to
pass the area of a printed drop, which is D/v, and D is the
diameter of the printed drops (constant, unit in millimeters).

In addition, we introduced a correction value Vjy, to define a
non-zero V when the printing speed is high. Then, the semi-
empirical description is

v=1yx 24y,

v 3)
where V;, and V) are constants mainly determining the volume
at low and high speeds, respectively, and their values are
chosen according to the experimental results. At a certain time
during printing, the local concentration can be drawn along the
X-axis (black solid curves, Figure 4a—c). The dashed red line
refers to the saturated concentration, and the intersection of
two lines can roughly be regarded as the boundary between
crystals and the liquid solution. The distance between the
intersection and micropipette is considered to be I, as
mentioned above.

The calculated results are combined with the corresponding
observations of solution dynamics and crystallization in Figure
4d—f. Three cases are considered according to the printing
speed (v) that also corresponds to the different morphologies
of crystallization. (1) At a high printing speed (v = ~700 or
>700 um/s), the solution drags for a long-distance I, until
supersaturation occurs for crystallization. The evaporation
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cannot catch up with the moving micropipette, and thus,
spontaneous crystallization occurs with the formation of a large
number of nuclei and then spherical crystals,” such as those
formed by spin-coating (Figure 4d). (2) At a medium printing
speed (v = ~400 um/s), the distance I, decreases, and as the
TPC line recedes and well matches the evaporation rate,
crystalline micro-arrays precipitate toward the concentration
gradient and are thus locally aligned (known as the convective
assembly®®). This is slightly similar to that formed by dip-
coating at a medium speed”’ (Figure 4e). (3) At a low speed
(v = ~100 pum/s), the distance ! increases again because the
solution volume (V) increases significantly and a severe coffee-
ring effect (due to the evaporation rate at the liquid edge being
faster than at the center) drags the solution.’® Therefore, the
concentration drops within [, are relatively large, and as the
solvent evaporates, slow, arc-shaped crystals with a lamellar
structure grow along the moving direction of the micropipette,
such as that formed near the edge of a film formed by drop-
casting the solution®”®® (Figure 4f). In general, a medium
printing speed is needed to match the evaporation rate and to
obtain oriented crystals of TIPS-pentacene,”"*> and a relatively
low local nuclei density results in crystallization without
disturbance by neighboring crystals.

3.3.2. Formation of Crystalline Belts. We further analyze
the aligned crystalline belts formed at the medium printing
speed (from 200 to 600 yum/s) as below (Figure S). The
solution gradient along the Y-axis is also calculated by
assuming a radial diffusion, and the 2D distribution of the
concentration for different printing speeds within the same
distance is shown in Figure Sa,b. The concentration increases
from near the micropipette to far from it (Figure Sa). Contours
are denser with larger gradients at a relatively low printing
speed (~200 um/s) and are accompanied by the more
uniform direction of the crystals. At higher printing speeds
(~600 um/s), the contours are sparse, and the directions of
the crystals begin to diversify®® (Figure Sc TIPS-pentacene). In

Figure Sa, the arrows, which represent the direction and
quantity of the gradient, point from the edge to the middle and
along two directions that share a mirror plane. It corresponds
well with the crystal growth along two directions and toward
the middle (Figure Sc). In addition, the gradient contour near
the micropipette is more uniform under slow moving speeds,
while it becomes less uniform with higher printing speed
(Figure Sa). The latter leads to less-ordered crystal growth for
more formation of small crystallites (e.g. Figure Sc, TIPS-
pentacene at 600 um/s). Interestingly, a consistent trend from
uniformly aligned to more diverse crystals is also found in
depositing perovskite MAPbI; crystals, as shown in Figure Sc
(perovskite). Generally, higher concentrations of the solution
induce a higher density of nuclei and thicker films, as has been
investigated in previous studies.”” In this study, good matching
between the gradient and evaporation rates has been obtained
at 300—400 and 30—60 ym/s and leads to uniformly aligned
crystals for TIPS-pentacene and MAPDI;, respectively.

3.4. Electrical Performance of Devices. 3.4.1. Organic
Transistor. On the basis of the deposited crystals of TIPS-
pentacene, TFTs are fabricated, as shown in Figure 6a. The
OTFTs based on TIPS-pentacene are in the bottom-gate, top-
contact configuration with SiO, as the gate insulator and Au as
the source—drain electrodes. The transfer characteristics of
OTFTs based on TIPS-pentacene deposited at various speeds
(80—1500 pim/s) are investigated, as shown in Figure 6b. The
on-current and field-effect mobility (1) of these devices are
shown in Figure 6¢c (more details are shown in Figure S10),
which are extracted in the saturation regime from the slope®*

of the \/E versus V,

. plot65 using the equation:

2
N N . . .
Ky = W_q[ v, ) Here, I; is the drain current, Vg is the

gate-voltage, L is the channel length (50 gm), W is the channel
width (180—220 pm), and C; is the capacitance per unit area
(10.5 nF/cm?). The optimized devices with aligned crystals
(printed at 400 ym/s) exhibit the highest current and mobility
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value as compared with those with less ordered crystals
deposited at either a higher or lower speed, in good agreement
with the observations and analysis on crystal formation and
anisotropy given above. The electronic performance of printed
crystals is much better than the spherical crystals by spin
coating, which exhibit larger threshold voltage and smaller
channel current in devices (Figure S6 and Table S1).

In addition, the well-aligned crystals also exhibit obvious
anisotropy in electrical performance. The on-current of the
devices with the crystals along the channel (Figure S7f) is
approximately 2 orders of magnitude higher than those with
crystals vertical to the channel (Figure S7gh) and the
mobilities also attenuated obviously. Especially, when the
electrodes gap the crystals with a mirror symmetry (Figure
S7e), the devices show very low performance, attributed to the
large resistance at the macroscopic grain boundaries that could
be observed by optical microscope. The anisotropy in
transistors can be well understood by referring the
observations of crystal structures as discussed above. When
the TIPS-pentacene are printed into well-aligned crystalline
belts along the channel, the crystal direction®* with strong 7—x
interactions (revealed by the GIWAX and spectroscopy) is also
mainly along the channel which highly assist the charge
transport. Hence, we observed the best transistor performance
when the printing is optimized (400 ym/s) to afford well-
aligned crystals with minimum misalignment and grain
boundaries along the channel.

3.4.2. Photodetector. The perovskite-based photodetectors
are fabricated with a vacuum-deposited gold source and drain
on the top of the perovskite MAPbI; film deposited under
ambient conditions (Figure 6d). The devices are characterized
under ambient conditions, and channel current is measured
under illumination (white light) and in the dark. The
photocurrent of perovskite MAPbI; photoconductors printed
at different speeds are measured, as shown in Figure Ge, and
the film printed at 500 pm/s shows insignificant photo-
response as the film is not continuous. The photoresponse for
the piled, randomly oriented crystals produced at 500 um/s is
not observable, while the values for the continuous and aligned
perovskite are above 300 times at the same voltage, indeed
higher than the spin-coating methods,°*®” indicating the
crucial effect in improving device performance for coplanar
photodetectors. It is worth to note that the films printed at
speeds under 100 ym/s exhibit an apparent photocurrent of
nearly 100 times higher than the film printed at 500 pum/s
when biased at —15 V. The photo-to-dark current ratio (I,,/
Iii) is presented in Figure 6f which shows that the
photocurrent of films printed at 50 and 100 pm/s increases
linearly with drain voltage.

3.4.3. Active Photodetector. As shown above, the OTFTs
exhibit a strong gate-tuning effect, while the photodetectors
exhibit a clear photoresponse. Notice that the OTFTs exhibit a
negligible photoresponse (Figure 7fg), and the perovskite
photodetectors do not show gate-tunability with a constant
current in air (Figure 7d,e). However, the active matrix of a
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photodetector calls for a stable off-state at zero gate—bias to
maintain low power consumption. Therefore, we combine the
advantages of the two devices to make gate-tunable or
electrical-switchable photodetectors. The characteristics of an
individual photodetecting cell is shown in Figure 7a,b, where a
perovskite photodetector is connected to the drain electrode of
a TIPS-pentacene OTFT. The device is scanned by sweeping
the gate voltage and setting the source—drain voltage as Vy =
—1 V. Without gate biasing, the detecting cell is not conductive
even with illumination because of the low conductivity of the
OTFT. At gate voltages larger than the threshold and with
illumination, the conductivity of both the OTFT and
photodetector sharply increases. Therefore, the device remains
off to maintain low power consumption until when there are
simultaneously light and a proper gate—bias. The transient
response of the detector cell is measured by periodic
illumination (Figure 7c) and shows a stable response to light
switching. Because of the small W/L and ambient fabrication
conditions, the light-to-dark current ratio is limited to
approximately 100, which can be further enhanced by
optimizing the fabrication and using a larger W/L ratio.

In addition, we tested the stability of the active photo-
detectors in ambient conditions with humidity lower than 40%.
First, an individual perovskite photodetector (a resistor) was
measured under continuous bias conditions. The evolution of
the photocurrent and dark current at V4 = =20 V is recorded in
Figure S14. The device covered with CYTOP exhibits slightly
lager photo-current as compared with the one without
passivation. Even though, the photodetector without encapsu-
lation exhibited a stable performance during the continuous
measurement for 600 s. Second, we measured the OTFT—
photodetector unit for several times during 150 min (Figure
8a,b). The evolution of the photocurrent and dark-current in

the on-state (V4 = =20 V, V, = =20 V) was measured at
different time (Figure 8c). The photocurrents slightly changed
within 2.0 X 10™® A and the dark-current has negligible
variations within 1.2 X 107'° A, indicating that we could obtain
stable devices in the short-term and continuous measurements.
Finally, we kept devices in a vacuum cabinet for 11 days and
took out to test them in air for several times. The photocurrent
and dark current are shown in Figure 8d,e. Photocurrents
changed within 9.8 X 107 A and the dark current slightly
decreased 1.1 X 107 A (Figure 8f).

4. CONCLUSIONS

The guided crystallization of organic and perovskite semi-
conductors has been achieved by printing solutions with the
ultrasonicated dispenser. From slow to high moving speeds,
the dispenser generates platelike crystals, aligned crystalline
belts, and spherical crystals. The crystallization is closely
related to the concentration gradient profile of the liquid area
from the solid crystals to the dispenser. Highly ordered, aligned
TIPS-pentacene and perovskite MAPDbI; semiconductors have
been obtained using an optimized moving speed of the
dispenser. The materials exhibit strong anisotropy in UV—vis
absorption and Raman scattering spectroscopy analyses, with
the intensities corresponding well to the orientation of the
crystals. The TFT and photodetector devices utilizing aligned
crystals exhibit higher on-currents than those devices with
disordered crystals, which can be understood by the reduction
of crystal boundaries and the transport along the 7—7 stacking.
Finally, we combine the two types of devices and demonstrate
an OTFT-controlled photodetector for visible-light sensing.
The detector cell switches from the off-state to the on-state
only with both illumination and gate-tuning and works well
under ambient conditions. The presented studies demonstrate
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the potential of using the ultrasonicated dispenser to print
electronic and opto-electronic devices.
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