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substantial number of optical sensors.[8,9] 
In particular, the ease of fabrication of 
the active parts of these devices following 
solution-processing routes, such as inkjet 
printing, can deliver polycrystalline 
smooth films, with precise control over the 
dispensed volume.[10] Critical aspects in 
developing a printable device include the 
quality of the materials, the solution for-
mulation, viscosity control, surface wetting 
to avoid solution dispersion, or long-term 
stability.[11,12] Specifically, viscosity is not 
only important for the film quality but also 
determines the printing technique[13] and 
can be divided into two main types, low 
viscosity or high viscosity solutions. Typi-
cally, volatile solutions do not use binders, 
surfactants, or other chemical additives 
and offer higher-purity materials.[14] How-
ever, these can affect film morphology 
and topography, creating the well-known 
“coffee-ring” effect.[15] It also presents an 
increased spread area with limited con-
trol of defined structures and has difficul-
ties in controlling crystal nucleation and 
molecular aggregation, leading to defects, 

uneven thickness, and inferior device performance.[16] In this 
case, large and aligned crystalline domains are highly impor-
tant, as they offer low charge transport anisotropy and low den-
sity of grain boundaries leading to higher optical-to-electrical 
conversion.[17,18] Strategies using solution-processing tech-
niques have enabled high crystallinity organic semiconductor 
films.[19] However, these approaches present little or even no 
control on both the shape and size of the active semiconductor 

The controlled growth of organic crystalline materials in predefined locations 
still poses a challenge for functional device application such as phototransis-
tors, photoconductors, or photovoltaic solar cells. This work evidences the 
use of optical lithography and a fluoroalkylsilane to selectively modify the 
surface energy and how to create a wettability micro-patterned structure. 
These are then combined with non-contact printing of the organic solu-
tion providing custom-shaped films. To deliver printed films with improved 
morphological quality, key process parameters for high-performance organic 
materials are optimized. Particular attention is given to the adjustment of the 
concentration and solvent mixture to tune the jetting properties, and conse-
quently, slow down the evaporation rate. Continuous films are obtained for an 
optimized number of droplets and spacing between them. Micro-Raman spec-
troscopy imaging confirms the crystalline nature of the printed films and the 
lack of impurities. To validate the method, rubrene and triisopropylsilylethynyl 
(TIPS)-pentacene are tested using two-terminal optoelectronic devices. 
TIPS-pentacene rectangular printed micrometric photosensor presents linear 
behavior and no hysteresis, reaching 0.33 nA under 18.1 mW cm−2. The struc-
tural and optoelectronic characterization is in line with other micro-patterned 
examples, opening doors for new industrial applications.
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1. Introduction

The possibility of non-expensive and easy fabrication, combined 
with the capabilities to control the optical characteristics,[1] are 
the main advantages of organic photonic devices such as photo-
diodes,[2,3] phototransistors,[4,5] or resistive memories.[6,7] These 
issues are of fundamental interest, as future internet of things 
in infrastructures, transports, or wearables, will require a 
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layer. As most organic semiconductors are not compatible with 
conventional lithography and etching processes, this hinders 
the establishment of well-defined structures. This is especially 
important for optical resonators, where it is crucial to maintain 
device-to-device properties.[20] Attempts using chemical con-
finement onto interdigitated electrodes revealed the formation 
of single crystals even on highly heterogeneous surfaces, with 
good electrical contact.[21] However, the crystal distribution is 
random, forming irregular shapes. By merging inkjet printing 
with antisolvent crystallization, uniform films can be achieved 
and patterned crystalline films attained through controlled 
hydrophilic/hydrophobic regions.[22] Yet, this is achieved by a 
lengthy multistep process, and limited to surfaces with silanol 
groups with considered limitations in the substrate, device 
architecture, and layout.

Herein, a combination of drop-on-demand printing, a non-
contact printing that enables smaller drop size and higher place-
ment accuracy, and surface energy engineering is employed 
to print and grow tailored organic crystalline semiconductors 
in targeted locations with control over their optical and struc-
tural properties. The method is validated by fabricating a two-
terminal photoconductor. The strategy here described opens up 
the possibility of manufacturing high-density arrays of micro-
metric or millimetric organic devices guaranteeing controlled 
size and shape, versatility, efficiency, and reproducibility.

2. Results and Discussion

2.1. Chemical Modification of Wettable Substrates

Surface wetting in hydroxylated surfaces, such as silica or alu-
mina, typically hydrophilic, can be chemically modified through 
the assembling of organosilane layers. To significantly lower 
surface energy, fluoroalkylsilanes are more suitable than alkyl-
silanes, due to their highly hydrophobic tail.[23,24] The reactivity 
with hydroxylated surfaces depends on the anchoring groups of 
self-assembled monolayers (SAMs).[25] Although ethoxysilanes 
present slower reactivity, they originate nontoxic by-products 
upon silanization.[26] 1H,1H,2H,2H-Perfluorodecyltriethoxysilane 
(FDTES) presents all the aforementioned advantages, and in 
addition, it is not prone to chemical degradation below 350 °C.[27]

To assess the surface wetting behavior of FDTES on silica, 
contact angle measurements were performed. Figure 1 com-
pares the wettability of deionized (DI) water and toluene on as-
deposited silica film (Figure 1a) and FDTES assembled on silica 
(Figure  1b). In the case of the untreated surface, the contact 
angles of the droplets are around 49° and less than 5° for water 
and toluene, respectively. As a result, a high-wettability organic 
solution that uses toluene or a mixture of chloroform, both 
common solvents used in organic semiconductors, will sponta-
neously spread on the substrate surface, due to the omniphilic 
character of the silica surface. Alternatively, when the surface is 
exposed to FDTES (molecular structure in Figure 1c, for at least 
24 h under vacuum, a clear change in its wettability is observed. 
This fluoroalkylsilane compound reacts with the hydroxyl 
groups of the silica film, increasing water and toluene contact 
angles to around 89° and 35°, respectively (Figure  1b). These 
results are in line with the low-wettability of organic solvents in 

fluoroalkylsilanes coated surfaces when compared with alkylsi-
lane SAMs.[23,28,29]

2.2. The Wettability-Assisted Printing Process

Making use of the low wetting behavior of a surface modified 
with FDTES, a protocol was developed to chemically confine a 
photoactive solution to wettable regions. Figure 1d outlines the 
implemented protocol. It comprises local modification of the 
silica wettability with FDTES and non-contact printing of the 
organic solution. Here, photolithography is used to define the 
size and shape of the SiO2 regions protected by photoresist (PR) 
from the exposure to FDTES (step 3). After silanization and PR 
removal, a wettability-patterned substrate is engineered (step 4). 
The droplets of the solution containing the photoactive mate-
rial are then dispensed via non-contact printing on the pre-
defined wettable sites (hydrophilic region) and confined by the 
surrounding hydrophobic region to the area of interest (step 5). 
The non-contact printer is equipped with a piezoelectric acti-
vated tip that guarantees a drop-on-demand process. To dem-
onstrate the method, two photosensitive organic materials were 
tested, namely rubrene (Figure  1e) and triisopropylsilylethynyl 
(TIPS)-pentacene (Figure 1f).

2.3. Printing Continuous-Shaped Films

Following the fabrication of the wettability-patterned substrate, 
the printing parameters were adjusted for the two organic 
materials used in this work, which could also be extendable 
to other printable materials. The optimization of the printing 
solution and the correlation between the wettable area and dis-
pensing layout for complete coverage of the wettable area have 
been taken into account. Such an approach targets continuous 
and reproducible films with diminished structural defects (e.g., 
grain boundaries). This will reduce the charge transport anisot-
ropy and trapping phenomena, leading to devices with faster 
response times, lower dark currents, and higher photocurrents.

The optimization of the printing solution comprises the 
selection of the organic solvent or mixture of solvents and 
tuning of the concentration of the photoactive material prior 
to focusing on the uniformity of the printed films.[30] The sol-
vent choice takes into account three criteria: i) the solubility of 
the semiconductor material on the organic solvent based on 
the calculated Hansen sphere,[31] ii) its boiling point (single or 
binary mixture of organic solvents), and iii) vapor pressure. For 
proper jetting, the boiling point and the vapor pressure should 
be in the range of 100–210 °C and 0.2–50 mbar, respectively.[32] 
The concentration of the solution was altered to maximize solu-
bility and avoid tip clogging during dispensing. To slow down 
the evaporation rate of the dispensed solution, the substrate 
was placed on a cooled stage (below 20 °C).[21] The applied 
piezoelectric voltage (V) was also adjusted between 50 and 
80 V, according to the organic solution characteristics aiming to 
reduce the formation of secondary droplets.

The two chosen materials, rubrene and TIPS-pentacene, pre-
sent very distinct solubility. Rubrene is insoluble in most low-
toxicity organic solvents.[33,34] Thus, to print the rubrene films, 
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a mixture of chloroform and toluene (1:5) (v/v) was used to 
dissolve 10 mg of rubrene powder. Toluene is the main solvent 
of the mixture due to its high boiling point and chloroform is  
necessary to increase the solubility of rubrene. An adequate 
proportion of the solvents is critical, as rubrene particles precip-
itation occurs if a lower ratio of chloroform is used, while for a 

higher ratio, the jetting becomes unstable. For this solution and 
printing system, the optimum stage temperature was found at 
14 °C with a driving voltage of 60 V.

The number of droplets per spot and the spacing between 
spots (Figure 2a) were adjusted until the pre-defined wettable 
geometries were uniformly filled. By doing so, individual 

Figure 1.  Deionized water and toluene contact angles on a) SiO2 and b) SiO2 coated with FDTES. c) Molecular structure of FDTES. d) Wettability-
assisted process to define the photoactive printed region: Step 1 – AlSiCu markers definition, Step 2 – SiO2 deposition, Step 3 – Photolithography, 
Step 4 –Wettability-patterned substrate, and Step 5 – Non-contact printing of the photoactive material. e) Molecular structure and rubrene dissolved 
in chloroform and toluene (10 mg mL−1) (1:5 v/v) and f) Molecular structure and TIPS-pentacene dissolved in toluene (14.7 mg mL−1).
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droplets coalesce to form a continuous film. In rectangular 
geometries, the droplets are dispensed in line, while in quad-
rangular and circular geometries, the equivalent number of 
droplets are dispensed in the same dispensing site at the center 
of the structure.

Figure  2b and c highlights the effect of the spacing (S) 
between dispensing sites and the number of droplets per spot 
on a rubrene printed film with a rectangular confinement area 
of 100 × 625 µm2. Based on visual inspection, the uniformity of 
the film improves with decreasing spacing between spots and 
an increasing number of droplets per spot.[12] For this geometry, 
an optimal combination of three droplets per spot dispensed 
with 14 µm-spacing leads to a continuous film. The estimated 
droplet volume is around 172 pL, corresponding to a total dis-
pensed volume of 21.7 nL.

Figure  2d shows circular (ϕ  = 199  µm) and quadrangular 
(177 × 177 µm2) printed films, equivalent in area to a rectan-
gular feature (50 × 625 µm2). The target geometries were ful-
filled using a total of 42 droplets. Regardless of the shape and 
dimensions of the wettable region, the solution was well con-
fined to the target region. Although, sometimes the forma-
tion of secondary droplets can alter the total dispensed volume 
and when these droplets deviate from the main droplet, some 

irregularities in the geometry of the printed films can be 
obtained. The darker contour observed at the border of the 
films is attributed to the coffee-ring effect. This is associated 
with the evaporation rate of the solvent being higher at the 
periphery than at the center of the wettable region.[35]

Due to the TIPS groups, TIPS-pentacene is much more sol-
uble in a variety of solvents. The solubility of TIPS-pentacene 
increases in the following order: dimethylformamide (DMF), 
n-hexane, toluene, and chloroform.[31] To infer the effect of dif-
ferent solutions on the morphology of TIPS-pentacene printed 
films, several co-solvent combinations using these solvents 
were tested, setting the stage temperature to 14 °C. Both chloro-
form and n-hexane have boiling points around 60 °C,[36] while 
the boiling point of toluene and DMF is above 110 °C.[37,38] The 
solvent system of an orthogonal solvent (DMF) with a non-
orthogonal solvent (toluene) induces rapid solute precipitation 
in regions with high surface energy.[35] The imbalance between 
nucleation and crystal growth, combined with a high-surface 
tension mixture, originates sparse crystalline domains where a 
dendritic morphology is dominant.[39]

The mixing of chloroform or n-hexane with toluene, with a 
volume ratio of 5:1, makes the jetting of the solution unstable 
due to their low-boiling points and vapor pressure. However, 
the use of toluene as the major solvent of the solution makes 
the jet possible. A clear difference is observed in the mor-
phology of 400 × 625 µm2 printed films with the addition of 
chloroform or n-hexane (Figure S1a, Supporting Information). 
The lower surface tension of n-hexane enhances evaporation,[40] 
leading to a film with radial crystalline domains uniformly cov-
ering the wettable region.[41] With the addition of chloroform, 
two distinct morphologies are noticeable: radial crystal domains 
(spherulites)[42] on the center and elongated crystal on the edge 
of the wettable region. The use of a single-solvent solution (tol-
uene) instead of a binary-solvent solution (chloroform/toluene) 
originates larger crystals. This was expected, as a higher boiling 
point of the solution can be used to slow down the evaporation 
rate.[43] For this printing system, the above-tested conditions 
revealed the advantage of using a single solvent over a co-sol-
vent solution to obtain more uniformly printed TIPS-pentacene 
films.

Aiming to further improve the alignment of elongated crys-
tals with the printing direction, the effects of the concentration 
and stage temperature were tested. Note that when the stage 
temperature is increased from 14 to 24 °C, a drastic change in 
the morphology of the printed films is observed (Figure S1b, 
Supporting Information). Higher evaporation rates will most 
likely restrict the migration and reorganization of the molecules 
during crystallization,[35] leading to a spherulitic pattern instead 
of plate-like crystals. Interestingly, the variation of the concen-
tration has the least noticeable impact on the morphology of 
the printed films (Figure S1c, Supporting Information). An 
increase in concentration from 5 to 14.7 mg mL−1 only slightly 
increases the coverage of the wettable region (400 × 625 µm2).[44]

Ultimately, the effect of the geometry of the wettable 
region on the morphology of the printed films was evaluated. 
Figure 3 shows optical images of rectangular TIPS-pentacene 
printed films of 50 × 625, 400 × 625, and 400 × 1250 µm2 and 
the equivalent area of circular and quadrangular geometries. 
For the smallest dimensions (A  = 31  250 µm2) tested in this 

Figure 2.  a) Representation of three dispensing sites and the spacing (S) 
between them on a rectangular wettable region. Effect of b) the number 
of droplets and spacing between droplets, c) the number of droplets per 
spot on the uniformity of a rectangular film (100 × 625 µm2). d) Circular, 
quadrangular, and rectangular rubrene printed films of equivalent area 
(31 250 µm2) printed with 42 droplets.
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work, 21 droplets were dispensed with a volume of 123 pL 
each. To print rectangular films 400 µm-wide and 625 µm-long, 
42 spots in line and five droplets per spot were dispensed, with 
an equivalent total volume of 25.8 nL (210 droplets). To increase 
the length of the rectangular films, the number of spots was 
increased to 85 spots, corresponding to a total of 52.2 nL 
(425 droplets).

In the smallest features, two types of crystal growth occur, 
platelet and radial domains. The rectangular shape originates 
plate-like crystals aligned with the printing direction, while in 
the quadrangular and circular ones, radial crystalline domains 
are formed.[45] In the latter, as the droplets are dispensed at the 
center of the features, the concentration gradient is possibly 
less prominent, thus favoring a more uniform nucleation and 
radial crystal growth. On the rectangular geometry, where the 
droplets are dispensed in line, the TIPS-pentacene molecules 
crystalize along the direction of the concentration gradient.[46]

By increasing feature size, a preferential growth of elongated 
crystals occurs at the edge rather than at the center, indicating 
that the wettability contrast of the peripheral region favors 
crystal nucleation.[47] This implies that the produced Marangoni 
flow is not enough to overcome the convective flow resulting 
in low-coverage printed films.[46] Therefore, the solute tends 
to accumulate at the edge creating a concentration gradient 
towards the center. Even so, the evaporation rate is low enough 
for the growing of plate-like crystals, although they have arbi-
trary orientation.[43]

2.4. Structural Characterization of the Printed Films

The structural properties of the as-prepared printed films can 
seriously constrain their electrical properties (e.g., response 
time, dark current, and photogenerated current). As such, a 

non-destructive and high-resolution characterization tool is 
needed to infer their crystallinity and the presence of impuri-
ties. Micro-Raman spectroscopy allows to assess the structural 
and chemical quality of a sample by probing vibration modes. 
Nowadays, micro-Raman spectrometers can perform structural 
imaging with a lateral resolution of around 1  µm along the 
micrometer-sized films. The Raman spectra were acquired with 
a laser source of 633  nm and the laser power was reduced to 
avoid inducing any thermal damage in the films (P = 1.1 mW). 
In the visible excitation range, laser-induced fluorescence is 
an inconvenient characteristic of organic compounds, so the 
background fluorescence contribution had to be removed from 
all spectra.[48] As the frequency at which the vibration modes 
appear depends on the atoms involved and the strength of 
their bonds, the Raman spectra of rubrene and TIPS-pentacene 
films were acquired from 551 to 1690 cm−1 and from 825 to 
1919 cm−1, respectively, to maximize the measured Raman scat-
tering signal.

The rubrene molecule (Figure  1e) consists of a tetracene 
backbone (four benzene rings) with four substituted phenyl 
groups. In this work, we have registered and analyzed the 
1100–1600 cm−1 spectral range where the most intense 
vibrational modes of rubrene molecules are expected to be 
observed.[49] To study the Raman vibrational modes along the 
film presented in Figure 4a, seven spectra were acquired along 
the dotted line (A to G), thus targeting different regions of the 
film. In this case, the measurements were done without being 
cautious about exposure to light or ambient conditions. At the 
positions (A), (B), (E), (F), and (G), the appearance of peaks 
centered around 1301 and 1313 cm−1 (Figure 4c), evidencing the 
existence of rubrene crystal in the sample.[50] The bands at 1435, 
1520, and 1538 cm−1 are assigned to the vibrations of the tet-
racene nuclei of the rubrene molecule[49] and no other spurious 
phase could be detected within the limit of the technique.

Figure 3.  a) Wettability-patterned substrate with TIPS-pentacene printed films and b–d) representative optical images of circular, quadrangular, and 
rectangular geometries of different equivalent areas.
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Note that the intensity of the aforementioned Raman bands 
at the positions (C) and (D) is much lower when compared to 
the other spectra, likely due to the film being thinner in this 
region. However, the relative intensity between the charac-
teristic bands (1301 and 1313 cm−1) is changing, especially at 
position (C), suggesting a different crystallographic orienta-
tion of the rubrene sample. After the Raman measurements, 
the visual inspection of the film revealed that a discoloration 
had occurred. The film lost its original dark orange color and 
became colorless.

To confirm these findings, Raman studies were performed 
on another rubrene printed film (Figure S2, Supporting Infor-
mation). This time, the sample was protected from visible 
light irradiation and the exposure to air was the smallest pos-
sible, by keeping the sample under vacuum until its Raman 
spectrum was recorded (Figure S2a, Supporting Information). 
The absence of Raman peaks at the positions (X) and (Y) after 
mapping the sample for 2 h (Figure S2b, Supporting Informa-
tion) is an indication that a chemical alteration is taking place. 
This is in line with the change in color from dark orange (pure 
rubrene) to colorless, observed in both the optical images in 
Figure  4b and Figure S2, Supporting Information, pointing 
out rubrene endoperoxide (transparent) formation, which can 
be explained by the propensity of rubrene films to photo-degra-
dation upon oxygen and light exposure.[51] Nevertheless, in all 
recorded spectra, the formation of rubrene endoperoxide was 
not identified, as its peaks were not detected around 1371 and 
1604 cm−1, according to Raimondo et al.[52] One possible expla-
nation is the intensity of the signal being too low to be detected. 
Based on these results, the recorded Raman spectra could be 
conditioned by the rubrene photo-instability, as the variations 
in intensity along the film might have a contribution from both 
thickness and oxidation.

Additionally, the relative intensity ratio of the signature peaks 
for rubrene was calculated. The table presented in Figure S3, 
Supporting Information, compares these results with the ones 
estimated for two orthorhombic rubrene single crystals meas-
ured under the same conditions of the printed films. The 
encountered discrepancies indicate a different crystal orienta-
tion of the molecules relative to the substrate. The information 
about the type of rubrene polymorphs can only be assessed 
in the low-frequency region of the Raman spectrum (below 
300 cm−1),[53] but the signal was too weak to be accounted for 
Raman imaging.

The other organic compound included in this work, the 
TIPS-pentacene (Figure  1f), has a pentacene core functional-
ized with two TIPS groups, increasing its photostability. Usu-
ally, when printed, it adopts an edge-on orientation (Figure 5a) 
with respect to the substrate, meaning the pentacene backbone 
long-axis edge is parallel to the substrate with the molecules 
packed in a brick-wall motif.[18] To check the crystallinity of the 
sample, the Raman spectra were recorded at seven different 
positions (Figure  5b) along a 50 × 625 µm2 TIPS-pentacene 
printed film on top of a wettability-patterned substrate and are 
presented in Figure 5c. The peaks located at 1372 and 1576 cm−1 
are assigned to the stretching of CC modes of the short and 
long axis of the pentacene backbone, respectively.[54] The CH 
bending modes from the ends and sides of the pentacene back-
bone are located at 1156 and 1576 cm−1, respectively. An iden-
tical structural fingerprint characterizes all the spectra shown 
in Figure 5c. Besides the peaks assigned to the pentacene back-
bone, all other detected peaks are exclusively attributed to the 
TIPS-pentacene molecule vibrational modes. No significant 
band shifts are observed in the spectra recorded at different 
positions and the crystalline nature of the films is confirmed by 
the narrow peaks.

Figure 4.  a) Optical image of a rubrene as printed film (50 × 625 µm2) with seven labeled positions along a dotted line for Raman measurements,  
b) Optical image of the same printed film after air and light exposure revealing photodegradation, and c) Raman spectra of the positions A to G along 
the rubrene film, with reference values highlighted in gray.[49]
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To inspect the films’ structural uniformity, an insight into the 
peak intensity profile of the three most relevant TIPS-pentacene 
vibrational modes (1158, 1374, and 1578 cm−1)[54] is given by the 
2D imaging maps along the region of interest (50 × 625 µm2)  
(see Figure S4, Supporting Information), acquired with a grid-
line of 6 × 6 µm2. The maps share the same color scale to high-
light the differences. All three reveal a well-covered surface with 
TIPS-pentacene molecules but a non-uniform intensity profile. 
The highest variation is encountered for the intensity map 

obtained at 1576 cm−1. Additionally, the ratio of intensities of 
the bands centered at 1156, 1372, and 1576 cm−1 were mapped 
(Figure 5d). The analysis of 2D maps reveals a highly uniform 
film from the point of view of structural properties, as the rela-
tive ratio of intensities is quite similar over a large area (right 
side of the film). The encountered differences between the left 
and right parts of the film might indicate distinct molecular ori-
entations or lattice packing deviations.

Xu et  al.[55] suggest that the I1157/I1374 ratio can be used to 
monitor the lattice packing variation in solution sheared TIPS-
pentacene films. For films highly uniform in thickness, the 
authors attributed the non-equilibrium packing state (010) to a 
higher I1157/I1374 ratio compared to the equilibrium state (101). 
Alternatively, D. James et  al.[54] proposed a method to deter-
mine the in-plane orientation of the pentacene backbone. The 
authors measured the Raman intensity of the peaks at 1374 and 
1578 cm−1 as a function of the polarization angle between the 
laser and the film. From their results, it is clear that mirror-
orientated molecules could share the same ratio of intensities 
between the peaks corresponding to the long and short axis 
of the pentacene core. Misleading conclusions may be drawn 
if the relative intensity ratio is used to assess the orientation 
of the TIPS-pentacene molecules without being complemented 
with polarized measurements.

From the Raman measurements performed in our work, it 
is not possible to accurately address the molecular packing and 
orientation of both rubrene and TIPS-pentacene films. How-
ever, it is a simple and non-destructive method to probe inho-
mogeneities along the film and detect the presence of impuri-
ties with the required resolution.

2.5. Application as Photosensing Devices

To validate the use of the wettability-assisted printing method 
in the optoelectronic industry, both Rubrene and TIPS-penta-
cene were integrated into planar photosensing devices.
Figure 6a shows a schematic of a micrometric device used 

to evaluate the photosensitivity of rubrene and TIPS-pentacene 
printed films. It comprises patterned gold bottom electrodes in 
a planar configuration with a printed photoactive layer on top. 
The photoactive area of 50 × 625 µm2 was defined using the 
wettability-assisted process and the optimized printing condi-
tions described above. The current–voltage curves are measured 
at different light intensities in a two-probe configuration. The 
applied voltage ranges from −10 to 10  V (for TIPS-pentacene) 
and −5 to 5  V (for rubrene) (step = 0.5  V), while the current 
flowing through the photoactive film was measured between 
the two gold electrodes.

Representative IV measurements of rubrene printed film as 
a function of the electrodes distance (65, 200, 335, and 535 µm) 
are shown in Figure S5, Supporting Information. The gener-
ated current is in the range of the equipment measurement 
limit (10 pA). Even though the distance between the two probes 
and the illumination intensity were varied, no significant cur-
rent variation was detected. This behavior is in line with the 
formation of rubrene endoperoxide, which is known to reduce 
conductivity, as reported by Raimondo et al.[52] Different strate-
gies were tested to protect the rubrene solution and the printing 

Figure 5.  a) Schematics of edge-on molecular packing motifs of TIPS-
pentacene, b) Optical image of a TIPS-pentacene rectangular film 
(50 × 625 µm2) with seven labeled positions for Raman measurements, 
c) the corresponding Raman spectra, with reference values highlighted in 
gray,[54] and d) 2D Raman maps—the ratios close to 1 are represented in 
white, while the lowest ratios are represented in dark blue color.
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process from light exposure. However, an oxygen-free atmos-
phere is not possible with the current instrumental setup used.

The optoelectronic performance of TIPS-pentacene printed 
film differs hugely from Rubrene when the two electrodes 
are distanced by 535  µm. Figure  6b shows a TIPS-pentacene 
printed film on top of gold electrodes. The irregularity in the 
printed is explained by the formation of secondary droplets, 
that deviate from the main droplet. As is depicted in Figure 6c, 
for an applied voltage of 1 V, the measured current is 0.27, 0.26, 
0.30, and 0.33 nA, while under dark, exposure to 3.2, 9.3, and 
18.1  mW cm−2, respectively. An ohmic behavior without hys-
teresis is observed, pointing to an adequate matching between 
the HOMO level of TIPS-pentacene and the work function of 
gold.[21] The total resistance as a function of light intensity and 
contact distance is presented in Figure S6, Supporting Infor-
mation. Under dark, the estimated contact value was 0.40 GΩ, 
decreasing to 0.21 GΩ when the device was illuminated with 
18.1 mW cm−2 (inset of Figure 6c). The high contact resistance 
is most likely to be related to the growth method, misorienta-
tion of the organic molecules, or poor contact between the elec-
trodes and the photoactive layer.[56]

Compared to the report of Pipan et  al.,[21] our devices show 
a photocurrent that is about 200 times lower in value. How-
ever, they reported a photogenerated current of 60 nA at 1  V, 
when illuminated with a white LED (P = 19.8 µW), for a TIPS-
pentacene inkjet-printed two-terminal photosensing device 
with interdigitated electrodes, which are known to enhance 
the photogenerated current. 2D maps of Raman spectra of our 
printed film (Figure 6b) are included in Figure S7, Supporting 
Information, discarding the presence of impurities. Neverthe-
less, these maps also support the evidence of a non-uniform 
morphology, which may lead to a reduction of the mobility of 
the charge carriers caused by an arbitrary molecular packing 
direction. This is consistent with the shape of the I(t) curve 
(Figure S8, Supporting Information), typical of low-switching 
photosensing devices. In oligomers, the molecular orientation 

and packing motif affect the optoelectronic behavior of the 
device. In the case of planar devices, like phototransistors or 
photoconductors, it is desirable to have an edge-on orientation 
with molecules packed perpendicularly to the substrate.[57]

Although rubrene printed films revealed poor electrical per-
formance due to photo-oxidation, when a more stable organic 
material, such as TIPS-pentacene was tested, the wettability-
assisted process presented here could be demonstrated.

3. Conclusion

The combination of non-contact printing with surface energy 
engineering allows us to confine an organic solution and print 
crystalline films in targeted locations. Tailor-made designs and 
shapes of micrometric films of various geometries (quadran-
gular, circular, and rectangular) of rubrene and TIPS-pentacene 
were printed to verify the versatility and applicability of the 
method described here.

The printing conditions were optimized (i.e., number of 
droplets, spacing between droplets, solvents ratio, and concen-
tration) for the two photoactive materials. The structural prop-
erties of the printed structures were mapped with Raman spec-
troscopy, thus confirming their crystallinity and the absence 
of incorporated impurities. The detected peaks were only 
attributed to the vibrational signatures of rubrene (1301 and 
1313 cm−1) and TIPS-pentacene (1156, 1372, and 1576 cm−1).

To validate the method, rubrene and TIPS-pentacene were 
tested as two-terminal photosensors. The formation of rubrene 
endoperoxide, when the rubrene solution or film is exposed 
to light and oxygen conditioned its integration into a measur-
able device. On the contrary, the higher photostability of TIPS-
pentacene resulted in an ohmic device, with a generated photo-
current of 0.33 nA under the illumination of 18 mW cm−2.

The method described here could push the present-day tech-
nology to provide organic crystalline materials with well-defined 

Figure 6.  a) Schematic of the photosensing device, b) optical image of a TIPS-pentacene printed film on top of a wettability patterned substrate with 
gold electrodes underneath, and c) the corresponding IV curve of the photosensor under different light intensities.
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and customizable structures from millimeter to the micrometer 
range, adequate morphology to prevent charge transport ani-
sotropy, and their seamless integration into functional devices 
at the wafer level. Compared to vacuum-processing methods, 
the wettability-assisted process results in lower fabrication 
costs, provides in situ patterning with high accuracy, and can 
be adapted to different solution-processing techniques. Fur-
thermore, this strategy could also be applied to other printable 
materials (organic or inorganic), other types of optoelectronic 
devices (e.g., phototransistors), and non-rigid substrates.

4. Experimental Section
Materials: Rubrene (97%, Merck), TIPS-pentacene (99%, Merck), 

acetone (Merck), isopropanol (Merck), toluene (HPLC, 99.9%, Merck), 
chloroform (HPLC, 99.8%, Merck), n-hexane (97%, Merck), DMF 
(HPLC, 99.8%, Merck), glass substrates (Eagle XG, Corning), DI water, 
FDTES (97%, Merck), microstrip (3001, Fujifilm), positive photoresist 
(PFR7790G27cP, JSR Electronics), and alconox (Merck). All of the above 
chemicals and solvents were used without further purification.

Contact angle measurements were performed in glass (Corning Eagle 
XG) coated with 70 nm of SiO2. A minimum of three droplets of 6 µL of 
a liquid (DI water, IPA, or toluene) were sequentially dispensed on the 
surface with a controllable syringe pump (NE 4000, New Era) and 1 mL 
syringe (CODAN) plus polyethylene tubing BTPE-90 (863.3 µm inner 
diameter, Instech Lab). The photograph of each droplet was taken and 
contact angles were estimated through drop shape analysis using the 
LB-ADSA plugin for ImageJ software.

Wettability-Patterned Substrates: Prior to the fabrication, all the 2.54 
× 2.54 cm2 glass substrates were ultrasonically (T  = 60 °C) cleaned 
using alconox (2 h), followed by isopropanol (30 min), and then dried 
by compressed air. To define the 400-nm-thick AlSiCu visual guidelines, 
a 1.4-µm-thick positive photoresist layer was spin-coated onto previously 
cleaned 2.54 × 2.54 cm2 glass substrates (2500 rpm for 30 s and baked 
at 87 °C for 60 s). The photoresist was patterned by optical lithography 
(Heidelberg Direct Write Laser 2.0 system using a 405 nm laser). After 
that, the AlSiCu film was deposited by DC magnetron sputtering for 
11 s, P = 2 kW, 50 sccm Argon, Pdep = 3 mTorr (Nordiko 7000, Nordiko 
Technical Services Ltd.). After the lift-off step (immersion in microstrip 
for 2 h in an ultrasonic bath at 60 °C), 200 nm of SiO2 were deposited by 
RF magnetron sputtering, P = 140 W, ϕAr = 20 sccm (Alcatel SCM-450). 
A second lithography was done to protect the target regions from the 
chemical modification. The substrates were placed upside down inside a 
desiccator under a vacuum for 48 h and exposed to 20 µL of FDTES. For 
the PR removal, the substrates were immersed in acetone and placed in 
an oscillator platform (Tritramax 1000, Heidolph) for 2 min at 600 rpm.

Printing Process: Non-contact printing was carried out using a non-
contact printer (GeSiM Nano-Plotter NP2.1) equipped with a piezoelectric 
activated tip (Nano – Tip A-J Si 02238A). The organic solutions and the 
buffer solution (toluene) were aspirated from a polypropylene 96-well 
plate (Greiner bio-one 655291). The printing process was carried out at 
21 °C and 50% of humidity. To print the organic solutions, the voltage 
was set to 50 and 60 V for rubrene and TIPS-pentacene, respectively. The 
frequency of the jetting was 100 Hz with a pulse width of 80 µs for all the 
experiments. The droplets were dispensed 0.5 mm above the substrate.

Device Fabrication: For the planar photodetectors, 100  nm of gold 
and 10 nm of chromium (adhesion layer) were deposited by magnetron 
sputtering (P  = 20 W, ϕAr  = 20 sccm, Alcatel SCM-450). Patterns were 
defined by direct laser photolithography (Heidelberg direct write laser 
2.0, diode laser λ = 405 nm) and then transferred to the substrate by ion 
milling etching (Nordiko 3000) using the following conditions: Ar+ beam 
with 29 mA (92 µA cm−2), ϕAr = 8 sccm, acceleration V+ = 500 V, extraction 
V− = 200 V, at 2.4 × 10−4 Torr and beam-to-surface angle = 70° for 1200 s.  
To planarize the metal electrodes, a double oxide layer (70 nm Al2O3 + 
40 nm SiO2) was deposited by RF sputtering (P = 200 W, ϕAr = 45 sccm 

and P = 140 W, ϕAr = 20 sccm, respectively), followed by oxide lift-off. A 
70-nm-thick alumina frame (1050 × 1625 µm2) surrounding the active 
area (50 × 625 µm2) was defined by direct-write photolithography and 
lift-off process. A third photolithography was performed to intentionally 
modify the alumina frame with FDTES and protect the active area 
against silanization. The PR was removed by immersing the substrates 
in acetone and placed them in an oscillator platform (Tritramax 1000, 
Heidolph) for 2 min at 600 rpm. To fulfil the active area, 21 droplets in 
line (spacing = 28 µm) of a TIPS-pentacene solution dissolved in toluene 
(5 mg in 0.34 mL−1) were dispensed (Tstage = 19 °C, V = 60 V, f = 100 Hz).

Raman Spectroscopy: High-efficiency confocal Raman inVia Qontor 
Renishaw spectrometer, where a diffraction grating of 1800 lines/mm 
and a lens of 50× were used. The excitation laser of a HeNe laser at 
633 nm was used at a power of 1.1 mW and a spot size between 1 and 
2 µm, with an edge filter down to 100 cm−1. The imaging was performed 
with an automatized stage with a lateral resolution of 100  nm. The 
acquisition time was 10 s and 5.5 s for single measurements and 
mapping, respectively.

Electrical Characterization: IV measurements were carried out with 
a Keithley source meter 2401 in a two-probe configuration. The voltage 
sweep was applied from −10 to 10  V (step = 0.5  V) and a delay time 
of 0.05s. The photoactive layer was irradiated using a white LED ring 
light (Omegon 47405) with variable light intensity. The light intensity was 
measured with a c-Si photodiode (Thorlabs S120C). The I(t) curves were 
acquired with the same equipment. The light source was switched from 
ON (18 mW cm−2) to OFF (dark conditions), while applying a negative 
voltage bias of 10 V.
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