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A B S T R A C T

The high-resolution, inkjet-printed zinc oxide (ZnO) microdot arrays with suppressed coffee-ring effect was
demonstrated by investigating the correlation between drying and solidification processes. The internal micro-
fluidic behavior of an ejected droplet and the associated drying process is geometry-dependent, which can be
controlled by the temperature and surface energy of the substrate. During evaporation, droplets in contact with a
wettable surface exhibit a dominant outward convective flow, resulting in a pronounced coffee-ring effect. In
contrast, for droplets with minimal contact area on a substrate with low surface energy, the surface energy
gradient along the relatively long thermal conducting path length reinforces the Marangoni flow, which retards
the pinning of the contact line, resulting in tiny microdots with suppressed coffee-ring effect. The controlled ZnO
microdots exhibit a diameter of approximately 3 μm with a thickness of 50 nm, which is one of the smallest
microstructures produced by the inkjet printing method. Additionally, the integration of the ZnO microdot arrays
into organic solar cells aimed to alter the light path length, leading to enhanced internal absorption. The P3HT:
PCBM, PTB7-Th:PCBM, and PM6:Y6 devices with ZnO microdot arrays exhibit higher power conversion effi-
ciencies of 3.54%, 9.04%, and 15.61% compared to reference devices of 3.38%, 8.85%, and 15.25% respectively.

1. Introduction

Inkjet printing, a versatile and cost-effective method for precisely
depositing soluble functional materials, offers significant potential for
various applications across electronic and optoelectronic technologies
[1–5]. One of the key advantages of inkjet printing is its ability to de-
posit materials with high precision, enabling intricate patterning
without the need for highly sophisticated lithography processes [6–8].
Unlike traditional deposition techniques, such as physical vapor depo-
sition or spin-coating, this maskless and noncontact approach simplifies
the fabrication process and reduces production costs. Moreover, inkjet
printing is highly adaptable and compatible with large-area continuous
processes such as roll-to-roll printing, making this technology particu-
larly attractive for a wide range of applications in both research and

industrial fields [9–12]. The scalability of this technology allows for the
efficient production of electronic devices on flexible substrates, opening
up new opportunities for the advancement of wearable electronics,
flexible displays, and other innovative technologies [13–18].

In printed electronics, inkjet printing techniques are being actively
explored beyond the use of conductive inks (e.g., metal nanowires/
nanoparticles, conductive polymers, carbon nanotubes, or graphene),
extending to semiconductor materials (e.g., polymers, small molecules,
quantum dots, metal oxides) for solution processes [19–27]. Achieving
reliable inkjet droplet formation is paramount for precise printing,
necessitating consideration of rheological parameters associated with
solvent properties, including vapor pressure, surface tension, and po-
larity [28–32]. In addition, recent advances have shed light on phe-
nomena related to the drying process such as pinning and the coffee-ring
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effect, elucidating their influence on inkjet printing results [3,33–36].
These insights have broadened the application range of inkjet printing,
facilitating the fabrication of diverse electronic components such as
solar cells, LEDs, transistors, memory devices, and sensors [37–41]. In
particular, inkjet printing offers unique advantages over other printing
methods by enabling the creation of intricate microstructures rather
than forming uniform films. This capability underscores the importance
of understanding the fluidic behavior of inkjet and drying mechanisms
in the design of functional device structures.

In this work, we demonstrated high-resolution zinc oxide (ZnO)
microdots with suppressed coffee-ring effect by using an inkjet printing
method. The sol-gel based ZnO solution system along with a high boiling
point and sufficient surface tension was found to be useful for a reliable
inkjet process. The analysis of the solidification behavior of ZnO droplets
as a function of solution and substrate properties revealed that the
nucleation-induced solidification process of inkjet-printed ZnO droplets
is effectively retarded when Marangoni flow is dominant compared to
capillary flow. The introduction of inkjet-printed high-resolution ZnO
microdots between the electron transport layer (ETL) and the photo-
active layer of an organic solar cell altered the light path due to the
difference in refractive index, resulting in increased photocurrent
generation.

2. Experimental section

2.1. Fabrication of inkjet-printed ZnO microdots

The ZnO microdot arrays were directly patterned via a drop-on-
demand piezoelectric inkjet-printing method using a Dimatix Mate-
rials Printer (DMP-2800 Series, FUJIFILM USA). For inkjet jetting, a
specially designed needle is used to inject 10 pL of solution into the
cartridge (Fujifilm Dimatix Samba Cartridges, DMC-11610, 21 μm in
diameter), which is then mounted in the printer. For reliable and
reproducible jetting, only 1 of the 16 nozzles in the cartridge was used.
The jetting conditions and parameters were optimized using Dimatix
Digital Printing software. A Drop Watcher was used to investigate the
generation and emission of droplets, and the jetting frequency and
strobe delay were set to 4 kHz and 50 μs, respectively. A voltage of about
0.7 V was applied for the jetting of the ink based on the piezoelectric
effect. The spacing between droplets was set to 100 μm. The ZnO sol-gel
solution was prepared by dissolving zinc acetate dihydrate in ethylene
glycol:isopropanol (1:4 vol ratio) with ethanolamine (3 vol%) and to a

concentration of 1 mM and 10 mM, respectively. The ZnO heat treat-
ment was performed at 150 ◦C for 10 min, after the dropped ink was
completely dry.

2.2. Device fabrication

The process of fabricating organic solar cells involves the use of
several materials, including indium tin oxide (ITO), polyethyleneimine
(PEI), poly-3-hexylthiophene (P3HT) [6,6],-phenyl C61 butyric acid
methyl ester (PCBM), and poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS). The device structure consists of ITO/IJ
ZnO/PEI/P3HT:PCBM/PEDOT:PSS/Ag. PEI was dissolved in iso-
propanol at a concentration of 0.05 wt% and then spin-coated onto the
substrate at 5000 rpm for 20 s P3HT:PCBM (1:1 wt ratio) was dissolved
in chlorobenzene at a concentration of 20 mg ml− 1 and spin-coated at
1200 rpm for 20 s. The samples were heat treated at 150 ◦C for 10 min.
For PTB7-Th:PCBM devices, a solution of PTB7-Th:PCBM (1:1.5 wt
ratio) in chlorobenzene:1,8-diiodooctane (97:3 vol%) was prepared at a
concentration of 17 mg ml− 1 and then spin-coated at 1200 rpm for 40 s.
In the case of PM6:Y6, the solution was prepared by dissolving PM6:Y6
(1:1.2 w/w) in chloroform with a small amount of 1-chloronaphthalene
for 0.5 vol% and spin-coated at 3000 rpm for 40s. PEDOT:PSS (AI 4083)
was diluted with isopropanol at a 1:9 vol ratio and spin-coated on the
P3HT:PCBM layer at 2000 rpm for 20 s. The MoO3 layer was deposited
to a thickness of 10 nm by thermal evaporation method. Finally, device
fabrication was completed by depositing Ag to a thickness of 100 nm
under high vacuum conditions.

2.3. Characterization

The microstructure of ZnO microdots was monitored using a Zeiss
Axioskop 40 optical microscope equipped with a charge-coupled device
camera. The 2D and 3D topographical images were obtained by atomic
force microscopy in the tapping mode (XE-100, Park Systems, Inc.).
Contact angles for surface energy analysis were recorded using a contact
angle analyzer (Phoenix 300, SEO Co., Ltd.). The total absorption
spectra of the photoactive layer were obtained through reflectance mode
measurements using a UV–vis–NIR spectrophotometer system with an
integrating sphere (PELA-1050), calibrated with an Ag mirror reference.
The external quantum efficiency (EQE) spectra were examined using a
PV Measurements, Inc. Solar cell QE measurement system. The J–V
characteristics of the devices were measured by using a Keithley 2400

Fig. 1. (a) Schematic illustration of the jetting mechanism of an inkjet printing technique. (b) Inkjet printing of ZnO solution on surface-treated ITO substrates.
Geometry of main drop and liquid filament for ejected ink with (c) high, (d) low, and (e) moderate Ohnesorge number.
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source meter under standard illumination with an intensity of 100 mW
cm− 2.

3. Results and discussion

In drop-on-demand inkjet printing, droplet ejection occurs through
two main mechanisms: thermal and piezoelectric (Fig. 1a). Thermal
inkjet printing entails the rapid vaporization of ink within chambers
utilizing a heating element, thereby creating pressure pulses that expel
droplets through the nozzle. Conversely, piezoelectric inkjet printing
relies on piezoelectric elements to deform ink chambers, generating
pressure waves that propel droplets out of the nozzle. Both approaches
hinge upon meniscus formation and fluid rheology, with ink viscosity
and surface tension exerting notable influence on droplet formation and
print quality. While thermal printing offers simplicity and cost-
effectiveness for moderate print demands, piezoelectric systems excel
at high-speed and high-resolution applications owing to their precise
droplet control. For reliable jetting with minimal impact on the intrinsic
properties of the ejected droplets, piezoelectric inkjet printing is
preferred for microelectronic applications.

Fig. 1b shows the deposition process of ZnO solution on top of the
ITO substrate treated with a self-assembled monolayer (SAM). The
octadecyltrichlorosilane (OTS) molecules are chemisorbed onto the ITO
surface, and the mechanism is not simple, but can be explained by
chemical interactions; the trichlorosilane groups of OTS react chemi-
cally with hydroxyl groups on the oxide surface, involving either ligand
exchange or hydrolysis by surface OH groups. The chemically anchored
OTS monolayer provides a low surface energy, as confirmed by the
contact angle measurements (Fig. S1).

In fluid mechanics, the dimensionless Ohnesorge number, which
represents the relative influence between the inertia and surface tension
of a fluid, taking into account properties such as surface tension, density,
and viscosity, provides an important guideline for understanding and
predicting ink flow characteristics in inkjet printing technology [28].
Therefore, printing performance, which represents stable and repro-
ducible ink jetting, is determined by viscosity and surface tension. The
dimensionless Ohnesorge number, Oh, can be defined as

Oh=
μ
̅̅̅̅̅̅̅̅ρσa√

where μ, ρ, σ, and a are the, dynamic viscosity, density, surface tension,
and characteristic dimension (usually the nozzle diameter), respectively.
At high Ohnesorge number, the effect of surface tension becomes greater
than viscosity, requiring a higher driving voltage to eject the droplet and
forming long liquid filaments, which in turn leads to an increase in ink
volume (Fig. 1c, S2 and S3). In contrast, at low Ohnesorge number, ink
jetting instability due to reduced meniscus damping is observed, with
the potential to generate satellite droplets (Fig. 1d and S4).

For the sol-gel synthesized ZnO, ethylene glycol and ethanolamine
were used as the main solvent and stabilizer, respectively, both of which
have high boiling points and sufficient surface tension to ensure reliable
ink jetting without problems of ink bursting, smearing, or nozzle clog-
ging (Figs. S5 and S6). However, the Ohnesorge number of the ZnO ink,
which consists only of ethylene glycol, is rather high at 0.548, resulting

in long liquid filaments at high driving voltages. This problem was
alleviated by mixing with isopropanol (Oh of 0.151), which is also
highly compatible with ZnO sol-gel solutions. ZnO sol-gel inks with
optimized solvent ratios showed stable jetting (Fig. 1e and S7). At higher
isopropanol volume fractions, weeping occurred with low Ohnesorge
number. The physical properties of the solvents are provided in Table 1.

For inkjet printing, drying processes such as the internal flow of
droplet ink can be more important in interpreting fluid behavior than
external stimuli such as shear stress or centrifugal forces, which can
occur in meniscus-based printing or spin coating processes. Fig. 2
schematically illustrates the fluid flow inside a droplet with large and
small contact angles and the morphology of the deposited microdots as a
result of drying behavior. As the solvent evaporates, the concentration
gradient causes an outward convective flow inside the droplet.
Concurrently, a Marangoni flow is generated along the droplet surface
between the edge and the top lowest temperature spot, which is coun-
terbalanced by recirculation. Once the droplet is in contact with the
substrate, the shape of the droplet significantly depends on the surface
tension of the solvent and the surface energy of the substrate. For small
contact angles, the Marangoni flow upward along the surface of the
droplet is relatively weak, while convective flow transports the solute
outward and accumulates around the perimeter of the droplet. When the
concentration becomes higher than a critical point, solidification by
nucleation occurs, which can cause the contact line to pin at the early
stage of evaporation, resulting in microdots with a relatively large
coffee-ring effect (Fig. 2a). Conversely, in droplets with large contact
angles, the long thermal conduction paths induce an enhanced surface
tension gradient due to the large temperature difference, which creates a
relatively strong Marangoni flow and retards solidification (Fig. 2b). In

Table 1
Physical properties of solvent including viscosity, density, surface tension, and
derived operating parameter Oh. Due to the very low concentration, it can be
expected that there is no significant difference in the properties of the ZnO
solution.

Solvent ink Oh Viscosity
(Cp)

Density (g
cm− 3)

Surface tension (mN
m− 1)

Isopropanol 0.151 2.86 0.786 21.7
Ethylene
glycol

0.548 18.38 1.113 48.2

Fig. 2. Schematic representation of different drying processes for inkjet-printed
droplets with (a) large and (b) small contact angles. (c) Geometry of ZnO mi-
crodots depending on drying behaviors.
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this case, the droplets are gradually diminished during the drying pro-
cess without the contact lines being fixed, producing the smaller diam-
eter of the deposited microdots. As shown in Fig. 2c, the resulting
structural morphology of the deposited material varies, reflecting fluidic
dynamics during the drying process.

Since inkjet-deposited droplets are interfaced with the substrate,
factors such as the surface energy and temperature of the substrate have
a significant impact on microstructure formation [42,43]. Fig. 3 pro-
vides a detailed optical and atomic force microscopy analysis of the
microstructure of ZnO prepared under different deposition conditions.
Fig. 3a presents the optical microscopy images of inkjet-printed ZnO
microdots with room temperature and 60 ◦C substrates. To avoid
merging droplets due to surface tension, the droplets were spaced 100
μm apart, which is sufficiently larger than the droplet ink. The deposited
droplet structures showed a pronounced perimeter at both temperature
conditions, with thicknesses of 25 nm and 65 nm at the edges at room
temperature and 60 ◦C, respectively, which are thicker than the 10 nm at
the center (Fig. 3g). However, as the temperature increases, the
coffee-ring effect becomes stronger, which is contrary to previously re-
ported results (Fig. 3c and e) [44,45]. We attribute these results to the
lower surface tension of the solution at higher substrate temperatures,
which results in a smaller contact angle and thus a weakening of the
Marangoni flow and subsequent recirculation. In contrast to the
morphological characteristics, the diameter of the ZnO microdots was

observed to be similar regardless of the substrate temperature, with
diameters of 45.6 μm and 43.8 μm at room temperature and 60 ◦C,
respectively.

Given the proportionality between contact line pinning probability
and solution concentration, it is reasonable to assume that dilution is a
plausible approach to decrease the size of the inkjet-printed microdots.
Although other mechanisms may have contributed, reducing the con-
centration of the solution resulted in a decrease in droplet size to some
extent (Fig. S8). In addition, substrate surface energy is a critical factor
for the morphology formation of microdots, as it can affect the droplet
ink shape and internal fluid behavior. To control the surface energy
without significantly affecting other properties, the ITO surface was
treated with OTS SAM. Note that the untreated ITO substrate retains a
relatively high surface energy compared to its UV-ozone treated coun-
terpart. The OTS develops low surface energy conditions for a high
contact angle of ZnO ink, maintaining a minimized interfacial contact
area with substrates during the drying process, which is favorable for
miniaturization. As shown in Fig. 3b, d, f, and h, ZnO microdots
deposited on the ITO/OTS exhibited a diameter of 5.5 μmwhich is much
smaller than that seen on the pristine ITO (38.6 μm). The suppressed
coffee-ring effect contributes to the uniform distribution of solutes
during the solidification process, forming a smooth coin-shaped struc-
ture with a height of approximately 70 nm (Fig. 3h).

The key to miniaturizing ZnO microdots is to keep the contact line

Fig. 3. (a, b) Optical microscope images of inkjet-printed ZnO microdots on the ITO substrates with (a) different temperatures of room temperature (left) and 60 ◦C
(right), and (b) high (left) and low (right) surface energies. The corresponding (c, d) 2D and 3D (e, f) atomic force microscopy (AFM) images, and (g,h) AFM
line profiles.
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unpinned as much as possible until the complete evaporation. The size of
microdots can be effectively reduced by depositing a low concentration
solution with a low surface energy substrate to form near-spherical

droplets with minimal contact area. By carefully controlling the solu-
tion concentration and substrate surface energy, ZnO microdots have a
diameter of around 3 μm and a thickness of 50 nm, representing one of

Fig. 4. The AFM (a) 2D, (b) 3D images, and (c) corresponding line profile of inkjet-printed ZnO microdot array deposited on the ITO/ODTS substrate. (d) Inkjet-
printed ZnO microdot array on OTS treated SiO2 substrate. To facilitate the observation of optical interference effects, a Si/SiO2 substrate was used instead of a
glass/ITO substrate.

Fig. 5. Step-by-step device fabrication process of organic solar cells with inkjet-printed ZnO microdots.
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the smallest microstructures in inkjet printing (Fig. 4). The thickness of
the microdots ranged from 50 to 80 nm. Note that the irregular spacing
between droplets results from the low concentration, causing evapo-
rating droplets to nucleate randomly. Using smaller capacity cartridges
(e.g., 1 pL) may decrease droplet size, yet it could lead to instability in
jetting. Fig. 4d demonstrates the light scattering due to the presence of
ZnO microdot arrays deposited on the OTS treated Si/SiO2 substrate.
Note that Si/SiO2 substrates were used instead of glass/ITO substrates to
facilitate visual observation of the optical interference effect. A photo of
the ZnOmicrodot arrays printed on the ITO substrate is shown in Fig. S9.
For the surface of ZnO microdots, the morphology was characterized by
smooth curvature, lacking distinctive structures such as nanowires,
granules, and nanoridges (Fig. S10). X-ray diffraction patterns revealed
the sol-gel derived ZnO possesses polycrystalline feature with a hexag-
onal wurzite structure and a preferred orientation along the (002) basal
plane (Fig. S11).

We now turn to the application of ZnO microdots for organic solar
cells. Although ZnO is widely used as an ETL due to its lowwork function
and high electron mobility, ZnO microdot arrays contain uncovered
areas on the substrate, making it necessary to use another cathode
interface layer for the ITO electrode to function as an electron-selective
contact. To address this issue, we introduced PEI as the cathode interface
layer. The process of fabricating a device is briefly described as follows
(Fig. 5): first, an OTS SAM is first chemisorbed onto an ITO substrate,
followed by inkjet printing of ZnO microdot arrays. The remaining SAM
is then removed from the surface by UV-ozone treatment, and the sur-
face is cleaned and coated with PEI. Then, a bulk heterojunction layer
containing P3HT and PCBM as donor and acceptor, respectively, is
introduced as the photoactive layer. PEDOT:PSS and Ag are then
deposited to complete the device fabrication.

Given the large number of voids and the much thicker than opti-
mized thickness, ZnO arrays are expected to be more useful for optical
rather than electron transport gains. Fig. 6a plots the refractive indices
of component materials used in organic solar cells. The refractive index
values are taken from the database [46]. The results are in good
agreement with experimental measurements of the refractive index and
extinction coefficient of ZnO (Fig. S12). Since ZnO has less optical

absorption in the visible region and a lower refractive index than P3HT:
PCBM, it can refract light incident on the ITO substrate, which is ex-
pected to increase the effective optical absorption length in organic solar
cells. As presented in Fig. 6b, we performed optical simulations based on
the transfer matrix formalism with respect to thicknesses of the ZnO and
P3HT:PCBM layers [47]. For photoactive layer thicknesses above 120
nm in P3HT:PCBM, both the presence and absence of ZnO microdots are
beneficial for photocurrent compared to that of ZnO thin films, which
can be attributed to increased absorption in the photoactive layer
[Fig. 6c].

To validate the assumptions, the total absorption in the devices was
measured in a reflection geometry with and without ZnO microdots
(Fig. 6d). As a result, organic solar cells containing ZnO microdots
showed a weak but distinct increase in internal absorption. Finally,
organic solar cells with different ETL configurations were fabricated and
characterized. The photovoltaic parameters of the devices are summa-
rized in Table 2. Fig. 6e exhibits the J–V characteristics of the devices

Fig. 6. (a) Refractive indices of ITO, ZnO, P3HT:PCBM, and PEDOT:PSS. (b) Simulated JSC of organic solar cell with various ZnO and P3HT:PCBM thicknesses. (c)
Dependence of the calculated JSC on the ZnO layer thickness. (d) Total absorption in the cell through normal incidence reflectance measurements. Inset indicates the
schematic illustrations of reflectance measurements for devices with and without inkjet-printed ZnO microdot array. (e) J-V characteristics and (f) corresponding EQE
spectra of the P3HT:PCBM organic solar cells with PEI, ZnO, ZnO/PEI, and inkjet-printed ZnO/PEI ETLs.

Table 2
Photovoltaic performance parameters of organic solar cells.

Photoactive
materials

ETL VOC
(V)

JSCa (mA
cm− 2)

JSCb (mA
cm− 2)

FF
(%)

PCE
(%)

P3HT:PCBM PEI 0.61 8.39 8.47 0.66 3.38
ZnO 0.61 8.27 8.36 0.66 3.33
ZnO/PEI 0.61 8.41 8.56 0.67 3.46
IJ ZnO/
PEI

0.61 8.86 8.81 0.66 3.54

PTB7-Th:PCBM ZnO/PEI 0.79 15.41 15.38 0.73 8.85
IJ ZnO/
PEI

0.79 15.72 15.71 0.72 9.04

PM6:Y6 ZnO/PEI-
mNBr

0.83 24.63 24.48 0.75 15.25

IJ ZnO/
PEI-
mNBr

0.82 25.21 24.96 0.75 15.61

a The values are extracted from the J–V characteristics.
b The values are calculated from the EQE spectra.
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measured under standard illumination conditions. For devices based on
PEI or ZnO, we obtained moderate power conversion efficiencies (PCEs)
of 3.38% and 3.33%, respectively, which are similar to previous results.
Compared to an ETL in a single layer configuration, the ZnO/PEI bilayer
device showed improved photovoltaic parameters, including an open
circuit voltage VOC of 0.61 V, a short circuit current density (JSC) of 8.41
mA cm− 2, and a fill factor (FF) of 0.67, resulting in a PCE of 3.46%. This
improvement is attributed to the reduction of the work function of ZnO
by PEI (Fig. S13). The device with inkjet-printed ZnO microdot arrays
showed the highest efficiency of 3.54%, with a particularly high JSC
value of 8.86 mA cm− 2, along with VOC of 0.61 V and FF of 0.66%,
reflecting the increased absorption of light in the photoactive layer. The
increased total absorption along with current density values were
consistent with the EQE spectra shown in (Fig. 6f). The optical effects
produced by ZnO microdot arrays depend on the geometry of the
microstructure. Interestingly, for ZnO microdots with coffee ring

features, there is a weak contribution to the current, which may be due
to the presence of curved surfaces at the ring edges. However, the coffee
ring structure is difficult to control, which limits the widespread appli-
cation of ZnOmicrodots. In contrast, very large and thick ZnOmicrodots
were found to exert adverse effects on the FF of the devices. (Fig. S14
and Table S1). In addition, the low density of the ZnO microdot arrays
also diminishes the optical effect. Thus, it can be concluded that the
fabrication of structures with high density and large surface curvature is
important.

We extended the use of ZnO microdot arrays to organic solar cells
based on poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-
b′]dithiophene-co-3-fluorothieno [3,4-b]thiophene-2-carboxylate]
(PTB7-Th):PCBM as the photoactive layer. The simulation results indi-
cate that the dependence on ZnO thickness is not significant for the
PTB7-Th:PCBM system as the thickness approaches 100 nm (Fig. 7a and
S15). Similar to the experimental observations in the P3HT:PCBM

Fig. 7. (a) Simulated JSC values of PTB7-Th:PCBM organic solar cells as a function of ZnO thicknesses. (b) J-V characteristics and (c) corresponding EQE spectra of
the devices with ZnO/PEI and inkjet-printed ZnO/PEI ETLs.

Fig. 8. (a) Chemical structure of PEI-mNBr. (b) Simulated JSC values of PM6:Y6 organic solar cells depending on ZnO thicknesses. (c) J-V characteristics and (d)
corresponding EQE spectra of the PTB7-Th:PCBM organic solar cells with ZnO/PEI-mNBr and inkjet-printed ZnO/PEI-mNBr ETLs.
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system, it was found that more light can be absorbed by PTB7-Th:PCBM
inside the device containing the ZnO microdot arrays (Fig. S16). Fig. 7b
and c compare the J–V characteristics and EQE spectra of the devices.
The optimized reference device with ZnO/PEI ETL gave a PCE of 8.85%,
with a VOC of 0.79 V, a JSC of 15.41 mA cm− 2, and a FF of 0.73. In
contrast, the ZnO microdot array-based device outperformed the refer-
ence device, exhibiting a higher PCE of 9.04%with a VOC of 0.79 V, a JSC
of 15.72 mA cm− 2, and a FF of 0.72 (Table 2). The increased photo-
current value is responsible for the resulting PCE, demonstrating the
effectiveness of the ZnO microdots while the thickness and/or surface
morphology of the photoactive layer may influence the optical field
distribution and therefore EQE spectra (Fig. S17). To further explore the
applicability of ZnO microdot arrays in organic solar cells, we adopted a
high-performing non-fullerene acceptor-based photovoltaic blend of
PM6:Y6. While PM6:Y6 photoactive layer-based organic solar cells show
stable high efficiency in ZnO ETL systems, the polyethyleneimine (PEI)
layer can cause poor interfacial properties through undesirable chemical
interactions with non-fullerene acceptor (Fig. S18) [48]. To mitigate this
problem, we adopted a polymer electrolyte, PEI-mNBr, as a cathode
interface layer with suppressed chemical reactivity (Fig. 8a) [49]. The
PEI-mNBr provided a chemically stable nature along with broad work
function tunability, possibly demonstrating high-efficiency non--
fullerene acceptor organic solar cells. Notably, for PM6:Y6 organic solar
cells, the current enhancement was more pronounced in PM6:Y6, similar
to the simulation results (Fig. 8b and S19). The IJ ZnO/PEI-mNBr ETL
exhibited a high PCE of 15.61%, which is higher than the control device
with ZnO/PEI-mNBr (15.25%) (Fig. 8c, d, and Table 2). These results
suggest that inkjet-printed ZnO microdot arrays can be expected to
provide greater improvements in high-efficiency, low-bandgap photo-
active material systems.

4. Conclusions

In conclusion, we have investigated the inkjet printing of ZnO mi-
crodots and their morphologies depending on the drying process. The
inkjet printing process was comprehensively analyzed, demonstrating
the production of high-resolution ZnO microdots with a suppressed
coffee-ring effect. The study of the solidification behavior of inkjet-
printed ZnO droplets elucidated the influence of Marangoni flow,
capillary flow, and nucleation on droplet morphology and microstruc-
ture formation. It was found that the substrate temperature and surface
energy affect droplet geometry and the drying process, which signifi-
cantly impacts the morphology of the deposited microdots. We further
incorporated the ZnOmicrodot arrays into organic solar cells to alter the
light path length, resulting in enhanced internal absorption and photo-
voltaic performance. The devices with inkjet-printed ZnO microdots had
higher PCEs of 3.54%, 9.04%, and 15.61% for the P3HT:PCBM, PTB7-
Th:PCBM, and PM6:Y6 systems, respectively, compared to 3.46%,
8.85%, and 15.25% for the reference device. This work highlights the
potential of inkjet-printed ZnO microdots for enhancing the perfor-
mance of organic solar cells and underlines the significance of com-
prehending fluid behavior and drying mechanisms in inkjet printing
processes for functional device fabrication.
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