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Abstract 

Liquid-applied coating and printing methods are attractive options for large-area, low-cost 

production of flexible electronics. However, controlling the deposited functional layer thickness 

and uniformity, particularly at submicron thicknesses, is challenging. This study focuses on 

thickness uniformity and control in Schottky diodes made by Self-Aligned Capillarity-Assisted 

Lithography for Electronics (SCALE). SCALE combines UV imprinting to structure a substrate 

surface and inkjet printing of functional inks to make flexible electronic devices. In the diode 

described here, the key functional layer is the poly(3-hexylthiophene-2,5-diyl) (P3HT) 

semiconductor, which is deposited from a 1,2-dichlorobenzene solution. Thin, uniform P3HT 

layers with no shorts are required for optimal diode performance. Thickness nonuniformities in 

the P3HT layer, including the coffee-ring effect and lack of planarization over adjacent electrode 

channels, occurred during drying. These nonuniformities were most severe for drying at elevated 

temperatures (≥50°C). By drying P3HT layers at 23°C, the film uniformity and planarization 

improved significantly, and the device yield was nearly 8x higher. P3HT layers less than 300 nm 

thick are demonstrated. The improvements in uniformity and planarization are discussed in terms 

of the competition between solvent evaporation and P3HT diffusion. Self-aligned, printed 

Schottky diodes demonstrated up to 4.0 × 104 rectification ratio at ±1 V, minimal hysteresis, and 

~0.3 V turn-on voltage.  

1. Introduction 

In recent decades, technological advances have expanded the electronics application space to 

include novel flexible and wearable electronic devices such as sensors1, RFID tags2, and smart 

packaging labels.3 The prospect of fully integrating electronic systems into everyday items has 
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garnered considerable attention. New manufacturing methods that reliably produce low-cost, 

flexible electronics at high-throughput are needed to meet this demand.4  

Liquid-applied printing processes are particularly promising due to their roll-to-roll (R2R) 

compatibility, low costs, and potential for large-area electronics applications such as displays and 

spatially distributed sensors. Several traditional printing techniques, including inkjet, gravure,5,6 

and screen7 printing have been utilized. However, achieving layer-on-layer registration in these 

R2R processes is a challenge due to difficulties with alignment to plastic web.4 

Inkjet printing is a promising manufacturing method that provides an additive, digital, no-contact 

route to high-throughput fabrication of solution-processed electronics.8,9 Because inkjet printing 

is additive, the amount of waste generated is substantially reduced, which becomes increasingly 

crucial for R2R scale-up to minimize costs. Despite its strengths, inkjet printing still has challenges 

with resolution and achieving a high aspect ratio (thickness/width) due to ink spreading on the 

substrate. Typical inkjet printers achieve lateral resolutions on the order of tens of microns.8,10 

Resolution directly impacts device performance and device density. To improve the resolution 

limitation and enable layer-on-layer registration, our group developed a process termed SCALE 

(Self-aligned Capillarity-Assisted Lithography for Electronics). SCALE has been used to fabricate 

functional resistors,11 capacitors,12 diodes,13 conductive wires,14,15 and transistors.16,17  

Figure 1 shows an overview of the imprinting stage of the SCALE process. SCALE combines 

ultraviolet (UV) microimprinting with inkjet printing to provide an R2R-compatible process for 

producing electronic devices on flexible substrates. In the UV microimprinting step, an elastomeric 

stamp is cast from a silicon wafer template patterned using photolithography (Fig. 1a). The stamp 

is then pressed onto a UV-curable resin coating on a plastic substrate (e.g., polyethylene 

terephthalate, polyimide) and UV cured (Fig. 1b,c). After stamp removal, an intricate network of 
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recessed reservoirs, capillary channels, and device structures with micron-level resolution remain 

on the substrate (Fig. 1d). UV microimprinted webs are produced continuously in an R2R 

process.14 

 

Figure 1. Schematic overview of each step in the SCALE UV imprinting process, beginning with 
(a) PDMS stamp casting from a photolithography patterned silicon template wafer, (b) 
microimprinting onto a plastic substrate using a UV-curable resin, (c) UV light exposure to cure 
the resin, and (d) removal of the PDMS stamp, leaving behind the patterned imprinted substrate 
into which inks can be deposited via inkjet printing. Note that only one device, not drawn to scale, 
is shown as an illustration. 
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The next stage of SCALE is the addition of functional inks to the imprinted substrate by inkjet 

printing. The imprinted web can be transferred to another R2R line for inkjet delivery to the 

reservoirs, capillary flow, and annealing. The SCALE process directly addresses both the 

resolution and the layer-on-layer registration problems of traditional inkjet printing methods. 

Because the deposited ink is confined within the imprinted pattern, the defining resolution for the 

overall process is dictated by the microimprinting step rather than the inkjet printing step. Thus, 

SCALE enables submicron resolution while retaining the additive nature and low cost of inkjet 

printing. To fabricate multilayer devices, such as the diodes in this study, functional inks are 

sequentially deposited into the reservoirs. The inks self-align with each deposition to coat 

imprinted features, eliminating the need for layer-on-layer alignment in complex device structures.  

SCALE relies on precise control of flow and solidification of inks.18 Most often in devices, a 

uniform thickness is ideal; therefore, nonuniformities associated with drying are a challenge. The 

coffee-ring effect, first extensively studied by Deegan et al.19, is a nonuniform, ring-like deposit 

that stems from an advective flux of dispersed particles to the edges of drying droplets. The 

outward advective flux is caused by pinned contact lines and enhanced local evaporation at the 

droplet edge due to an increased probability of solvent molecules escaping into the vapor phase by 

random diffusion.20 This effect is further enhanced due to a shorter thermal conduction length at 

the droplet edge, resulting in faster local heating and evaporation. In colloidal systems, this effect 

is well-studied,20–26 and several approaches to mitigate coffee-rings have been demonstrated, 

including Marangoni flows,27–29 anisotropic particles,30 and adjusting pH.31 However, for systems 

containing dissolved polymer, which is common for organic electronics, the effect is less studied 

and involves additional factors like polymer molecular weight, radius of gyration, and chain-chain 
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interactions.32–35 Because inkjet printing is used in SCALE to deposit solutions of various 

materials, understanding of the coffee-ring effect and routes to mitigate it is paramount. 

Careful control over the film thickness, uniformity, and morphology of each layer within a 

device is critical to the overall electronic performance. In Schottky diodes, a semiconductor layer 

is sandwiched between conductors to form two interfaces.36 One is typically a metal-

semiconductor Schottky junction that rectifies current due to a Schottky barrier arising from 

differences in the metal work function and semiconductor band edge. The other interface is an 

ohmic junction that facilitates connections between the diode and external circuitry. Schottky 

diodes exhibiting layers ~50 nm thick have been demonstrated using processes like spin-coating 

and vapor deposition.37,38 A thin semiconductor layer is optimal to reduce the diode series 

resistance, which contributes to diode non-ideality and limits the operating frequency.39,40 

However, achieving sub-100 nm thicknesses using printing methods is a challenge. Typical inkjet 

printing processes achieve minimum layer thicknesses on the order of 0.5 – 3 μm.41 The challenge 

lies in preventing short-circuits in printed diodes with increasingly thin semiconductor layers, 

which limits the minimum printed layer thickness that can be reliably achieved.42 Building the 

active diode structure in a SCALE reservoir, for example, requires multiple depositions of ink, 

each of which pins to the corner of the reservoir that keeps the ink contained. After drying, local 

thinning at this corner leads to a possibility of the bottom contact shorting with the top contact 

(Fig. 2a).  
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Figure 2. Schematic cross-sections of a reservoir in various diode geometries to illustrate 
challenges in fabricating SCALE multilayer devices. Each is a three-layer stack constructed by 
sequential deposition and drying of three inks within a circular recessed area on an imprinted 
substrate. The geometries consist of (a) a single-level reservoir, (b) a two-level reservoir, and (c) 
a mesa. See text for more description. 

 

Cao et al.13 fabricated SCALE Schottky diodes using a two-level reservoir device structure to 

avoid this shorting problem. The first electrode layer is confined in the lower-level reservoir (Fig. 

2b), eliminating the three-material pinning point in the single reservoir device. Printed diodes with 

a 103.5 on/off current ratio were fabricated. A SCALE diode was connected in series with a 

commercial capacitor to form an AC power rectifier circuit that rectified a 1 V AC signal of up to 

1 kHz frequency.13 However, this structure is still limited by susceptibility to short-circuit failure 

at the 90° corner between the two levels, particularly with thin semiconductor layers. The smallest 

semiconductor thickness found to maintain appreciable (90%) device yields in this past work was 
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1 μm. At a thickness of 500 nm, the yield dropped to 22%.13 Thus, a new geometry is necessary to 

circumvent this issue and enable thinner semiconductor layers in SCALE diodes. 

The current study reports a new Schottky diode based on a mesa geometry (Fig. 2c). This “mesa 

diode” is designed to reduce device failure via short-circuits by confining the bottom contact to 

the mesa and surrounding channels. By combining a mesa geometry with controlled drying 

conditions, semiconductor layers with 300 nm thicknesses were achieved. The films also have 

relatively flat surfaces over a nonuniform substrate topography, demonstrating planarization 

across an active region footprint of 0.16 mm2. The effects of drying temperature on the uniformity 

of a deposited film from a pinned droplet on the mesa are explained using a Péclet number, which 

describes the relative effects of evaporation-induced advection and diffusion during drying. This 

framework is extended into the case where deposition of a film occurs over topographical features, 

where planarization during drying again depends on the competition between diffusion and 

evaporation. With the optimized process, functional organic Schottky diodes with over 104 

rectification ratios, low hysteresis, and improved yields were achieved. Overall, the results 

demonstrate how device design and ink drying conditions can be tuned to improve Schottky diodes 

for printed electronics on flexible plastic in an R2R-compatible, self-aligned, and additive manner.  

2. Experimental Section 

2.1 Silicon Wafer Template Fabrication 

The template for the mesa diode design was fabricated on a silicon wafer using conventional 

cleanroom photolithography. This design consists of three reservoirs, two for contacts and a central 

reservoir for the mesa diode. On a 4-in diameter, 500 μm thick silicon wafer (WaferPro), two 

cycles of photolithography were completed to (1) pattern the reservoirs and capillary channels to 

a depth of 5 μm and (2) pattern a 4 μm high elevated enclosure layer to contain the deposited ink. 
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Further details and parameters used during the photolithographic fabrication process are provided 

in the supporting information section S1. The silicon wafer template pattern was transferred to a 

flexible polydimethylsiloxane (PDMS; Dow Sylgard 184) stamp for use in UV microimprinting 

using a similar protocol described in prior work.15,16 

2.2 UV Microimprinting onto Flexible Substrates 

PDMS stamps were used to imprint the device design onto flexible polyimide substrates. 

Polyimide (Kapton HN, American Durafilm) sheets were cut to approximately 5×5 in2, pre-

cleaned using isopropanol, and dried in air. The Kapton sheets were treated in an O2 plasma cleaner 

(Harrick Plasma PDC-32G) at 0.8 torr, 18 W RF power for 3 min to improve adhesion in the 

following step. After depositing UV-curable resin (NOA73, Norland Optical Adhesives) onto the 

treated Kapton sheet, the PDMS stamp was pressed onto the resin. The entire stamp-imprint 

structure was then placed in a UV curing chamber (Honle LED Cube 100) and exposed to 3 cycles 

of ~30 mW cm-2 UV light for 90 s each cycle. Afterward, the PDMS stamp was peeled off while 

the patterned resin remained adhered to the Kapton backing.  

2.3 Device Fabrication 

Organic Schottky diodes were fabricated using inkjet printing on the imprinted substrate. The 

sequence of printing operations is described in more detail in section 3.1. All inks were deposited 

using a custom drop-on-demand inkjet printer comprised of a controller (MicroFab JetDrive III) 

paired with an 80 μm diameter nozzle (MicroFab Technologies, Inc.). The controller sends tunable, 

unipolar waveforms to a piezoelectric in the nozzle, causing subsequent ejection of ink droplets 

onto the imprinted substrates. For all inks, the waveform frequency was set to 1000 Hz with a rise, 

dwell, and fall time of 3, 20, and 3 μs, respectively. The dwell voltage was set to 60-70 V. All inks 
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were filtered with 0.22 μm pore size polytetrafluoroethylene or water-wettable 

polytetrafluoroethylene filters prior to printing. 

To form the bottom and top contacts, particle-free reactive silver (Ag) ink (ElectronInks EI-011) 

was first deposited onto the mesa, followed by a hotplate bake at 140°C for 1 min. Then, two layers 

of Ag ink were printed into the bottom and top contact reservoirs, with a hotplate bake at 140°C 

for 1 min after each layer. The double-printed Ag into the contact reservoirs ensures the formation 

of a contiguous Ag connection. The Ag was then photonically sintered using an intense pulsed 

light (IPL; Sinteron 2010, Xenon Corp) source that uses a xenon lamp to deliver broadband 

spectrum (190-1100 nm) energy. The Ag was exposed to a single pulse of 2.5 kV amplitude and 

4905 μs width for an overall energy dosage of 10 J/cm2. The lamp-to-sample distance was 4 cm.  

Poly(3-hexylthiophene-2,5-diyl) (P3HT) was printed to form the active layer of the device. The 

P3HT (regioregular, molecular weight = 50-70K, Rieke Metals) was added to 1,2-dichlorobenzene 

(oDCB; Acros Organics) to achieve a concentration of 30 mg/ml and dissolved by heating at 65°C 

for 2 h with constant stirring at 800 rpm on a hotplate. After cooling, the ink was printed into the 

central device reservoir and then dried at 23°C (ambient conditions). A secondary bake was 

completed at 140°C for 30 min under inert N2, which is reported to induce the formation of 

crystalline fibrils that improve charge transport.43,44 

Finally, a layer of conductive poly(3,4-ethylenedioxythiophene):polystyrene sulfonate 

(PEDOT:PSS) was printed to connect the device stack to the top Ag contact and complete the 

device. Commercial PEDOT:PSS ink (Heraeus; Clevios PH1000) was prepared with 6 wt% 

ethylene glycol (VWR Chemicals) and 3 wt% Triton X-100 (Sigma-Aldrich) as additives to 

improve both the ink conductivity and wetting behavior.45–48 The ink was dried at 23°C (ambient 

conditions) in air, followed by 10 min at 140°C under inert N2 to improve conductivity.49 In a R2R 
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process, an inline IR heater could be used to replace the hotplates to rapidly heat the samples, 

reducing the drying and annealing times substantially. This technique shows promise and has been 

demonstrated.50,51 

2.4 Device Characterization 

Device current-voltage (I-V) characteristics were measured in ambient air using a two-point 

probe setup with a source meter (Keithley 2612B). A bias was applied to the diode top 

PEDOT:PSS contact and swept from -1 V to 1 V at a rate of 0.2 V/s. The bottom contact remained 

grounded. Diode cross-sections were imaged in secondary electron mode using scanning electron 

microscopy (SEM; Hitachi SU-8230). Cross-sections were prepared by embedding devices in 

epoxy resin (Poly/Bed 812, Ted Pella Inc) for 24 h at 60 °C. Rough cross-sectioning was performed 

using a razor blade, after which fine cross-sectioning was completed using a microtome (Leica 

UC7). Surface micrographs were taken with a digital optical microscope (Hirox KH-7700).  

2.5 P3HT Mesa Uniformity and Planarization Studies 

To study the uniformity of P3HT films after drying, P3HT/oDCB solution was inkjet printed on 

top of the central mesa of the imprinted substrate (see section 3.1 for details of the geometry) to 

create a droplet pinned at the mesa edges. Most experiments were carried out on pinned droplets 

prepared by jetting 80 drops, which corresponds to a volume of ~21 nL, based on a 40 μm jetted 

drop radius (half the nozzle diameter). The deposits were dried on a hotplate under varying 

temperatures ranging from 23°C to 90°C for 1 min. Two-dimensional (2D) and three-dimensional 

(3D) topography profiles were characterized using stylus profilometry (KLA Tencor P-7) and a 

digital microscope (Keyence VHX5000), respectively. The effect of deposit volume was studied 

by controlling the number of jetted drops, resulting in volume ranging from 11 nL to 32 nL. 
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To study the effects of drying temperature on the extent of planarization, 21 nL of P3HT were 

deposited into the central reservoir to cover the mesa and surrounding channels. Again, this study 

was carried out directly on the imprinted substrate. The deposits were dried at temperatures ranging 

from 23°C to 120°C for 1 min. Cross-sections were cut and imaged using a focused ion 

beam/scanning electron microscope (FIB/SEM; FEI Helios Nanolab G4) to quantify the extent of 

planarization.  

3. Results and Discussion 

3.1 Mesa Design Overview 

Figure 3 is an overview of the fabrication of organic Schottky diodes using the SCALE mesa 

design (for detailed design dimensions and optical micrographs of individual layers, see supporting 

information Figs. S2 and S3). The device structure is divided into three regions: top contact, device 

region, and bottom contact (Fig. 3a (top)). The accompanying cross-section across the device 

region shows the key structural features of the design, including the mesa (diameter = 450 μm), 

the channels (depth, width ~ 5 μm) surrounding the mesa circumference, the inner ring region 

(depth = 4 μm), and the outer ring region (depth = 4 μm) (Fig. 3a (bottom)). First, a particle-free 

reactive Ag ink is printed into both top/bottom contact reservoirs (diameter = 500 μm, depth = 5 

μm) and on top of the central mesa. After drying and annealing, a layer of Ag is deposited, as 

shown in Figure 3b. The Ag deposited atop the mesa remains confined due to contact line pinning 

at the edges of the mesa circumference. The bottom contact reservoir supplies Ag ink to the 

capillary channels surrounding the mesa, depositing a layer of Ag over all of the interior channel 

surfaces. This coating establishes an electrical connection to the Ag on top of the mesa with ~40 

Ω resistance, as verified by two-probe measurements. The top contact reservoir supplies Ag ink to 
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the lower level of the two-level capillary channels in the outer ring around the central mesa. This 

outer ring Ag structure is used to make the top contact (see Fig. 3b). 

Figure 3. Overview of the mesa diode design fabrication steps. (a) (Top) Isometric view of the 
imprinted substrate and (Bottom) corresponding cross-sectional schematic along the dashed line 
detailing key structural features of the design. (b) Ag printing to form the bottom contact and part 
of the top contact. (c) P3HT printing over the mesa and within the inner ring. (d) (Top) 
PEDOT:PSS printing to complete the top contact and (Bottom) schematic cross-section of the 
completed diode. (e) Typical current-voltage curve obtained from a mesa diode demonstrating 
rectification. The inset shows a composite optical micrograph of the completed diode.  
 

Next, P3HT ink is deposited into the inner ring region to cover the Ag on top of the mesa and 

fill in the inner ring channels upon drying (Fig. 3c). The P3HT flows towards the bottom contact 

reservoir until it pins at two rectangular depressions, termed flow stoppers.13,16 These flow stoppers 

are recessed structures that prevent the P3HT ink from spreading onto the Ag within the bottom 
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contact reservoir. Lastly, a layer of PEDOT:PSS ink is deposited onto the entire central device 

region, contacting both the P3HT in the inner ring and the Ag in the outer ring channels (Fig. 3d 

(top)). The deposited PEDOT:PSS is contained by recessed trenches (depth = 4 μm) around the 

outer ring that pin the contact line at the 90° corners. 

The central device region contains a mesa and surrounding channels encompassing the inner 

ring around the mesa. The cross-section of this region depicts the materials stack that forms the 

Schottky diode (Fig. 3d (bottom)). The P3HT, an organic p-type semiconductor, is sandwiched by 

Ag metal on the bottom and PEDOT:PSS on top. The Ag-P3HT interface forms the rectifying 

Schottky junction, while the P3HT-PEDOT:PSS interface forms the ohmic junction. Importantly, 

because the Ag is selectively deposited within the inner channels and atop the mesa, the Ag bottom 

contact beneath the P3HT is less susceptible to shorting with the PEDOT:PSS top contact 

compared with the previous design (see Fig. 2b). An optical micrograph and typical current-

voltage curve of the completed diode are shown in Figure 3e, demonstrating diode operation and 

rectification of current. 

The two distinctive features of the P3HT layer shown in Figure 3d (bottom) are: (i) uniform 

thickness across the mesa surface and (ii) a flat surface across the channels surrounding the mesa. 

To achieve this ideal structure, an in-depth understanding of the deposition and drying behavior of 

the P3HT solution is essential. Successful demonstration of both features is critical to achieving 

high-performance diodes with minimal short-circuits. While thickness uniformity and a flat or 

planarized surface are inherently intertwined, our studies focused first on each criterion 

independently, before applying both towards the mesa diode design. 
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3.2 P3HT Thickness Uniformity on the Mesa 

Figure 4 shows the effect of drying temperature and deposited solution volume on the uniformity 

of P3HT films deposited directly on the imprinted mesa (without Ag or PEDOT:PSS; Fig. 3a 

(top)). While this step is not used in the diode construction, it was investigated to determine the 

role of coffee-ring behavior during drying. After depositing an initial volume of 21 nL of P3HT 

solution, the ink was dried at varying temperatures ranging from 23°C to 90°C. The entire mesa 

was covered with P3HT solution after deposition; the contact line was pinned on the sharp edge 

of the mesa during drying. Profilometry scans of the dried films show a stark transition in 

deposition profile between specimens dried at 23°C and those dried at higher temperatures (Fig. 

4a). In the 23°C drying case, a mound-like deposit forms with material concentrated at the center 

of the mesa. In the 50°C drying case, a crater-like deposit forms with material concentrated around 

the mesa edge, as indicated by two distinct peaks. After drying at 70°C and 90°C, the accumulation 

at the edge sharpens while the thickness at the mesa center remains relatively unchanged. The 3D 

profile scans (Fig. 4b) confirm that this drying behavior occurs uniformly around the mesa 

circumference. At 90°C drying, the peak P3HT thickness lies along the circumference of the mesa, 

forming a ring-like buildup. At 23°C drying, the peak P3HT thickness lies at the center of the 

mesa, while the thickness steadily decreases outward radially. 
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Figure 4. Effects of drying on the topography of deposited P3HT films. (a) Linear profilometry 
scans of 21 nL P3HT deposits atop the mesa after drying at varying temperatures. The bottom inset 
depicts the cross-section of P3HT on the mesa. The upper-right inset depicts the top-down view. 
(b) 3D profiles of P3HT films after drying at 90°C and 23°C. (c) Linear profilometry scans of 
P3HT deposits of varying volume dried on top of the mesa at 23°C. (d) Proposed transport 
mechanisms dominant under different drying conditions.  
 

Figure 4c shows the profilometry scans of P3HT films prepared from ink deposits ranging in 

volume 11 nL to 32 nL, all dried at 23°C. Note that the sharp changes in height at the left and right 
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edges of the mesa do not reflect the absolute thickness due to convolution with the stylus geometry, 

(1 μm tip radius, 60° cone angle) but relative differences are meaningful. In the 16 and 21 nL cases, 

similar behavior as discussed previously is observed, with a mound-like deposition profile. 

Notably, in the smallest volume case of 11 nL, the mound-like deposition becomes less 

pronounced and the profile is flatter. As a metric for uniformity, we calculated the average 

thickness and standard deviation along the top surface of the P3HT films. To eliminate stylus 

geometry artifacts, we excluded 10% of the scan width from both the left and right mesa edges, 

using only the center 80% in the calculation. The results are summarized in Table 1. By reducing 

the volume of deposited solution, the film uniformity improved substantially. Comparing the 

results of the 21 nL deposit dried at 23°C and 90°C, the uniformity improved dramatically for 

drying at 23°C. These results suggest that more uniform P3HT films can be achieved through the 

reduction of both drying temperature and deposited volume, which is promising for achieving 

submicron films using printing techniques. 

Table 1. Comparison of P3HT film uniformity with varying ink volume dried at 23°C and 90°C. 

Volume [nL] Drying 
Temperature [°C] Average thickness [μm] Standard deviation (% of 

average thickness) [μm] 

32 23 3.52 0.37 (10.5%) 

21 23 2.35 0.35 (14.9%) 

21 90 1.46 0.66 (45.2%) 

16 23 2.07 0.33 (15.9%) 

11 23 1.41 0.12 (8.5%) 

 

The results in Figure 4a show that the coffee-ring effect is present in the P3HT/oDCB system, 

and that one route to mitigate it is to reduce the drying temperature. As solvent evaporates at the 
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mesa edge, the pinned contact line requires an outward advective flow that carries P3HT to the 

mesa edge, resulting in a ring-like deposit. Interestingly, at lower drying temperatures this ring-

like deposit is replaced by a mound-like deposit. At the lower temperatures, there appears to be an 

effective counteraction to the outward advective flow. One possibility discussed by Hu and 

Larson27 is an inward thermal Marangoni flow generated by a surface tension gradient along the 

liquid-air interface. The surface tension gradient stems from a radial temperature gradient in the 

droplet caused by thinning of the droplet at the edge, leading to faster conductive heating from the 

substrate below the drop.  

The effect of thermal Marangoni flows in polymer solutions was reported by Kim et al.52 for a 

drying droplet of two systems: (i) PEDOT:PSS/water and (ii) poly(3-dodecylthiophene-2,5-diyl) 

(P3DDT)/anisole. For the PEDOT:PSS/water system, they observe that the deposit pattern is 

mound-like near room temperature, while with increasing drying temperatures the deposit 

transitions into an edge-concentrated, coffee-ring pattern. However, for the P3DDT/anisole 

system, they observed a ring-like deposit after evaporation over a range of temperature, even at 

room temperature. They suggest that a large surface tension temperature coefficient and high 

contact angle are responsible for producing an inward Marangoni flow in the PEDOT:PSS/water 

system. Whereas, in the P3DDT/anisole system, a small surface tension temperature coefficient 

and smaller contact angle lead to a dampened Marangoni flow. Small temperature coefficients 

indicate smaller changes in surface tension with temperature, while smaller contact angles 

minimize temperature gradients along a droplet surface. Both factors suppress Marangoni flows. 

The P3HT/oDCB system studied here has a small temperature coefficient of surface tension53,54 

(~0.12 mN/m∙K), similar to P3DDT/anisole and a small contact angle (~10°) (see supporting 

information Fig. S4). When drying at 23°C, the temperature gradient across the surface is expected 
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to be minimal due to the small contact angle and lack of an external heat source. Thus, the effects 

of thermal Marangoni flows are expected to play a minor role in this case.  

Another possibility is a temperature gradient along the free surface arising from evaporative 

cooling. Ristenpart et al.55 demonstrated the effect of the ratio of the thermal conductivity of the 

substrate and liquid on the direction of Marangoni circulation. The thermal conductivity of 1,2-

dichlorobenzene is reported as 0.12 W/m∙K.56 While the thermal conductivity of the NOA73 

substrate is not known, the values for other UV-curable resins are reported to be ~0.20 W/m∙K.57,58 

The resulting ratio of ~1.67 results in an outward Marangoni flow for contact angles less than ~25° 

according to Ristenpart et al.55 Based on the measured contact angle and estimated thermal 

conductivity ratio, a radially outward thermal Marangoni flow would be expected. Yet, the results 

in Figure 4c show no coffee-ring effect at 23°C drying, indicating that thermal Marangoni flows 

have little discernible effect on the solute deposition. 

Solutal Marangoni flows may also be a factor. Solute concentration gradients can give rise to 

surface tension gradients along the liquid free surface, thereby inducing solutal Marangoni flows 

that can affect the final deposition of solute. Measurements of surface tension (see supporting 

information Fig. S5) of P3HT/oDCB solutions were taken to examine the dependence of surface 

tension on solute concentration. The range of concentrations spanned from 0 to 100 mg/ml to 

encompass the 30 mg/ml concentration solutions used in this study. The results indicate that the 

change in surface tension with increasing solute concentration is small (<1 mN/m). Typical surface 

tension gradients reported for solutal Marangoni flows are on the order of 10 mN/m.59–61 Hence, 

solutal Marangoni effects are not expected to play a significant role in the final solute deposition.  

Lateral diffusion is another possibility for mitigation of the coffee-ring effect. As mentioned, 

reducing the temperature slows the evaporation rate, which in turn weakens the outward advective 
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flow of P3HT solute towards the pinned contact line. Concurrently, an extended evaporation time 

enables lateral diffusion of P3HT away from the contact line, where the concentration is elevated 

by enhanced evaporation (Fig. 4d). Generally, a Péclet number is used to compare the relative 

effects of random, microscopic events to that of averaged, macroscopic phenomena.62 Here, a 

Péclet number can compare the relative effects of lateral diffusion to advection within a drying 

droplet32,35: 

𝑃𝑒 =
Evaporation induced advection

Diffusion
=

𝜈(𝑇)
𝐷(𝑇)/𝑙

 (1) 

 

where v, D, l, and T represent advection velocity, solute diffusivity, characteristic length (mesa 

radius), and temperature, respectively. It should be noted that this comparison treats the dissolved 

polymer as individual separate chains in solution and does not account for possible aggregation 

during drying. The advection velocity is the lateral velocity of the solute toward the pinned edge 

of the drying solution droplet on the mesa. This velocity is equal to the rate of the solvent removal 

by evaporation at the pinned edge. Thus, the advection velocity is directly proportional to the rate 

of evaporation at the edge, as shown below: 

𝑃𝑒 =
𝑣(𝑇)

𝐷(𝑇)/𝑙
=

Evaporation
Diffusion

=
𝑐𝐸଴(𝑇)
𝐷(𝑇)/𝑙

 (2) 

 

where E0 is the evaporation rate in volume lost per unit time per unit surface area during the initial 

drying stage and c is a geometric constant that accounts for the enhanced evaporation at the pinned 

edge (c > 1).  

To quantitatively compare values for Pe at different temperatures, both the evaporation rate and 

diffusivity must be estimated. The evaporation rate during the early stages of drying was 

approximated based on mass loss experiments performed with oDCB (see supporting information 
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Section S6 and Figs. S7-9 for details). The evaporation rates for 23°C and 90°C drying were found 

to be ~0.01 μm/s and ~0.14 μm/s, respectively. Therefore, it is expected that conditions with high 

drying temperatures lead to larger Pe, and accumulation at the edges is expected due to the 

dominant effects of advection. However, the temperature dependence of the diffusivity must also 

be considered.  

Diffusivity values for P3HT were approximated using the Rouse-Zimm model and Stokes-

Einstein relation63,64 as 1.05×10-7 cm2/s and 2.69×10-7 cm2/s for 23°C and 90°C, respectively (see 

supporting information Section S6). Notably, the relative sensitivity to temperature of evaporation 

is about an order of magnitude larger than that of diffusivity. Thus, increasing the drying 

temperature significantly amplifies evaporation while having a lesser effect on solute diffusion. 

As shown in Figure 4a, when drying at ≥ 50°C, the coffee-ring buildup was observed, indicating 

that faster evaporation drove a stronger advective flow to the pinned contact line. Conversely, in 

the 23°C case, evaporation—and thus advection—was suppressed, enabling diffusion to prevent 

accumulation at the contact line. This diffusion promotes a more uniform solute distribution within 

the droplet, resulting in the mound-like deposition upon drying that resembles the droplet shape.  

Using these estimates for evaporation rate and diffusivity, values of Pe were calculated to be 

0.23c for 23°C and 1.15c for 90°C (for detailed calculations, see supporting information section 

S6). Drying at 23°C resulted in a smaller Pe value, and thus, mitigation of the coffee-ring effect. 

Eales et al.35 present numerical results that confirm that lower Pe values can eliminate the coffee-

ring effect. Furthermore, these experimental results corroborate the model proposed by Okuzono 

et al.65 to predict the final shape of drying polymer films in the limit of slow evaporation. They 

report that in the absence of diffusion, a “crater shape” forms in their model predictions, like our 
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90°C drying case. However, after incorporating the effects of diffusion into their model, a “mound 

shape” deposit arises, like our case of 23°C drying.  

As shown in Figure 4c, reducing the droplet volume led to improvements in the uniformity of 

the deposited P3HT layer dried at 23°C. One possible reason for this effect may be due to a change 

in contact angle. When an initial droplet is deposited, it wets the mesa with an equilibrium contact 

angle. As increasing volume is added, the droplet area expands, spreading across the mesa while 

maintaining its equilibrium contact angle. However, once enough volume is deposited such that 

the droplet covers the entire mesa surface, it becomes pinned at the sharp mesa edges. From here, 

any additional volume added increases the contact angle to a nonequilibrium state, which results 

in a less uniform droplet height and subsequent film upon drying. For all the volumes used in Table 

1, the droplet covers the entire mesa. Thus, there is an inverse trend where decreasing volume 

improves uniformity. 

3.3 Planarization of P3HT over Topography 

Depositing materials layer-by-layer over uneven topography is often necessary for the 

fabrication of electronic devices using solution processing methods. To investigate whether the 

improved uniformity via drying temperature reduction found for a pinned drop on the mesa extends 

to the mesa and channel geometry, 21 nL of P3HT ink was deposited over the entire inner ring 

region of the bare imprinted substrate (no Ag or PEDOT:PSS). Figure 5 shows cross-sections of 

the P3HT films dried at various temperatures. Here, the P3HT not only deposits on top of the mesa, 

but also spans across the channels. An optical micrograph of the deposited film after 23°C drying 

(Fig. 5a (left)) with corresponding schematic cross-section is shown. To quantify planarization, 

we adapt a metric from Bornside et al.66: 

Degree of Planarization (DoP) = ൬1 −
Δ௖௢௔௧௜௡௚

Δ௦௨௕௦௧௥௔௧௘
൰  × 100% (3) 
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where Δcoating is the height change of the coating due to the channel and Δsubstrate is the height change 

of the substrate (i.e., the channel depth). Figure 5a (right) illustrates a physical depiction of these 

quantities. A DoP of 100% indicates perfect planarization, whereas 0% represents a conformal 

coating with no planarization. 

 
Figure 5. The effects of drying temperature on planarization of recessed channels. (a) (Left) An 
optical micrograph of the as-deposited P3HT and (Right) corresponding schematic cross-section. 
The black box denotes the region of interest. The magnified channel schematic depicts the 
quantities used to define degree of planarization. Scanning electron micrographs of the cross-
sections at the channel are shown after drying at (b) 23°C (c) 50°C (d) 90°C (e) and 120°C. The 
thin, red line denotes the top surface of the deposited P3HT film. A platinum protection layer was 
deposited prior to cross-sectioning to improve image contrast. Note that channel distortions are an 
artifact of ion beam damage to the sensitive polymeric materials.  
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Cross-sectional scanning electron micrographs of the dried P3HT films taken at the mesa 

channel demonstrate the effect of drying temperature on planarization. After 23°C drying, the 

P3HT fully fills in the channel and forms a relatively flat layer across the channel that has a DoP 

of 77% (Fig. 5b). At 50°C, the P3HT again fully fills in the channel, although a slight dip begins 

to arise, bringing the DoP down to 75% (Fig. 5c). As the drying temperature ramps up to 90°C, 

the dip over the channel becomes increasingly dramatic, dropping the DoP to 68% (Fig. 5d). 

Lastly, at the extreme of 120°C drying, the dip over the channel becomes drastic, extending beyond 

the channel opening and into the channel itself, resulting in only 45% planarization (Fig. 5e). These 

data indicate that higher drying temperatures are harmful for planarization, manifesting as dips in 

the P3HT over the channel. These dips can become problematic, as they give rise to potential 

points for short-circuits in a device if the underlying Ag within the channels becomes exposed due 

to incomplete channel filling. In the ideal case, a thin layer of P3HT extends across the entirety of 

the mesa with channels fully filled such that shorting is prevented. 

Figure 6 shows a schematic depicting the proposed progression of planarization during drying 

of a P3HT solution coated over an isolated channel, far from any edges or contact line pinning 

points. Initially, solute is uniformly distributed throughout the solution (Fig. 6a). As drying begins, 

solvent evaporates evenly across the descending free surface. As evaporation proceeds, a lateral 

concentration gradient develops as the free surface approaches the channel due to the greater 

volume of solution in the channel region. The average solute concentration within the channel is 

lower than the average solute concentration outside of the channel, and the resultant lateral 

concentration gradient causes polymer solute to diffuse laterally from the high concentration 

region to the low concentration region within the channel (Fig. 6b and 6c). The lateral diffusion 
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continues, resulting in a fully filled, planarized channel upon complete drying (Fig. 6d). However, 

if the evaporation rate is fast enough, the time available for lateral diffusion is limited and less 

planarization is observed. 

Figure 6. Schematic of the planarization process over an isolated channel of width 2l. (a) Initially, 
solute is uniformly concentrated throughout the solvent. Solvent evaporates at a rate E, given as 
the velocity of the descending free surface. (b) As evaporation proceeds, a concentration gradient 
∇c causes solute diffusion into the channel. (c) Longer drying times enable increased channel 
filling via diffusion. (d) Upon complete drying, the channel is fully filled, leaving behind a 
planarized film. 
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Another factor to consider is that a top-down concentration gradient may also develop during 

drying (not shown in Fig. 6) with the free surface having a higher P3HT concentration; this effect 

could delay the onset of a lateral concentration gradient. Prior literature describes this type of 

planarization for spin-coating over substrates with recessed channels.66–68 Bornside et al.66 

predicted polymer concentration in a polymer-solvent coating during drying after the spin-off 

stage. They found that a top-down concentration gradient develops first with the free surface 

having the same concentration independent of the position of the channel. Then, later in the drying 

process a lateral concentration gradient develops around the recessed channel, as mentioned above, 

and drives diffusion of solute into the channel. They also demonstrated that the degree of 

planarization decreased with increasing spin speed, as higher spin speed resulted in faster 

evaporation. After the spin-off stage, the coating thickness decreases due to evaporation alone. 

Hence, the loss in planarization with increasing spin speed is connected to faster thinning of the 

coating by evaporation and less time for lateral diffusion to fill in the channel. The results shown 

in Figure 5 are analogous; faster evaporation at higher temperatures results in less time for 

diffusion and less planarized channels.  

Thus, planarization also involves a competition between diffusion and an evaporation-dependent 

velocity, like advection velocity for the case of solution drying on a mesa. Here, the velocity of 

interest is the velocity of the descending free surface, E. Therefore, the Péclet number definition 

(Eqn. 2) used for a droplet drying on top of a mesa can also be used to explain the temperature 

dependence of planarization. In this case, the characteristic length is chosen as half of the channel 

width, 2.5 μm, and the geometric constant c = 1 for a flat evaporation surface. In an evaporation 

dominated (high Pe) system, rapid evaporation proceeds, and solute has little time for lateral 

diffusion, resulting in deposition of a conformal layer. In the diffusion dominated (low Pe) regime, 
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slower evaporation allows for increased solute diffusion time, allowing for the deposition of a 

planarized layer.  

Using the diffusivities and evaporation rates discussed previously in section 3.2, calculated 

values for Pe are 2.6×10-3 for 23°C and 1.3×10-2 for 90°C (for detailed calculations, see supporting 

information section S10). These values are much lower than the previous Pe values found for the 

mesa uniformity study because c = 1 and the chosen characteristic length scale for diffusion is 

smaller, i.e., half of the channel width. In practice, to fill the channel, solute diffuses from a region 

that extends beyond the channel width. The increase in drying temperature leads to a five-fold 

increase in Pe, favoring evaporation over lateral diffusion. For the mesa diode design, a smaller 

Pe is desirable to maximize channel filling and eliminate potential sites for short-circuit failure. It 

is important to note that increasing solute lateral diffusion time is only one parameter that controls 

planarization. Additionally, there is a component of vertical diffusion, where the descending free 

surface can lead to a vertical concentration gradient. Here, the characteristic length is the initial 

coating thickness, which results in a larger Pe as the coating is thicker compared to the channel 

width. However, because the values calculated for Pe previously are low, diffusion is still expected 

to combat concentration gradients. Other factors explored in the context of planarization during 

spin coating include polymer molecular weight and solvent69, feature width/depth66,70, and ink 

concentration/volume71. 

Solutal Marangoni flows must also be considered during the planarization process. The 

appearance of a surface concentration gradient during drying could induce an additional surface-

tension gradient that drives Marangoni flow. However, measurements of the effect of solute 

concentration on surface tension (see supporting information Fig. S5) suggest that the 

concentration of P3HT has a minor effect on the surface tension of the solution, with a change of 
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< 1 mN/m. Thus, the effects of solutal Marangoni flow on planarization are expected to be minor 

in the P3HT/oDCB system. 

Given the similarity between the drying on the mesa and planarization over the channels, it 

appears that in both cases of a drying droplet pinned on a flat surface and a drying film over a 

recessed channel, lower drying temperatures result in more time for lateral diffusion, leading to 

improved uniformity. In the former, the nonuniform evaporation that leads to the coffee-ring effect 

is mitigated by slower drying. When drying is slower, the resultant Pe is smaller, indicating the 

increased influence of diffusion relative to advection. In the latter, slower drying results in a slower 

descent of the evaporating free surface. Due to the nonuniform substrate topography, concentration 

gradients form that—when given more time (as in the case of lower drying temperatures)—enable 

lateral diffusion of solute to fill in the underlying recessed channel. The relative effects of 

evaporation and diffusion are again at play and are described using the same Pe. In both 

frameworks, reducing the drying temperature enhances lateral diffusion relative to evaporation and 

improves the uniformity of the final film upon complete drying.  

3.4 Diode Performance 

The techniques used to achieve increased uniformity and planarization were applied in the 

processing of SCALE mesa diodes. Figure 7 summarizes the electrical performance and device-

cross sections of completed Schottky diodes using the mesa design with the P3HT dried at 23°C. 

The cross-section taken at the channel (Fig. 7a) demonstrates the successful application of 

planarization to achieve filled-in P3HT channels and a planar surface despite a nonuniform 

underlying topography. The planar P3HT deposition prevents unwanted contact between the top 

PEDOT:PSS and bottom Ag layers that have limited previous SCALE diodes.13 The cross-section 

at the center of the mesa (Fig. 7b) demonstrates the deposition of a sub-300 nm thin layer of P3HT 
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in the diode. The individual layers are distinguishable and the top PEDOT:PSS layer does not 

contact the underlying Ag layer. Prior to cross-sectioning, the diodes were embedded in epoxy to 

facilitate sectioning. 

The current-voltage (I-V) curves (Fig. 7c) of the mesa diodes were obtained by sweeping voltage 

from -1 to 1 V at a rate of 0.2 V/s to the PEDOT:PSS top contact while grounding the Ag bottom 

contact and measuring the current, as shown in the inset. I-V curves are shown on both a linear 

and semilogarithmic scale to demonstrate the rectification capabilities of the diode. To assess the 

diode reproducibility, the statistical characteristics of 25 fabricated devices are shown in Figure 

7d. Each data point in the I-V curve represents the average value across all devices, while the 

shaded regions indicate the standard deviation. The inset displays a histogram for the distribution 

of the log(rectification ratio), where the rectification ratio is defined as the ratio between the on/off 

current at ±1 V. 
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Figure 7. Characterization of SCALE mesa diodes. Cross-sectional scanning electron micrographs 
show the device stack taken at the (a) left channel and (b) mesa center. The schematic indicates 
the location of each micrograph relative to the overall diode structure. The electronic performance 
for a single diode is plotted as (c) applied voltage versus measured current using both a linear (red, 
right) and semi-log (blue, left) scale. The inset depicts the electrical measurement setup. (d) Shows 
the statistical characteristics of 25 fabricated diodes. Data points represent the arithmetic mean 
taken over all devices, while shaded regions represent ±standard deviation. The inset displays a 
histogram of the log(rectification ratio) distribution across the devices along with the average and 
standard deviation.  

 

By utilizing the processing insights obtained from the mesa uniformity and planarization studies 

discussed earlier, the performance of the SCALE mesa diodes has surpassed that of previous 

SCALE diodes.13 The Schottky diodes in this study have P3HT thicknesses in the sub-300 nm 

regime, which is thinner than those achieved in other printed diodes.13,42,72,73 Thin P3HT layers are 
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advantageous because they decrease the bulk resistance in series with the rectifying Ag-P3HT 

interface. Furthermore, drying the P3HT solution layer at lower temperatures was found to also 

improve the device yield. Here, yield is defined as the number of printed devices that exhibit 

rectification ratios ≥ 103 out of the total number of devices. Drying the deposited P3HT solution 

at 120°C resulted in a yield of only 9% (3/33 devices). However, when the P3HT solution layer 

was dried at 23°C, a yield of 69% (25/36 devices) was achieved, indicating a nearly 8x 

improvement in yield solely by changing the drying temperature. This improvement is attributed 

to the successful planarization of the channels around the mesa at lower drying temperatures, 

reducing the occurrence of short-circuit failures. Furthermore, in prior SCALE work, the yield 

dropped to 22% when using 500 nm thin P3HT.13 Here, a 69% yield was maintained even at 300 

nm thin P3HT layers, confirming the capability of the mesa diode design to successfully mitigate 

short-circuits. 

SCALE Schottky diodes using the mesa design also demonstrate excellent rectification 

capabilities, as shown in Figure 7c. The diodes exhibit minimal hysteresis and a low turn-on 

voltage of ~0.3 V. Rectification ratios as high as 4.0 × 104 at ±1 V were achieved. These results 

are comparable to or better than other diodes demonstrated in the literature.6,13,74–76 Higher 

rectification ratios up to 106 have been reported for printed organic diodes by using higher mobility 

semiconductors.42 However, the processing principles described in the current study can be 

translated and applied towards other solution-processed materials systems. Figure 7d also 

demonstrates the reproducibility of the SCALE mesa diodes. Across all 25 diodes, the on-current 

has a ±2.89 μA deviation at 1 V and the off-current has a deviation of only ±1.93 nA at -1 V. As 

seen in the inset of Figure 7d, the diodes had an average rectification ratio of 104.2±0.36, with 20/25 

of the diodes having rectification ratios between 104 and 104.5, emphasizing the device 
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reproducibility. Achieving low device variability is especially important in R2R processes in 

which thousands of devices are produced. Reproducibility is also critical when combining discrete 

devices into a circuit because individual device variability can cascade into variability of the 

overall circuit performance (e.g., a full-wave rectifier circuit using four diodes). The diodes 

demonstrated herein also have a relatively small device active area of ~0.16 mm2, which is smaller 

than other diodes typically fabricated using printing techniques.6,42,72,76 The small device area is 

connected to the high resolution and layer-on-layer registration made possible via the combination 

of microimprinting and inkjet printing in the SCALE process.  

4. Conclusion 

The present study demonstrates the effects and importance of controlling processing parameters 

like drying temperature for fabricating solution-processed electronic devices. Printed organic 

Schottky diodes were created using SCALE, a process that utilizes capillary flow to pattern 

electronic inks into a network of reservoirs and channels. We developed a new design for diodes 

that incorporates a mesa structure to mitigate failure caused by shorting between the top and 

bottom contacts. For the P3HT solutions used to create the semiconductor layer in the diode, 

reduced drying temperatures were shown to mitigate the coffee-ring effect in pinned drying 

droplets. The same principles seen in the case of a pinned droplet were shown to also apply to the 

planarization of films deposited over topographic features. The effects of drying temperature on 

both uniformity and planarization were encapsulated using a Péclet number that quantifies the 

competition between evaporation and diffusion. We demonstrate that through this approach, film 

uniformity for both situations can be described using a single Pe. 

By applying the demonstrated processing principles, functional Schottky diodes using the mesa 

design reproducibly exhibited high rectification ratio (104) and thin (<300 nm) active layers across 
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a 0.16 mm2 active region areal footprint. The fabricated diodes utilized all additive techniques 

while maintaining compatibility with R2R processing. In future work, the discrete diodes 

demonstrated here can be integrated into full electronic circuits (e.g., rectifiers, RFID tags, 

sensors). Furthermore, findings on uniformity and planarization translate well into thin-film 

transistors and capacitors, in which careful control of thickness is strongly correlated with device 

performance. Thus, this work provides a foundational basis for improving a spectrum of solution-

processed electronic devices.  
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