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ABSTRACT

In this article we present a detailed comparison of ultrasonic spray coating and spin coating for the fabrication of polymer
organic light-emitting diodes (OLEDs). Single-carrier devices of hole-transporting polymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-
co-(4,4(N-(4-sec-butylphenyl))) diphenylamine] (TFB) were fabricated by ultrasonic spray coating. Uniform reference devices
using spin coating were also made. We have shown, across a range of device thicknesses from 37 nm to 138 nm, typical of those
used in OLED hole-transport layers, that there is no statistical difference in the hole-injection efficiency between ultrasonic spray
coating and spin coating. We have also demonstrated the importance of controlling the roughness of the films and we determine
a threshold of 10 nm average roughness below which injection efficiency is not controlled by roughness. However, above 10 nm
roughness we find a reduction in injection efficiency up to an 86 % loss in performance for roughnesses of the order of 40 %
the thickness of the film. By optimising the deposition parameters, in order to allow the wet films to start to equilibrate, we find
a wide processing window for smooth uniform films with excellent injection efficiency. This work reinforces the importance of
ultrasonic spray coating as a potential route to high volume manufacturing of OLED based technology.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5082791

. INTRODUCTION

Spray coating is a promising candidate for the low cost
and large scale processing of polymer semiconductors for
use in optoelectronic devices such as area lighting," solar
cells,?? electrochromic devices**> and transistors.® Ultrasonic
spray coating has the benefit over other spray coating tech-
niques, such as airbrush spraying, of increased uniformity of
droplet size, leading to increased spray and film uniformity.”.?
Ultrasonic spray coating has been used widely in polymer
organic photovoltaics (OPVs), spraying single®'" and mul-
tilayer devices'?'> but the use for polymer organic light-
emitting diodes (OLEDs) it has so far been limited.'®7 Gilissen
et al. deposited the emissive layer of a polymer OLED via ultra-
sonic spray coating and achieved a power efficacy of 9.71 Lm
W compared to 12 Lm W™! via spin coating.!”

While these studies highlight the overall promise of ultra-
sonic spray deposition they do not elucidate potential issues
or difficulties at a device structure level. In this paper we make
a detailed comparison of the performance of spray versus spin
coating in an exemplar device.

In ultrasonic spray coating a low concentration solution
is fed onto an ultrasonic tip that vibrates at frequencies up to
35 KHz. The ultrasonic tip atomizes the solution into a fine
mist of micrometre sized droplets which are then shaped and
directed by a jet of gas as the spray head passes over the
substrate. The individual solution droplets wet to the sub-
strate, then spread and merge to form a complete fluid film.
The film continues to flow and over time (a few seconds
or more) increases in uniformity. Finally, the solvent within
the film evaporates and a dry film is formed. The proper-
ties of the final film are dependent upon numerous process
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parameters, such as the physical properties of the solvent—
including vapour pressure, viscosity and surface energy-,
solution concentration, spray head height and speed, and the
substrate temperature.®12.18-20

In this paper, we compare the electrical device perfor-
mance of spin and spray cast films to determine the rela-
tionship between film properties and electrical properties.
In order to understand spray coating the hole-injection effi-
ciency (n) into spin cast and spray cast TFB layers of vary-
ing roughnesses was investigated across the thickness range
37-138 nm by normalizing the J-V curves for different devices
via a mean-field approximation and calculating the space-
charge-limited current (Jscic).

— Jmeasured (1)
Jscre

We conclude that the surface roughness plays an important
role in controlling injection efficiency but that for devices fab-
ricated using spray or spin coating, that have comparable sur-
face roughness, no difference in charge-injection efficiency
can be measured. These results suggest that there is nothing
intrinsic in spray coating that limits the overall device per-
formance. The morphology of the as-formed layer does not
limit the injection efficiency and transport in our experimental
devices.

Il. EXPERIMENTAL
A. Device fabrication

Hole-only devices were fabricated using pre-patterned
8 pixel ITO substrates with a sheet resistance of 20 Q
square and an rms roughness of 1.8 nm (determined by
AFM) purchased from Ossila Ltd. The ITO substrates were
cleaned by sonication in Hellmanex III solution, deionized
water and isopropyl alcohol. Once sonicated in isopropyl
alcohol the substrates were dried with nitrogen and treated
with UV-Ozone for 15 minutes. Al 4083 grade PEDOT:PSS
was purchased from Ossila Ltd and was filtered using a
045 um PVDF mircodisc filter prior to spin coating at
5000 rpm to yield a 40 nm film. The PEDOT:PSS films
were annealed on a hotplate, in air at 120 °C for 15 min-
utes and then cooled to room temperature prior to deposi-
tion of further layers. Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(4,4'(N-(4-sec-butylphenyl))) diphenylamine] (TFB) was pur-
chased from Ossila Ltd with a purity of >99 % and a
molecular weight of 31,206 KDa. The spin coated TFB
was cast from a toluene solution at varying concentra-
tions in ambient conditions, from 10-30 mg ml?, and at
a number of different spin speeds to obtain a range of
thicknesses.

Ultrasonic spray cast TFB poly[(9,9-dioctylfluorenyl-2,7-
diyl)-co-(4,4(N-(4-sec-butylphenyl))) diphenylamine] films
were deposited in ambient conditions from toluene solutions
of varying concentrations (4, 6 and 8 mg ml™) using a PRISM
Ultra-coat 300 system supplied by Ultrasonic systems, Inc.
to give layer thicknesses of between 40 nm and 120 nm. The
spray height (40 mm), base plate temperature (25 °C) and

scitation.org/journal/adv

fluid pressure (50 mbar) were kept constant for each spray
cast solution with the spray speed varied from 180-250 mm
s! to vary the thickness of the spray cast layer. TFB has a
relatively high and non-dispersive mobility as measured by
time of flight technique of 0.01 cm? V! §712122 and along
with a deep HOMO of -5.3 eV,23 excellent photochemical and
thermal stability?> makes a good test case for device pro-
cess investigations. It is widely used as a copolymer con-
stituent in light-emitting and hole-transporting layers.?42°
It is highly soluble in aromatic solvents such as toluene,
xylene, chlorobenzene and can be spray deposited from a
range of these solvents. Toluene was the chosen solvent for
this work as its relatively low boiling point for spray coating
aids the formation of films with a range of uniformities and
roughnesses.

The contacts were swabbed using toluene to pattern the
device and the films were annealed at 100 °C for 10 min-
utes to remove any residual solvent. A bilayer top electrode
of 10 nm Molybdenum(VI) oxide and 100 nm Aluminium was
thermally evaporated at a vacuum pressure of 6x10°6 mbar
through a mask to define a pixel area of 4 mm?. After the
deposition of the top electrode the devices were encapsu-
lated in an inert atmosphere (<1 ppm H>O and <1 ppm Oy)
using UV curable epoxy and a glass slide. External electri-
cal connection to the devices were gained via friction con-
tacts attached to the ITO glass substrate. The top electrode
being evaporated over cleared ITO tracks on the underlying
substrate.

B. Device characterisation

Current-voltage sweeps were performed using a Keith-
ley 2602 source measure unit. Thickness measurements,
roughness measurements and topographical map scans
were performed using a Bruker DektakXT. Map scans
were replotted using Gwyddion 2.50 and statistical analy-
sis of the data was performed using SAS Institute Inc JMP
pro 13.

Thin films of TFB were deposited via both spin coat-
ing and spray coating. Thickness measurements and sur-
face height map scans (Figure 1a) were taken of the spray
cast pixels prior to the evaporation of MoO3 and Aluminium
using a Bruker DektakXT. The 1 mm by 1 mm maps are con-
structed from 50 line scans with resolution of 220 nm along
of the line scan direction and resolution of 20000 nm in
the direction orthogonal to the lines. The roughness aver-
age, Ry, is the sum of the magnitude of deviation in thickness
from the mean thickness divided by the number of samples
taken across the map scan. This represents the finer ran-
dom irregularities of a surface rather than the larger scale
thickness variations. The thickness of both spin and spray
cast films as also measured by Dektak by scratching the
surface of the film to the underlying substrate and scan-
ning across the scratch. The roughness of the spin cast films
was routinely measured to be less than the sensitivity of
the surface profilometer (<2 nm) as such they are assumed
to be perfectly uniform for space charge limited current
calculations.
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FIG. 1. (a) A 3D model of the device structure. (b) A topographical map scan of a spray cast TFB pixel (6 mg mI”" S200 P4) with the mean thickness set to the measured
thickness, 100 nm. (c) The current density against voltage of the space-charge-limited current simulated using (b), the measured data from the same pixel and the simulated
space-charge-limited current for a uniform 116 nm thick device and the measured data from a spin cast device of the same thickness. (d) The hole-injection efficiency against

electric field of the spin and spray cast pixels.

Ill. RESULTS AND DISCUSSION

In order to compare quantitatively the measured current-
voltage characteristics of devices fabricated using spray coat-
ing and spin coating the variation in thickness between the
two different processing methods needs to be normalised. In
addition, the variation of thickness within pixels and the sur-
face roughness in the spray cast devices also needs to be cor-
rected in order that a fair comparison be made. The approach
chosen follows that of Abkowitz et al.>° and loannidis et al.>'
in that a charge-injection efficiency of the device is calculated
by comparing the measured current to a theoretical space-
charge-limited current for the thickness and material being
tested. The injection efficiency has been used to probe a range
of contacts as well as the ability of such contacts to inject
holes into TFB.2232 Following Abkowitz et al.*° we calculate a
theoretical space-charge-limited current for the non-uniform

devices by dividing the device into an array of parallel ele-
ments of discrete thickness and calculating a space-charge-
limited current contribution from each element of the array.
This is justifiable as the mean and median thickness variation
between neighbouring array elements are less than 1 nm (fur-
ther discussion in the supplementary), as such the films are
locally smooth but globally rough across the device.

The theoretical space-charge-limited current is calcu-
lated using a modified Mott-Gurney relationship®> with a
Poole-Frenkel field dependent mobility,>* j = 2eqepul
exp(y\/E). Where ¢, is the relative permittivity, u is the bulk
mobility, L is the layer thickness, y is the field dependent
factor and E is the mean electric field. A mean-field approx-
imation is used to simplify the calculation for different thick-
ness elements in the intra-device array. This approximation is
shown to be valid®*>-3¢ and leads to typical under estimation in
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zero-field mobility and the y factor of 2 % and 15 % respec-
tively®? and an error in calculated j of 10 %. For TFB the bulk
mobility is taken as 0.01 cm? V™! 571,21 the relative permittivity
gr ~ 30 and field dependent factor y = 5.86 x 107 (cm V)05 22

The theoretical space-charge-limited current values
were compared to the measured current density values of the
same pixels (Figure 1b) to show the variation of hole-injection
efficiency against electric field (Figure Ic). The hole-injection
efficiency at a fixed electric field (1 MV cm™) was used for
direct comparison of pixels of different thicknesses and depo-
sition techniques. In this paper we combine electrical mea-
surements, topographical map scans and theoretical models
to determine the hole-injection efficiency of MoOs into TFB
films. The hole-injection efficiency is used to probe the charge
transport in TFB films across a range of thickness equivalent to
those optimal for OLEDs, allowing us to compare the deposi-
tion techniques of ultrasonic spray coating and spin coating
for the fabrication of OLEDs.

Figure 2 shows the variation of injection efficiency from
MoOs into a range of different thicknesses of TFB deposited
via spin coating and ultrasonic spray coating. Figure 1(a)
shows a schematic of the device structure, consisting of
ITO/PEDOT:PSS/TFB/MoOs3 /Aluminium. The thickness and
deposition method of the PEDOT:PSS (40 nm), MoOs (10 nm)
and Aluminium (100 nm) are consistent for all devices. The
thickness ranges covered by the two deposition techniques
of TFB overlap allowing for the direct comparison of injec-
tion efficiency and thus the performance of spin and spray cast
devices.

Looking first at the spin cast TFB devices (Figure 2a)
we see that the injection efficiency increases with thickness
(within this range). The injection efficiency has been shown
to vary due to the material used for injection,?? the thick-
ness of that layer*’ and the applied electric field.?? In this
work the injection material and thickness have been kept
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constant and the injection efficiencies were all measured at
the same electric field strength. The mobility of materials
with similar properties to TFB have been studied in literature;
Ji et al. measured the mobility of pi-conjugated polymer P3HT
in organic thin film transistors and demonstrated that mobil-
ity increases with thickness within the device thickness region
(0-200 nm),*? Chu et al.>>43> demonstrated the mobility of
hole-transporting small molecule NPB increases with thick-
ness in an similar range as did Xu et al. who also demonstrated
the same trend for hole-transporting small molecule TPD.** It
can then be inferred that the increase in injection efficiency
is due to an increase in the effective mobility of the TFB film
toward the bulk mobility.*>

To understand the microscopic structure and the effect
on the charge injection and transport within a film it is often
assumed that a film is made up of the substrate interface, the
surface interface and the bulk of the film.*#%6-49 In this work
we focus on two regions; the interfacial region at the surface of
the TFB where the holes are injected from the MoOs, and the
bulk of the TFB. In a uniform thick film the interfacial region
will be small compared to the film thickness and the charge
dynamics of the film will be dominated by that of the bulk TFB,
in thinner films the interfacial region thickness will be a larger
proportion of the thickness of the film as a whole and such will
play a larger part in charge dynamics of the film. The influ-
ence of the interfacial regions on the charge dynamics of the
film has been studied by Baldo et al.*? for electron transport
in Algs, by Chu et al.>>%> for hole transport in NPB, Xu et al.**
for hole transport in TPD and by Harding et al. for interlayers
of TFB.50 These works suggest that there are trap states in the
injection interfacial region which result from dipole interac-
tions between MoOs and TFB, changes in the polymer chain
conformation or a combination of both. The disorder in the
local dipole fields in the interfacial region cause a broadening
of the manifold of states involved in hopping transport as such

0.0014 T T T T T

0.0012

0.0010

0.0008 ~

0.0006

Hole injection efficiency

0.0004

0.0002 _

T T T
60 80 100 120 140
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FIG. 2. (a) The injection efficiency at 1 MV cm™" against thickness for the spin cast pixels, a liner regression has been fitted and the shaded region demonstrates the 95 %
confidence interval. The linear regression fit has a P-value of <0.0001 and an R-squared adjusted value of 0.66 (b) The injection efficiency at 1 MV cm™! against thickness for
the spray cast pixels, a linear regression has been fitted and the shaded region demonstrates the 95 % confidence interval. The linear regression fit has a P-value of 0.0003

and an R-squared adjusted value of 0.59.
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TABLE 1. Comparing the key fit parameters; fit gradient, fit intercept, P value and R-square adjusted for the spin cast and
spray cast models dependent on thickness, and the spray cast model dependent on thickness and roughness.

Spin cast fit

Spray cast single parameter fit Spray cast two parameter fit

R-sq. adjusted 0.66

Fit Gradient (9.4 + 0.8) x107®
Fit intercept (- 1.2 + 0.6) x107
Model P value <0.0001*

0.59 0.91

(9.9 +2.1) x1078

(- 2.4 +1.9) x104
0.0003

(9.4 +1.0) x10°6
(-19 + 0.8) x10™
<0.0001*

lowering the effective mobility. Changes in the conformation
of polymer chains can also increase the intersite hopping dis-
tance for holes, reducing the hopping rate and thus lowering
the effective mobility.

Figure 2b shows the injection efficiency of spray cast
TFB devices increases with thickness like that of spin
cast devices. A linear regression fit was applied to the
spin cast and spray cast data, the gradients and inter-
cepts of the spin cast and spray cast models agree within
errors (Table I), thus suggesting that device performance
of spray cast devices is statistically equivalent to spin cast
devices.

Since the roughness of the surface of spin cast TFB is
too low to be reliably measured by the technique used in
this experiment (<2 nm) the spin cast pixels were assumed
to be uniform with no significant roughness. The process
of forming a film via spray coating can lead to non-uniform
thickness up to 52 nm from the mean (Figure 1b). Using
map scans the thickness variation between array elements
across spray cast devices were measured and taken into
account in the initial spray cast linear regression fit, but
the roughness of these devices was not accounted for.
Figure 3 shows the injection efficiency residuals from spray
cast linear regression fit verses thickness, plotted against
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FIG. 3. The injection efficiency residual, the calculated hole injection efficiency
minus the hole injection efficiency predicted by the initial spray cast linear regres-
sion fit, at 1 MV cm™ against the roughness average (Ra) of the spray cast device
pixels. The linear regression fit has a P-value <0.0001 and R-squared adjusted
0.79, the shaded region demonstrates the 95 % confidence interval.

the roughness average. The residual in this case is the dif-
ference between the measured value of injection efficiency
and the predicted value of injection efficiency from the lin-
ear regression fit based on thickness variation. The injection
efficiency residuals decrease with increasing roughness, and
above a Ra of around 10 nm the residuals become negative.
The R-square adjusted value for this fit is 0.79 thus roughness
has a significant effect on the injection efficiency. Rougher
films, as-prepared by higher concentration formulations and
faster pass speeds, lead to lower overall charge-injection effi-
ciency. These films dry faster on the substrate, and within
the film, the surface dries fastest of all. The consequence
is that the surfaces of these rough films have less time to
equilibrate in terms of molecular conformation and mixing.
We believe this leads to a lock-in of a non-equilibrium con-
formation within the film surface with a higher dispersion
in the distribution of energy states that form the hole-
transport manifold. This in turn leads to lower effective mobil-
ity and a lower hole-injection efficiency for the rougher
films.

Figure 4 shows the measured hole-injection efficiency
of the spray cast devices plotted against the injection effi-
ciency predicted by the linear regression fit incorporating
thickness and roughness. The measured and predicted data
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FIG. 4. The calculated injection efficiency against the predicted injection efficiency
by the linear regression fit based on the variation due to thickness and the rough-
ness of the spray-cast TFB layer (at 1 MV cm™). The shaded region demonstrates
the 95 % confidence interval from the fit.
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are strongly correlated and the confidence interval is very
narrow.

Table I compares the spin cast, single parameter spray
cast and two parameter spray cast linear regression fits for
hole-injection efficiency plotted against thickness. The errors
in the gradient and intercept are reduced when going from the
single to the two parameter spray cast models. The gradient
and intercept values of the two parameter spray cast model
are closer to the values of the spin cast model than those of
the single parameter spray cast model and they agree within
errors. The p value of the two parameter spray-cast model
compared to the single parameter model has decreased from
0.0003 to <0.0001 as such the two parameter spray cast model
p value is highly significant as is found in the spin cast model.
This suggests that if the ultrasonic spray coating process is
optimised to minimize roughness then overall device perfor-
mance of OLEDs deposited via ultrasonic spray coating can
equal those fabricated by spin coating.

IV. CONCLUSIONS

We have compared the injection efficiency of holes into
films of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4'(N-(4-sec-
butylphenyl))) diphenylamine], cast by ultrasonic spray coat-
ing with those cast by spin coating. We have shown, across a
range of thicknesses typical of those used in OLEDs, that there
is no intrinsic difference in the injection efficiency between
ultrasonic spray coating and spin coating. This reinforces the
importance of spray coating as a potential route to high vol-
ume manufacturing of OLED based technology. We have also
demonstrated the importance of controlling the roughness
of the films and we determine a threshold of 10 nm average
roughness below which injection efficiency is not controlled
by roughness. However, above 10 nm roughness we find a
reduction in injection efficiency up to an 86 % loss in per-
formance for roughnesses of the order of 40 % of the thick-
ness of the film. However, the process window for achieving
comparable spin and spray cast hole-injection performance
is wide with spray cast films with Ra < 10 nm being easily
achieved by control of drying time through solvent choice,
substrate temperature, formulation concentration and pass
speed.

SUPPLEMENTARY MATERIAL

See supplementary material for justification of dividing
the device into an array of parallel elements and calculating
a current density for each element separately as well as plots
of the residuals of the linear regression fits for the models
plotted in Figures (2)a, (2)b and 4.
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