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Abstract: In the OLED display manufacturing process, a fine metal mask (FMM) is used for the
RGB side-by-side in precise positions. An Invar alloy with exceptionally low thermal expansion was
used as the FMM material to prevent the deformation of the FMM by heat during the deposition
process. The thickness of the FMM must be reduced to less than 10 microns to manufacture high-
resolution OLED displays, making it essential to apply a bottom-up electrodeposition process.
Moreover, controlling the interfacial energy of the cathode substrate and the electrolyte is necessary
to achieve ion electrodeposition and peeling of the ultra-thin Fe-Ni plated on the cathode substrate
during electrodeposition. Therefore, this study investigated the effect on the properties of the
electrodeposited Fe-Ni alloy by controlling the amount of SLS content, which acts as a surfactant. The
amount of SLS content was maintained in the range of 0 to 1 g/L, and the composition homogeneity,
microstructure, and surface defects of the electrodeposited Fe-Ni alloy were investigated. Under
low pH conditions, the composition was insignificantly changed depending on the difference in
the amount of SLS content, and a uniform composition was observed. The findings of this research
offer valuable insights for optimizing the electrodeposition process, which is crucial for producing
high-resolution OLED displays with ultra-thin FMM, advancing display technology.
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1. Introduction

The use of FMM (fine metal mask) in the organic light-emitting diode (OLED) display
process necessitates the selection of materials that can withstand heat during the deposition
process, and a suitable material used for this process is the Fe-Ni alloy [1]. However, tradi-
tional pyrometallurgy techniques for manufacturing the Fe-Ni Invar alloy face technical
limitations, particularly in achieving a thickness of less than 20 um [2]. For rolled Invar
alloy film, it was difficult to obtain a higher resolution than quarter high definition (QHD)
because the thickness was difficult to reduce. Consequently, the production method was
changed from pyrometallurgy to electroforming plating, enabling the production of an Fe-
Ni alloy. In addition, it provides the possibility of precise processing option with enhanced
mechanical properties and thermal dimensional stabilities. It allows high dimensional
accuracy and degrees of freedom to produce the Fe-Ni alloy. The electroplating method, as
opposed to the pyrometallurgy method, is a method of stacking samples like the lamination
method, which helps to secure a material with a thickness of approximately 10 um [3]. The
electrodeposition method normally processes the room temperature and it leads to savings
by increasing economies of scale in the manufacturing of Fe-Ni alloy production compared
to the conventional rolling process. Although the control of electrodeposition conditions
has been challenging, the possibility of successful fabrication results of the Fe-Ni alloy has
been reported [3-7].

Meanwhile, the coefficient of thermal expansion (CTE) of the samples produced by
electroplating was higher than that of the samples produced by pyrometallurgy. The
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samples made by pyrometallurgy had a face-centered cubic (FCC) structure, and the
samples made by electroforming had an FCC structure. This result was observed because
it consists of a metastable body-centered cubic (BCC) structure or a mixture of FCC and
BCC structures [4-6]. Because the crystal structure is different, the CTE is different, and
when heat treatment is performed, a lower CTE can be obtained with the electroplating
method than the pyrometallurgical method [1]. There are various ranges of CTE values
depending on the Ni contents; primarily materials containing 36 to 41 wt% of Ni have
been reported to exhibit a low CTE [7]. Therefore, the most successful fabrication method
of the Fe-Ni alloy is electrodeposition, which can achieve high-quality color images in
such displays. For electrodeposition, the influence of additives in the electrolyte on the
composition of electrodeposited Fe-Ni alloys is the key parameter. Therefore, several
researchers reported the effect of the various additives on the Fe-Ni alloy fabricated using
electrodeposition [3-6].

This study explores the characteristics and composition of the Fe-Ni Invar alloy fab-
ricated by the electroplating method, which are influenced by the additives added to the
plating solution during the electroplating process. The key additives added to the plat-
ing solution include FeSO,4-7H, 0, NiSOy4, NaCl, H3BO3, CyH4NNaOs3-2H,0, and sodium
lauryl sulfate (SLS) (CH3(CH>)1;0SO3Na) [8,9]. Other conditions include current density,
temperature, stirring speed (rpm), Ni plates as anodes, and stainless steel (STS 316) as
cathodes. This study investigates samples with varying Ni contents (33, 36, and 42 wt%)
prepared with varying SLS contents, which is one of the common additives in the plating
solution production process [10]. SLS is added as a surfactant in the plating solution,
where it serves to make the sample glossy as a mirror by uniformly dispersing the solution
and ensuring consistent deposition [10-12]. The experiment was conducted with vary-
ing current density (8-14 and 10-16 mA/ cm?) and pH (2.4 and 2.8) values of the plating
solution [13-16].

2. Experimental Procedures
2.1. Electroplating Process

A modified Ni plating bath (sulfate bath) was used to prepare a 4 L Fe-Ni alloy
plating bath, and details of the bath composition and plating conditions are listed in
Tables 1 and 2. The plating bath contained Fe;SO4-7H;0 (ferrous sulfate), NiSO4 (nickel
sulfate) as metal sources, sodium chloride (NaCl) and H3BOs (boric acid) as a pH buffer,
and C;7H4NNaO;-2H,O (saccharin) as a surface active agent.

Table 1. Details of bath composition.

Fest4'7H20 NiSO4 NacCl H3BO3 C7H4NNaO3 'ZHzo
(Ferrous Sulfate) (Nickel Sulfate) (Sodium Chloride) (Boric Acid) (Saccharin)
Contents (g/L) 85 97 30 25 2.6
Table 2. Details of electrodeposition processing parameters based on the SLS content.
pH Current Density (mA/cm?)  SLS Contents (g/L) pH Current Density (mA/cm?)  SLS Contents (g/L)
0 0
0.1 0.1
8-14 0.2 8-14 0.2
0.5 0.5
1 1
2.8 24
0 0
0.1 0.1
10-16 0.2 10-16 0.2
0.5 0.5

1 1
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Each reagent was dissolved in distilled deionized water to prepare the plating bath.

Saccharin sodium is well-known as a stress reducer in Ni plating [13] and is also
indispensable to obtain the crack-free Fe-Ni Invar alloy electrodeposits with a shiny and
smooth surface morphology consisting of nanograins [16]. There are various combinations
of the electroplating conditions, pH (2.4 and 2.8), and current density for the plating bath,
such as a low density of 8-14 A/cm? and a high density of 10-16 A/cm?, respectively.
To achieve meaningful feasibility, the pH conditions were fixed at 2.4 and 2.8, because
under pH 2.4 conditions, the sample surface remained constant without being affected
by the increased amount of SLS contents. The range of the current density under two
conditions allows electroplating to proceed well and obtain an intact sample considering
delamination issues. A stainless steel (5TS316, Steel&l, Seoul, Republic of Korea) wafer
50 x 150 mm? was used as the cathode, and a pure Ni sheet was used as the anode. The
plating bath was maintained at 55 °C for 2.5 hin a 4 L electrolysis cell, and the magnetic
stirrer at 30 RPM with a magnetic spin bar was attributed to the achieved homogeneity of
the plating solution. After measuring the initial pH, sulfuric acid (H,SO4) was added to
lower the pH, and the cathode and anode were fixed to the simulator, placed in the plating
solution, and an electric current was applied to secure the sample. The thickness of the
electrodeposition layer was proportional to the applied current time. In this experiment,
the applied current was 5 min at the initial current density and 60 min, which resulted in a
sample with a thickness of less than 10 pm.

2.2. Material Characterizations

After electrodeposition, the electrodeposited films were mechanically removed from
the STS316 substrate. The thickness of the specimens was 9-11 um and 46 x 138 mm?.
The microstructure of the electrodeposited Fe-Ni Invar alloys was investigated using
a field emission scanning electron microscope (SEM, JSM-7100F, JEOL, Tokyo, Japan)
equipped with detectors (EDAX, Mahwah, NJ, USA) for electron backscatter diffraction
(EBSD) and energy dispersive X-ray spectroscopy analyses. X-ray diffraction (D8 Dis-
cover, Bruker, Billerica, MA, USA) was used to identify the phases of the IMCs with a Cu
K« radiation source (A = 1.5405 A) and an uninterrupted scan modem with a scan rate
of 0.05°/s and a range of 20 (30-90°). The specimens were prepared for SEM analysis
by polishing with a 1 pm diamond suspension. The CTEs of these electroformed sheets
were measured in the temperature range from 298 to 333 K (25-60 °C) using a thermo-
mechanical analyzer (TMA402F3, Netzsch, Selb, Germany). The sheet dimensions were
10 mm x 20 mm, and the tests were performed using a 0.05 N load. The measurement
was conducted in a high purity Ar gas with a flow rate of 0.5 bar in order to avoid
oxidation of the sample and the temperature was increased at a rate of 20 °C/min. These
measurement conditions are used by almost all OLED FMM makers. The CTE measure-
ments were performed on the samples with thicknesses of 8 um and through-thickness
compositional errors below 1.0 wt%.

3. Results and Discussion

Among the electroplating process conditions, Fe;SO4-7H,O and NiSO4 were set as
invariant using a 10 um thick Invar thin film fabricated using the electroplating method,
and the microstructural evolution of the specimens as a function of SLS contents was
analyzed using EBSD analysis, as shown in Figure 1. The phase colors were coded by
Fe-36Ni as red and «-ferrite as green in the phase maps.
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Figure 1. Typical electron backscatter diffraction (EBSD) data containing inverse pole figure (IPF)
maps, image quality (IQ) maps, and phase fractions, and specimen surfaces at varying sodium lauryl
sulfate (SLS) contents (g/L) at pH 2.8; (a,b) 0, (c,d) 0.1, (e,£) 0.2, (g,h) 0.5, and (i) 1.
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White rust typically occurs on the surface of an electroplated specimen, which is a
phenomenon that appears as a blurry surface caused by the appearance of « (bcc) phase
columns in the microstructure, leading to surface curvature. The area of white rust expands
depending on the SLS content in the current density range of 8-14 mA /cm?. Figure 1a,b
show the electroplated samples without SLS. The surfaces of these samples exhibited
imperfections and holes due to the absence of SLS in the plating solution, leading to the
retention of impurities on the surface during plating, resulting in surface inhomogeneity.
Figure 1c,d show the surface and EBSD analysis results of the samples with varying
current densities but the same SLS content. To confirm the microstructures according to the
electrodeposition, cross-sectional areas of the samples were prepared. The electrodeposited
samples with a high current density showed more severe white rust than those with a low
current density. Consequently, the grain morphology showed a visible difference, as shown
in the phase maps. The more severe the white rust phenomenon, the more grain growth
that occurs during the electrodeposition. Therefore, samples fabricated under the current
density of 1016 mA /cm? and SLS content of 0.2 g/L at pH 2.8 with a large amount of
grains were detected as shown in Figure 1f.

In the current density range of 1016 mA /cm?, the white rust occurred on the whole
surface of the specimen regardless of the amount of SLS content, and in the case of SLS
contents of 1 g/L at the current density of 1016 mA/cm?, a slight peeling occurred
at the edge, as shown in Figure 1h (as displayed in the yellow circle). A slight peeling
with a crack can be observed; it usually occurs for severe white rust or very high current
densities [17]. When cracks occur in the sample, it may peel off on its own during
electroplating, causing the plating solution to flow into the back of the sample, which
may cause significant contamination of the sample surface with the plating solution.
Ultimately, stains may form on the sample surface, or in severe cases, oxidation may
occur, requiring prevention.

EBSD analysis was performed, comparing Figure 1c,e,g to thoroughly examine the
white rust process. The phenomenon becomes notably more significant as the amount
of SLS content increases. The effect of SLS content as a surfactant facilitates relaxation of
the interface between the plating solution and the cathode and reduces the difference in
surface tension at the solid-liquid interface, allowing the liquid to easily penetrate into the
solid [11].

Figure 2 shows the concentration profiles along the thickness direction for different
SLS contents at pH 2.8. The composition of the electrodeposited samples consisted of Ni
contents at or below 30 wt.%, and as the amount of SLS content increases, the electrodepo-
sition composition decreases, indicating a relation to the broadening of the white storage
strain phenomenon. The large difference in elemental composition on the electrodeposited
surface is attributable to the columnar structure that appears during the electroplating
process. The columnar structure refers to pillar-shaped grains that form during the elec-
troplating process, and their growth during the electrodeposition process was confirmed
by EBSD analysis. Additionally, it can be assumed that the electrodeposition composition
was low, owing to the growth of the columnar structures. As shown in Figure 2c,e,g, unlike
the other samples, a uniform elemental composition was measured at the center of the
samples. In particular, in Figure 1c, the thickness compositional gradient of all areas, except
the electrodeposition composition, was measured uniformly. For current densities ranging
from 8 to 14 mA /cm?, the thickness compositional graph exhibits less uniformity compared
to the current density range of 10-16 mA /cm?, which is attributable to the wider white rust
region. The wider the white rust region, the less uniform the composition by thickness is,
as shown in Figure 2i.
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Figure 2. The concentration profile along the thickness direction at varying SLS contents (g/L) at

pH 2.8; (a,b) 0, (c,d) 0.1, (e,£) 0.2, (gh) 0.5, and (i) 1.
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Under electroplating conditions with a current density of 10-18 mA/ cm?, the
Ni content exhibits non-uniform distribution, resulting in very low electrodeposition
compositions, as shown in Figure 2b,h. Both samples displayed holes and cracks on the
surface, causing plating solution ingress and sample contamination, which contributed
to the lower electrodeposition composition. The average sample thickness was measured
to be 10-11 um, and the amount of SLS content did not affect the thickness of the
sample. However, when comparing the current density, the average thicknesses were 9.6
and 11 pum for the current densities of 8-14 mA / cm? and 10-16 mA /cm?, respectively.
Thicker layers were fabricated at a relatively high current density due to the increased
Ni deposited in the samples. However, an increase in the amount of Ni deposited in
the samples results in thicker samples, and more Ni is detected in samples prepared
at relatively low current densities. This result is attributed to the fact that, although
the amount of nickel electrodeposited on the cathode is large, the density of the nickel
electrodeposition layer is low and the electrodeposition surface state changes irregularly,
resulting in a lower Ni composition than the low current density. In addition, the density
of the Ni electrodeposition layer was low, resulting in low composition uniformity under
high current density conditions. Moreover, the white rust occurs severely at high current
densities, attributed to the deteriorated density of the Ni electrodeposited layer causing
a rough surface. Similarly, the non-uniformity observed in the compositional profile of
the samples with severe white rust could be attributed to the degradation of the density
of the Ni electrodeposition layer. Consequently, a higher current density or increased
SLS content led to more severe white rust on the sample surface, accompanied by the
non-uniform Ni composition. This result is primarily due to the changes in the irregular
surface condition resulting from the decreased density of the nickel electrodeposition
layer [17].

Figure 3 shows the surface and compositional gradient of the samples at pH 2.4
using the same electroplating process. In comparison to the pH 2.8 condition, mild
white rust formed at current densities of 8-14 mA /cm?, and for the current densities of
10-16 mA/cm?, approximately 2 cm of white rust was observed from the edge to the
center. The white rust occurred on the sample surface as the amount of SLS content
increased at a current density of 8-14 mA/cm?. At pH 2.4, white rust did not form with
increasing SLS content, and the surface remained smooth. The composition by thickness
shows a uniform distribution and a small white rust region. Comparing the surface
conditions of the samples to high pH conditions, less white rust formed at a current
density of 8-14 mA /cm?. Increasing the amount of SLS content intensified the white
rust under low current density and high pH conditions but had no effect on bleaching
under high current density and low pH conditions.

Even at a current density of 10-16 mA/ cm?, a difference in white rust compared to
high pH conditions was evident, highlighting the influence of pH on the sample surface
despite the same current density and SLS content. In samples where the white rust did
not form, a uniform composition was measured. In Figure 3, a relatively white rust-
free surface was deposited on the sample at a current density of 814 mA /cm?, and the
sample was deposited with a clean surface without change despite the varying SLS content.
Additionally, in a sample deposited with a current density of 10-16 mA /cm? in Figure 1d,£h,
less white rust occurred, indicating that low pH conditions can further suppress the white
rust phenomenon. Regarding electrodeposition composition, overall, the samples have
higher Ni contents compared to 2 wt%, with the electrodeposition composition exceeding
30 wt% of Ni. This composition was higher than that observed at pH 2.8 conditions,
highlighting the higher composition levels at low pH.
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Figure 3. The concentration profile along the thickness direction at varying SLS contents (g/L) at
pH24; (a,b) 0.1, (c,d) 0.2, (e,f) 0.5, (gh) 1.
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In Figure 3, at pH 2.4, a homogeneous composition was obtained with a standard
deviation in composition in the thickness direction of 0.4 or less under all SLS addition
conditions. A mirror-grade surface was obtained at a current density of 8-14 mA /cm?, but
white rust appeared when the current density increased, which was minimally affected by
the amount of SLS content. With an increase in the amount of SLS content, no apparent
changes were observed in the sample, although the white rust area increased, and the
composition remained relatively stable, indicating that SLS has no effect on the sample at
pH 2.4. Under pH 2.4 conditions, the white rust on the sample surface can be suppressed
by the difference in current density, regardless of the amount of SLS content. Overall, the
amount of SLS added does not have a significant effect on the sample surface or composition
under low pH conditions. Samples with a clean surface without white rust exhibited a low
current density of 8-14 mA /cm?. At a current density of 10-16 mA /cm?, white rust formed
in some parts, and the uniformity of the composition did not deteriorate because whitening
did not occur throughout the sample. Increasing the amount of SLS content causes white
rust on the sample surface at pH 2.8. In this experiment, under a low current density of
8-14 mA /cm?, the white rust progressed from the edge of the sample to the center as the
amount of SLS content increased. Meanwhile, as the columnar structure growth progressed,
the Ni composition decreased by 2 wt% Ni. Therefore, increasing the amount of SLS added
decreases the Ni composition. Consequently, a more uniform composition was obtained
under the abovementioned conditions than at pH 2.8.

The EBSD results indicate that the samples containing nanosized grains were not
detected, and only a few grains were possibly detected. EBSD analysis of the samples is
shown in Figures 3a,b,g,h and 4. When the samples were fabricated with SLS contents of 1
and 2.5 g/L, similar results were observed, where either no meaningful results could be
obtained or only a few fine grains were measured. Therefore, the samples electroplated
at the highest and lowest amounts of SLS contents were compared. Although white rust
formed in the electroplated samples (Figure 3b,h), it can be assumed that the reason the
grain size was not measured in EBSD was due to causes other than white rust, related to the
columnar structure. This conclusion is drawn from the fact that, despite a similar shape to
the surface of the sample, as shown in Figure 1c, there is a difference in the EBSD analysis
results. If the phenomenon were solely due to white rust, the columnar structure should
have been visible, but since it is not, the white rust is attributed to other causes.

The relative change in specimen length (AL/Ly) was measured as a function of tem-
perature (T) and the CTEs of the electrodeposited samples is shown in Figure 5. The CTE,
«, was obtained by differentiation of AL/Ly with respect to temperature:

_d /AL
=)

As mentioned in the experimental procedures, the measurement conditions for CTE
were used by almost all the OLED FMM makers; therefore, the CTE values of the samples
are defined at 60 °C according to the OLED processing temperature. Although the absolute
values of the CTE are still higher than the expected value for the well-known Invar alloy,
it is sufficient for a relative comparison of the SLS contents for electrodeposition. From
our results at 60 °C, the sample without white rust, which was fabricated under the SLS
contents of 1 g/L at a current density of 8-14 mA /cm? and pH 2.4, shows the lowest CTE
value of 9.101 x 10~¢/°C among the samples. The highest CTE value of 9.851 x 107¢/°C
is for the sample with white rust overall, which was fabricated under the SLS contents of
0.1 g/L at a current density of 8-14 mA/cm? and pH 2.4. The difference between the CTE
values resulted from the microstructures. When the sample had nanostructured grains, it
presented a high CTE value. In addition, due to the sample having a low CTE value, it
contained columnar structures. The samples without white rust showed lower values of
9.101 x 10~%/°C, which is a 7.7% decrease compared to that of the samples with white
rust. From the results, electrodeposition without white rust has succeeded and additional
treatment for the absolute CTE value near zero will be carried out in future works.
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12
Fe-36wt%Ni -a
Fe-33wt%Ni -b
- - — —Fe-33wt%Ni -

10

CTE (x 10°%°C)
(=] o

6 ! | ! | ! | ! | ! |
0 50 100 150 200 250 300

Temperature (°C)

Figure 5. Thermal expansion behavior of the Fe-Ni alloys. CTE versus temperature at varying SLS
contents (g/L) at pH 2.4; (a) 0.1, (b,c) 1.
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4. Conclusions

The present study investigated how SLS added in electroplating can act as a surfactant
and alleviate the difference in surface tension between the plating solution and cathode.
The results focused on optimizing the electrodeposition process for manufacturing high-
resolution OLED displays with ultra-thin FMM by investigating the impact of SLS content
as a surfactant on the properties of electrodeposited Fe-Ni alloys.

(1) To compare whether the amount of SLS added affects the white rust phenomenon,
various electroplating conditions were used in combination with the current density
(8-14 and 10-16 mA /cm?) and pH (2.4 and 2.8).

(2) White rust formed on the surface of the sample depending on the amount of SLS
content under high pH conditions, and white rust appeared in different amounts de-
pending on the current density under low pH conditions. Under high pH conditions,
white rust is formed by a columnar structure, as identified through EBSD analysis. As
the SLS content increases, the columnar structure grows and the formation of white
rust increases. Under low pH conditions, the white rust is caused by nanograins
rather than columnar structure.

(8) The composition according to the difference in the amount of SLS content becomes less
uniform as the amount of SLS content increases under high pH conditions, which is
consistent with the deepening of the white rust, and the composition for the conditions
of 0.1 and 0.2 g/L of SLS addition excludes the electrodeposition composition. Under
low pH conditions, the composition was insignificantly changed depending on the
difference in the amount of SLS content, and a uniform composition was observed.

(4) The CTE of the electrodeposited sample without white rust is 9.652 x 107/°C that is
7.7% lower than that of the sample with white rust, due to the roughness, porosity
and Ni element evaporation.

Overall, the optimized conditions were observed at pH 2.4 and a current density of
814 mA /cm? with an SLS concentration of 1 g/L, which shows the lowest CTE values
of 9.101 x 107%/°C without white rust. This study makes a significant contribution
to the literature because this research contributes valuable insights into optimizing the
electrodeposition process for advanced OLED displays, offering potential advancements in
display technology.
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