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ABSTRACT
In this study, Al and Cr films were deposited onto steel substrates, and the film growth and microstructure were tracked. In the first set
of experiments, Al was directly deposited onto steel, and Cr films were then deposited on top of the formed Al films. In the second set of
experiments, it was vice versa; that is, Cr films were deposited onto the steel substrate, followed by Al film deposition. This technique was
aimed at controlling the reflection property of the steel substrate to enable using steel foils for flexible display fabrication. It was observed that
temperature significantly influenced grain formation and growth processes. When the temperature reached 550 ∘ C, segregation occurred in the
system where Cr contacted the steel, and Al was on the top layer. However, a similar phenomenon was not observed in the steel/Al/Cr system.
The reflection value significantly decreased from 92 to 5–7 %, owing to these segregations.
Keywords: Al, Cr thin film, Steel–metal interface, Grain growth, Agglomeration, Surface treatment

1. Introduction
Electronic devices have been extensively used in different areas.
In particular, devices with displays have attracted considerable attention. Therefore, the display industry has received significant investments, leading to several new and innovative technologies. Among
these technologies, organic light-emitting diode (OLED) displays exhibit excellent performance and have become critical players in the
market within a short period [1–3]. The next stage in evaluating electronic devices is the development of a flexible or rollable concept [4,5].
In this case, a flexible substrate is used instead of a rigid substrate, and
thus, it is possible to fabricate a truly flexible display. A substrate material suitable for electronic applications must satisfy several requirements, including high flexibility, high thermal stability, dimensional
stability (particularly at high temperatures), low water vapor, low oxygen transmission rate, and low surface roughness. Currently, three
main types of flexible substrates can satisfy these requirements: i) thin
metals, ii) ultrathin glass (UTG) [6, 7], and iii) plastics, such as polyimides [8, 9].
Each material has its peculiar advantages and disadvantages. Plastic substrates, particularly transparent plastic substrates, exhibit good
optical transmittance similar to that of thin glass, and they have good
flexibility; however, they possess poor dimensional stability, low process temperature, and weak chemical resistance. Their water and oxygen transmission rates are significantly high. UTG has excellent optical properties, very low water oxygen transmission rates, good chemical resistance, and excellent thermal and dimensional stability; however, it exhibits poor mechanical performance, that is, it is brittle. The
metal alloy, Invar, has high dimensional stability and flexibility, and

its mechanical properties are similar to those of stainless steel. Invar
has extremely low water and oxygen transmission rates. Invar foil is
highly attractive to the display industry as a substrate for fabricating
flexible display devices [10]. However, the metal substrate has poor
surface smoothness and is highly reflective.
During display fabrication, it is critical to optimize the optical performance of the display device to provide improved picture quality.
A major issue related to optical performance is the “color washing”
effect. Thus, an OLED display device contains pixels consisting of a
thin-film transistor, electrodes (cathodes and anodes), and an emissive layer. Top-emitting displays typically include a mirror (thin silver
film) layer under the anode layer to enhance emission in the output
direction. However, ambient light also passes through all layers and is
reflected by the mirror layer. This phenomenon significantly reduces
the contrast. Hence, the stack is thoroughly designed and optimized
to overcome this problem. Additionally, placing a circular polarizer
on top of the display stack causes the ambient light to become circularly polarized inside the device, for example, right-handed. Subsequently, the reflected light is cut off by the same polarizer. Despite its
outstanding optical performance, the polarizing film increases display
stack stiffness and decreases the device flexibility. In addition, it cuts
almost 50 % of light. Consequently, poll-less technology has been developed, in which the polarizer layer is replaced with a color filter and
a black matrix [11]. Poll-less reflection from the substrate is a critical
issue that needs to be addressed.
As explained above, the Invar foil exhibits excellent performance
and can be utilized as a high-end substrate for flexible display fabrication. However, the high reflection that may cause color deterioration
can be a limitation; hence, a method that overcomes this challenge is
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highly required from an industrial viewpoint. In this study, we developed a surface treatment method to solve steel substrate reflection. In
particular, the thin-film deposition technique was applied to modify
the surface composition and morphology. To change the surface composition, we selected metals that could form intermetallic compounds
with Invar, thus changing the reflection. The deposition conditions
were controlled to alter the surface morphology and decrease reflection.

2. Experimental details
The metallic films, that is, Al and Cr, were deposited using dual
sputtering equipment. The equipment had two target parts operated
using direct current (DC) and resonant frequency (RF) power: the
upper and lower electrodes, a vacuum chamber, a sample holder, and
a power controller. Al was deposited using DC, and Cr was deposited
using RF. The substrate steel was placed on the sample holder, and the
chamber was vacuumed to ~1 × 10−4 Torr. A DC power of 1000 W
and an RF of 300 W were applied to the electrode at room temperature
to form Al and Cr thin films, respectively. The distance between the
metal target and the substrate was 20 cm. The substrate was rotated
at 5 rpm to obtain a uniform coating. Under the selected conditions,
the estimated deposition rates of the Al and Cr layers were 4.5 and 1.7
Å/s, respectively.
We investigated two types of structures. For the first type, we first
deposited Cr onto the steel substrate and then deposited Al on top of
the Cr. The Cr and Al layer thicknesses were adjusted to 10 and 150
nm, respectively. For the second type, the Al (150 nm) film was first
deposited, followed by Cr film deposition (10 nm).
After depositing the films on the top of the substrates, the assembled components were heat-treated at 150, 350, and 550 ∘ C. For this
purpose, we used a rapid thermal annealing furnace. The heating rate
was 8.5 ∘ C/s. The samples were maintained at each target temperature for 20 min. After annealing, the furnace was switched off, and the
samples were cooled naturally.
The microstructures and film thicknesses of the deposited films
were evaluated using scanning electron microscopy (SEM, Carl Zeiss
Merlin, Germany). Atomic force microscopy (AFM, SPA-300HV SII,
Japan) was applied to scan the morphologies of the films and substrates. Sheet resistance was measured using the four-probe method
(MSTECH, Korea), surface reflection was measured using a spectrometer (JASCO, Japan).
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stable up to 280 ∘ C, from which it started to transform into bcc-FeCr.
Cr2 O3 was formed on top of the surface when the annealing temperature exceeded 450 ∘ C.
Thus, we expected that the formation of FeCr and chromium oxide might modify the surface properties. It can be expected that this
new property will be unchanged up to 450 ∘ C because no significant
variations in the phase state occur. However, when the annealing temperature exceeded 450 ∘ C, it was expected that the surface properties
would change significantly.
Furthermore, formations of intermetallic compounds, such as
Al7 Cr, Al4 Cr, Al11 Cr4 , AlCr, and AlCr2 , were expected [15]. The
composition of the formed intermetallic material depends on the ratio
of the metals. It can be assumed that Cr-rich intermetallic compounds
are formed closer to the interface. The gradual structure may enhance
diffusive scattering.
The SEM images of the Al/Cr/steel assembly are shown in Fig.
1. Figure 1(a) shows the reference substrate surface, and Fig. 1(b)
shows the as-deposited film. These types of morphology and crystalline structure were observed in our previous study, in which the
grain growth mechanism and the thickness effect of the film structure were demonstrated [13]. It was believed that the Al film deposition onto the metallic substrate occurred in three stages: i) condensation and nucleation, ii) coalescence, and iii) channeling. In the first
stage, nuclei were formed and grew to form primary grains. Next, secondary nucleation occurred, and an integral film was formed. These
two grains had different structures. It was estimated that film formation through this mechanism resulted in a cross-grained structure.
A similar structure was observed when Al was deposited onto Cr,
and the primary and secondary grains were well distinguished (Fig. 2).
It is expected that surface roughness will increase. We performed AFM
analyses of the Al/Cr thin film samples before and after deposition to
confirm this hypothesis (Fig. 3). Based on the results, the roughness
(RMS) values of the steel substrate were 11.4 nm before deposition but
increased up to 45.0 nm after Al/Cr film deposition.
As mentioned above, in Al/Cr and Cr/Fe systems, several intermetallic compounds are formed at different temperatures. Thus, the
formed interlayers may induce different effects on the reflection values. To verify this possibility, we measured the optical properties of

3. Results and discussion
It is well known that the growth, structure, and properties of a deposited thin film significantly depend on several factors such as (1)
the nature of the substrate, (2) substrate temperature, (3) deposition
rate, (4) contamination, and (5) presence of defects on the substrate
surface. In our previous study, we demonstrated that the performance
and properties of deposited Al thin films are significantly dependent
on the substrate type [12]. Depositing a 150 nm Al film yielded crystalline and cross-grained films. In another study, we observed that the
crystal size of the Al film depended on the film thickness, and crystallinity significantly influenced the optical properties. We estimated
that depositing a 100 nm Al film on a steel substrate increased the reflection from 60 to 90%. However, a further increase in the Al film
thickness resulted in decreased reflection (80%) because of the grain
growth and rough surface formation. Although some improvements
were observed, the remaining reflection was still significant [13].
To improve the optical performance, we added a thin Cr layer between the Al and steel.
Based on the phase diagram of the Fe-Cr binary system in the 1:1
ratio case, metastable σ-FeCr could be stabilized. The content of this
component could attain 60 wt% by mass [14]. The compound was
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Figure 1. SEM images of (a) reference substrate surface and (b) as-deposited
Al/Cr/steel film. The inset of (b) is an actual image of Al/Cr/steel.
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Figure 2. SEM image of Al/Cr/steel assembly.
Figure 4. Refection spectrum of steel substrate before deposition of Al/Cr layers
(reference) and after deposition (as-deposited), annealed at 150, 350, and 550 ∘ C.

Figure 3. AFM images of (a) steel substrate and (b) surface of Al/Cr/steel assembly.

the films. The reflection values of the samples are shown in Fig. 4. It
was observed that the reference substrate had approximately 60–75 %
reflection, whereas after Al/Cr layer deposition, the reflection reached
up to 90 %. Similar behavior was observed for the samples annealed at
350 ∘ C. However, the reflection significantly decreased when the annealing temperature reached 550 ∘ C. It is well known that the incident
light can be reflected in the specular direction or be diffusely scattered
independent of the incident direction. The former is predominant in
polished metallic surfaces, whereas rough surfaces reflect nearly all incident lights diffusely [16]. Surface roughness plays a key role in the
relative ratio of specular to diffuse reflectance. Theoretical models predicting this behavior have been established. One of the earliest and
most well-recognized models is the Torrance–Sparrow model, which
reflects a direct physical connection between a rough surface and its
visual appearance [17]. In this model, the reflectance is based on geometrical optics; therefore, the model is valid only when the surface is
rough (has sufficiently large facets) compared to the wavelength of the
incident radiation.
The grain sizes of the deposited thin films were similar in the wavelength range of visible light (Figs. 1 and 2). One can expect that the
contribution of diffusive reflection would increase; hence, the reflection value should be lower than that of the reflection of the reference
foil. Surprisingly, this was not the case. A phase diagram of each system must be considered to clarify this phenomenon. From the Al-Cr
phase diagram, no significant changes were observed when the temperature was below 650 ∘ C. When the temperature exceeded 650 ∘ C,
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Figure 5. SEM images (a) annealed at 150 ∘ C, (b) 350 ∘ C, and (c) 550 ∘ C. The insets
are the actual images of heat-treated Al/Cr/steel samples.

other compounds were formed. In our study, a new Cr-Al intermetallic layer was not formed when this system was annealed at temperatures lower than 650 ∘ C. Unlike the Al-Cr system, sedimentation
of Cr2 O3 and structural changes occurred in the Cr-Fe system when
the temperature exceeded 450 ∘ C. This transformation may have significantly decreased the reflection. Increasing the CrOx ratio in the
Cr-CrOx bilayer film decreases the reflection, and the reflection decreases to 3.82 % when the CrOx reaches 40 % [18].
To confirm the assumption that sedimentation is essential for decreasing reflection, we performed SEM analyses of the annealed samples (Fig. 5). Annealing at 350 ∘ C did not significantly influence the
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Figure 6. AFM images of the Al/Cr/Steel samples (a) as-deposited, (b) annealed
at 150 o C, (c) 350 o C, and (d) 550 o C.

morphology, but above 500 ∘ C, the morphology changed significantly.
The AFM analyses also supported this result, indicating that the surface morphology underwent significant changes when the annealing
temperature exceeded 500 ∘ C (Fig. 6). The AFM data for all the samples are listed in Table I. Samples annealed up to 350 ∘ C showed similar
roughness, but the Al/Cr/steel sample annealed above 550 ∘ C showed
considerably different roughness.
Table I. Roughness values of samples.

Al/Cr/Steel (as-deposited)
Al/Cr/Steel (annealed at 150 o C)
Al/Cr/Steel (annealed at 350 o C)
Al/Cr/Steel (annealed at 550 o C)
Cr/Al/Steel (as-deposited)
Cr/Al/Steel (annealed at 150 o C)
Cr/Al/Steel (annealed at 350 o C)
Cr/Al/Steel (annealed at 550 o C)
Steel substrate

RMS roughness (nm)
45
49.2
46.2
258.1
53.8
44.5
49.1
58.9
11.4
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Figure 7. Sheet resistance of Al/Cr/steel assembly before and after annealing.

A phenomenon was observed when the sheet resistance was measured. The sheet resistances of the thin films and reference substrate
are depicted in Fig. 7. The sheet resistance of the steel was 0.027 Ω⋅cm,
but when we deposited the thin film, the resistance increased up to 7
times and reached 0.178 Ω⋅cm. However, after annealing, the sheet
resistance decreased, and a higher annealing temperature decreased
the sheet resistance. For films annealed at 550 ∘ C, the sheet resistance
reached an initial value of approximately 0.027 Ω⋅cm.
The annealing temperature may directly influence the sheet resistance if the film contains a mixture of phases and the volume fraction of those phases changes with temperature [19]. It was expected
that increasing the temperature might change the composition of the
intermetallic compounds without significantly influencing the surface
morphology. When the temperature exceeded the sedimentation temperature, the sheet resistance attained its initial value.
In summary, the main factors influencing the reflection values are
i) the formation of Cr-Fe intermetallic compounds and ii) the sedimentation and formation of Cr2 O3 . To confirm this hypothesis, we
examined the reverse structure, that is, Al was deposited onto the steel
surface followed by Cr film deposition. In this case, there was no contact between Fe and Cr; hence, the formation of the Fe-Cr intermetallic

Figure 8. SEM (left) and AFM (right) images of (a) as-deposited Cr/Al/steel sample, annealed at (b) 150 ∘ C, (c) 350 ∘ C, and (d) 550 ∘ C.
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Figure 10. Refection spectrum of steel substrate before deposition of Cr/Al layers
(reference) and after deposition (as-deposited), annealed at 150, 350, and 550 ∘ C.

4. Conclusion

Figure 9. SEM images of Cr/Al/steel samples: (a) as-deposited and (b) annealed
at 350 ∘ C and (c) 550 ∘ C.

compound was excluded. Figure 8 shows the SEM images of the films
annealed at 150–550 ∘ C. No significant changes in morphology were
observed.
However, slight sedimentations/drops appeared on the surface of
the sample annealed at 550 ∘ C (Fig. 9). The morphology was similar
when the annealing temperature reached 350 ∘ C, but consolidation
and sedimentation were observed when the temperature reached 550
∘ C. These phenomena were expected to influence the optical properties. The reflection increased when a film was deposited onto top of
the steel substrate (Fig. 10). However, the increased values are significantly lower than when the Al film was on top. Thus, the reflection
was approximately 90 % when Al was on the outermost top layer, but
when Cr was the topmost layer, the reflection was 60–75 % (slightly
higher than that of the pure steel substrate, which is approximately 55
%). The same value was measured in [20] for Cr films.
Similar to the previous system, annealing decreased the reflection
values. Hence, the samples annealed at 550 ∘ C had decreased reflection values of 20–30 %, which could be attributed to the formed
chromium oxide layer. However, the reflection value was not as low
as that of the Al/Cr/steel system when intermetallic compounds were
formed (Fig. 4).

150

In this study, Al/Cr films were deposited onto steel to improve the
optical performance of steel substrates. In the first case, Cr was deposited onto the steel, and the Al film was deposited onto the top of
the Cr film. In the second case, Al was directly deposited onto the
steel, and a Cr film was formed on top of the Al film.
The Al film deposition on Cr/steel occurred in three stages. Consequently, well-formed primary grains and small secondary grains were
formed. The formation of these grains increased the roughness value
by approximately 40 %.
In the first case, when Cr and Al were deposited and the Al/Cr/steel
assembly was formed, the reflection value increased from 60 to 90 %.
However, the annealing of these samples at temperatures above 550
∘ C decreased the reflection value to 5–7 %. This behavior was linked
to the formation of intermetallic compounds and chromium oxide.
Thus, in the Cr-steel system, the formed sigma-FeCr was transformed
to bcc-FeCr when the annealing temperature exceeded 280 ∘ C. For annealing at 450 ∘ C, Cr2 O3 was formed, owing to Cr surface segregation.
Consequently, the reflection values decreased significantly.
In the second case, when Al was deposited onto the steel and then
a Cr film was formed on top of the Al, the reflection value increased by
approximately 20–30 %, reaching 75 %. Annealing at 550 ∘ C decreased
the reflection, but this decrease was insignificant compared to that of
the Al/Cr/steel system.
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