Tuned Optical Reflection Characteristics
of Chemically-Treated Ti Substrates

Titanium foils for use in photoelectrochemical devices are
treated with a HNOs-HF solution. Afier this treatment, the
optical reflection characteristics of the Ti substrates are
markedly increased in terms of not only reflectivity but also
optimized wavelength. Furthermore, the “multiple beam
interference” theory and optical analysis of surface
morphologies clearly verify the origin of the optimized optical
reflection properties.
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I. Introduction

TiO, on mad subdraes dlows for dedrable
photoelectrochemical devices, such as photovoltaic cdls [1]
and photocatdytic water salitting systems [2]. Particularly, the
anatase form TiO, on Ti subgratesis preferred, dueto its high
efficiency, low cog, chemicd inertness, and photostability [3].
Regarding optical wavelength, different photod ectrochemica
devices utilize different ranges. For example, an anatase form
TiO,-based photocataytic water splitting system generates the
€/h" precursor only with ultraviolet (UV) light (< 387.5 nm),
rendering the use of solar irradiation inefficient [4]. On the
other hand, a dye-senstized solar cdl (DSSC), a kind of
photod ectrochemica device, produces a current using visble
light. A considerable amount of visible light transmits the dye-
coated TiO, dectrode to generate the current in the DSSC
sysgem without causng an eectron-generaing reaction.
Neverthdess, the performance of each device will significantly
increase if the subdrate reflects the tranamitted light of the
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available wavelength well, because the light that is not utilized
in the energy converson process is reflected rather than
absorbed [5]. In ddtall, if the subdtrate were to reflect the UV
light or visble light well, it would be hdpful to the anatase
form TiO,-based photocatdytic water Solitting system or the
DSSC, respectively. To strengthen the utilization of tranamitted
light, Poullou and others proposed an dectrochemica method
that usesthe Ti subdtrates for multiple reflection [5]. However,
the cavity for multiple reflection was formed by complicated
processes, and the wavelength of the reflected light was not
controlled in that structure. In the case of a DSSC, a bi-layer
gructure of TiO, was proposed for the use of transmitted light,
including a 20-nm-sized photoactive layer and a 400-nm-sized
scattering layer [6]. However, the light is illuminated from a
counter dectrode, that is, back illumination, in the DSSCs
based on the TiO, on metd subdtrates [7]. The light-scattering
layer should be located between 20-nm-sized TiO, particles
and metd subdtrates accordingly. However, this gructure
causes poor adheson of the scatering layer to the metd
aubgrate because of the rdativey large partide sze of the
scatering layer. The opticd reflection characteridtics of the
subdrates, therefore, could be very sgnificant in the DSSCs
with the back illumination sysgem. In the present study, we
report that acid treetment of the Ti subdrates for the
nanocrygaline-TiO, photod ectrode significantly improves the
optical reflection characterigticsin terms of not only reflectivity
but a so optimized wavelength.

I1. Experimentation
Preparation. Prior to chemicd trestment, the surfaces of the

Ti falls (Goodfdlow, 0.1 mm thickness) are deaned in both
acetone and deionized water and then the substrates are
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Fig. 1. Cross-sectional STEM images of (&) nontrested and (b)
HNO;-HF-treated Ti substrate after thermal annealing.

subjected to a chemicd treatment ina 0.8 M ~ 3.5 M HNOs-
HF solution for three minutes, followed by another ultrasonic
cleaning process. Among severd metd-oxidation methods [8],
therma anneding a 550°C under an ar amosphere is
peformed for the oxidization of theTi fail.

Characterization. The microgructures of the Ti subdrates
are ingpected using scanning transmission eectron microscopy
(STEM) (Hitachi, HD2300A). Ogptica reflectance and color
vaiaions are identified usng UV-VIS-NIR spectrophotometers
combined with an integrated sphere (Varian, Cary 100 &
DRA-CA-300) and a microlens sysem (Canon, EF 100 mm).
The roughness factors and incident light angle of the subgtrates
ae opticdly identified with a scanning white light
interferometer (Zygo, Newview7300).

I1l. Resultsand Discusson

Ti isresigant to corrosion in many acidic solutions. However,
hydrofluoric acid dissolves Ti, according to reection (1) [9):

Ti + 3HF > Ti*" +3/2H,+ 3F. )

To avoid the formation of hydride, a solution of HNOs-HF,
rather than HF done, isused. Figures 1(a) and 1(b) respectively
show crosssectiona STEM imeages of nontrested and HF
HNOx-trested Ti surfaces after therma annedling. Asshownin
Fg. 1(8), anontreated Ti subdtrate consigts of three parts that is,
@ thermaly oxidized Ti (ca 100 nm), @ fine-grained
disordered Ti, and (3 normd-grained Ti. The fine-grained
disordered Ti layer a the outermost surface of the nontreated Ti
ubdrae ocould be atributed to the thermomechenicd
manufacturing process [10]. In contragt, a more uniform and
thinner thermely oxidized Ti layer (ca<50 nm) isexhibited ina
HNOs-HFtreated Ti substrate. This means that the trestment of
the Ti subdrate both diminates the fine-grained disordered Ti
layer a the outermogt surface and afectsthe surface morphol ogy
and charactteridics of thethermaly oxidized layer [11].
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Fig. 2. Optical reflectance of Ti substrates (@) before and (b) after
thermal oxidation. (c) Photographes of Ti substrates after
thermal oxidation: (D nontreated and trested in 2 0.8 M
HNOs-HF, 3 24M HNOs-HF, and @ 35M HNOs-HF.

The HNOs-HF trestment combined with subsequent thermd
annedling condderably dtersthe optica reflection properties of
the Ti subdrates in tarms of reflectivity and optimized
wavelength. Figures 2(a) and 2(b) respectively show the optica
reflecion of the Ti subdrates with the UV-VISNIR
goectrophotometers before and after thermd oxidation a
550°C. Although, the optical reflectivity a metd surfaces could
be very high [12], the nontrested Ti subdtrate exhibits a poor
reflection characterigic, as shown in Fg 2(a). However,
chemicd trestment of the Ti subdrates usng a HNOs-HF
solution, regardiess of the solution composition, enhances the
reflectivity of the Ti subgtrates before thermd annedling. The
enhanced opticd reflectance in the HNOs-HF-tregted Ti
subgtrate could be attributed to the dimination of the fine-
grained disordered region (Fig. 1), consdering that the optical
properties of solids are dosdy rdated to the sSze of the grain
boundaries or to the degree of crysdlinity [13].

After annedling at 550°C, more dramatic variations of optica
reflection behavior, depending on the composition of the
HNOs-HF solution, are obsarved in the HNOs-HF-treated Ti
subgrate (Fig. 2(b)). In addition, the postions of minima
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Fig. 3. Zygo images of HNOs-HF-treated Ti surface after therma annealing at 550°C for 30 min. Solution compositions were (a) 0.8 M

HNO4-HF, (b) 2.4 M HNO3-HF, and (c) 3.5 M HNOs-HF.

reflectance, that is maximd absorbance, dso shift from
463 nm, 694 nm, and > 800 nm. These variations of the optica
properties in the vidgble light range aso produce the diverse
colorsshownin Fg. 2(c).

According to [14], [15], the color varidion of Ti passve
films originates from interference (iridescence) of the reflected
light from thin transparent oxides and the light reflected at the
inner metd surface. Airy developed the multiple beam
interference theory to explain these phenomena [16]. In
addition, absorption or reflection by a range of wavdengths,
rather than a single wavelength, is atributed to the nonuniform
thickness of the oxide layer [12], [14]. Compared with the
HNO;-HFtrested Ti substrates (Fig. 1(b)), the thickness of the
oxide layer of the nontreated Ti substrates is much greater and
more vaiadle (Fig. 1(a), irrespective of the same oxidation
condition. This thick and nonuniform oxide layer of the
nontrested Ti subdrate might result from the uneven
digribution of the fine-grained disordered section a the
outermost surface because development of the oxide layer is
more pronounced at the disordered layer [17]. Thus, the low
and flat reflection behavior of the nontrested Ti subdtrates efter
thermd annedling is attributed to the nonuniform thickness of
the oxide layer and the inferior optica reflectance a the inner
metal surface [11]. However, the optical characteridics of the
HNOsHFtreated Ti subdtrates vary with the solution
compostion, though dl of the fine-grained disordered regions
are completely removed and oxide layers form under the same
oxidation conditions, that is, 550°C (Fig. 1(b)). This variaion
with different solution compositions could be atributed to the
morphologica changes as can be verified by the discusson
given bdow. The phase lag ¢ is dosdy rdaed to both the
thickness of the oxide layer and theincident light angle [18]:

o= % 2nd cosg, @

where ¢ istheincident light angle, » isthe refractiveindex, and
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Table 1. As function of solution composition, morphological

properties of HNOs-HF-treated Ti surface after thermal
annedling at 550°C for 30 min.

(um)
5, Roughness factors
pv? RMS? Ra’
0.8 M HNOz-HF 7.248 1.198 0.937
2.4 M HNOs-HF 4.263 0.527 0.385
3.5M HNOs-HF 2.805 0.371 0.300

a) maximum peak-to-valley height, b) root-mean-square roughness, c) arithmetical
average roughness.

d isthe disance between the surfaces, thet is, the thickness of
the oxide layer in this sudy. The morphologica variations of
the Ti subdrates are opticaly analyzed using a scanning white
light interferometer (Zygo).

FHaure 3 shows the surface morphologies and Table 1
ummarizes the roughness factors of the Ti subdretes trested
with amixtureof (8) 0.8 M HNOs-HF, (b) 24 M HNOs-HF, and
(¢) 35 M HNOs-HF and subsequent thermad annedling at 550°C.
Figure 4(a) exhibits the digtribution of the indination angle
treated with various compositions of a HNOs-HF solution on
the Ti subgtrate. The most dominant inclination angles of the
trested Ti subgrates, which are equa to the most dominant
incident light angles, as depicted in Fg. 4(b), are 2.80°, 3.76°,
and 9.89°. Theirregular morphologies of the subgrates make it
difficult to derive any exact rdaionship. However, & the
higher HNO; concentration, the roughness of the Ti subdrates
decline, which isindicative of areduction in the incident light
angle. Ddlplancke and others reported that the most strongly
absorbed wavdength is affected by the oxidefilm thickness
[15]. However, because the oxidation condition is congant in
the present study, we condude that varigtions in the incident
light angle, rather than the oxide-layer thickness, explain the
shift in the most srongly absorbed wavdength thet is observed
when the HNO; concentration is changed.
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Fig. 4. (8) Digtribution of inclination angle (incident light angle)
of Ti subgrates treated with various compositions of
HNO;-HF solution and (b) concept of inclination angle.

IV. Concluson

In summary, we introduced a very smple but highly-
effective surface-treatment method of Ti substrates for use in
photodectrochemical  devices, such as photovdltac cdls,
including DSSCs and a photocataytic water splitting system.
By virtue of the proposed HNOs-HF treatment, the reflectivity
of the Ti subgtrate was sgnificantly increased. In addition, the
reflected wavdength of thermally annedled Ti subdtrates was
optimized, that is, high reflectivity was obtained in the UV or
vishle region according to the solution compostions
Furthermore, the “multiple beam interference’ theory and
opticad andysis of surface morphologies dearly confirmed that
the origin of the optimized optica reflection properties of
HNOs-HFtrested Ti subdtrates are attributed to the varied
inclination angles of the substrates.
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