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a  b  s  t  r  a  c  t

In  this  study,  a  systematic  investigation  on  the  deposition  of  Cr–CrOx bi-layer  film  was  performed  by mag-
netron  DC  sputtering.  The  X-ray  photoelectron  spectrometer  (XPS)  examining  the  bare  Cr  film  showed
that  the  peaks  of  Cr  2P3/2 and  Cr 2P1/2 appeared  in  the  Cr thin  film  associated  with  the  presence  of  a
12  nm  oxide  layer.  The  transmission  was  reduced  to zero  as the  Cr  film  exceeded  100  nm  in  thickness.
eywords:
hromium thin films
ptical properties
puttering

The  reflection  saturated  at a value  of  ≈55%  when  the  thickness  of  the  Cr  film  reached  30  nm.  The  optical
density  exceeded  3.50  with  a  Cr film  thickness  over 150  nm.  In order  to reduce  the  reflection  of the  film  to
a  level  of  ≤4%,  a  Cr–CrOx bi-layer  thin  film  was  prepared.  Overall,  a Cr–CrOx bi-layer  film  with  the  Cr layer
130 nm  and the  CrOx layer  40 nm  in  thickness  reported  a  transmission  of  zero,  a reflection  of  3.82%  and
an  optical  density  of  4.04,  all  meeting  the  requirements  of  anti-reflection  black  matrix  (BM)  for  display
applications.
. Introduction

Both a pioneer and a mainstay in the flat panel display (FPD)
arket, liquid crystal display (LCD) has been confronting ever-

ntensifying competition from challengers like plasma display, field
mission display (FED), and organic light emitting diode (OLED).
CD makers are therefore working with great vitality to reduce
anufacturing cost and enhance productivity. A LCD panel con-

ists of two glass substrates: the CF (color filter) substrate and the
riving substrate. Color filter serves as a core component of LCD,
ccounting for 30% of the entire cost of a LCD module. It integrates
ayers of the three primary colors with a black matrix (BM) to help
he panel mix  a variety of colors. Color filter as an indispensable
CD component affects not only the color characteristics of the dis-
lay panel but also the contrast ratio, luminance, and reflections
n its surface properties. The quality of color filter plays a decisive
ole influencing the overall performance of LCD [1–3]. Black matrix,
n the other hand, comprises a functional film used to improve the
ontrast ratio of flat-panel displays due to the light-shading func-
ion for driving electrodes in thin film transistors and preventing
he inappropriate mixing of colorants in color filters [4].  Materials

sed currently in black matrix include Cr, its oxide/nitride com-
inations [5,6], and black carbon resin [7,8]. The characteristics of
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Chromic BM and anti-reflection chromic BM are summarized in
Table 1 [9–12].

After the use of hexavalent chromium in chromium electro-
plating was  found to induce cancer [13], alternative deposition
techniques have been developed, such as spray [14], ion plating
[15], sputtering [16], ion implantation [17], and trivalent chromium
plating [18]. Though few study have been reported in the liter-
ature regarding the Cr based [19] or its oxide/nitride multilayer
for use in BM,  such as CrOx–Cr for high-resolution color cathode-
ray tube application [16] and oxide–nitride combination layers
for color filter application [19], knowledge regarding the pro-
cessing/microstructure/property relations remains rare in open
literature [16,19]. In this paper, a systematic study on the prepa-
ration of Cr–CrOx bi-layer films was performed by magnetron DC
sputtering. Processing parameters of sputtering power and sputter-
ing time, and the effects of film thickness on the optical properties of
the Cr–CrOx bi-layer films were investigated and discussed through
X-ray diffractometer (XRD), XPS (Omicron Multiprobe Compact)
and optical characterizations.

2. Experimental

Cr films were deposited on glass substrates (EAGLE2000TM, Corning Incorpo-
rated) by D.C. magnetron sputtering (Kao Duen Technology Corporation, Taiwan)
of  a high purity chromium target (99.99%) in a chamber with a base pressure higher
than 7 × 10−6 Torr. Prior to the deposition, glass EAGLE2000TM with a dimension of
30  mm × 30 mm × 0.7 mm was  cleaned for 15 min  in an ultrasonic cleaner with a

solution consisting of acetone, methyl-alcohol and DI water and dried by a nitro-
gen  blower. The chromium target was characterized and reported a BCC structure
with a density of 7.19 g/cm3 (correspond to 99% of theoretical density) and an
average grain size of 108 �m. Films were sputtered onto glass substrates with-
out being heated, resulting in a deposition temperature of ∼80 ◦C (measured using

dx.doi.org/10.1016/j.jallcom.2011.08.052
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Table  1
Characteristics of chromic BM and anti-reflection chromic BM.

Categories Chromic BM Anti-reflection
chromic BM

Material Cr CrOx–Cr
Method of pattern formation Etching Etching
Thickness of thin film 0.13 0.17
O.D.  >3.5 >4
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Reflection 50–60% ≤4%
Line accuracy rate ±0.2 �m ±0.2 �m

hermocouple under the glass substrate). D.C. power for the sputtering varied from
0  W to 100 W,  and the working gas was maintained at 5 × 10−3 Torr for sputtering
he  films. Atmosphere effects including pressure and composition on the film char-
cteristics were studied and optimized. Pure argon was used to deposit the Cr films.
ifferent ratios of the argon and oxygen mixture were pioneered for depositing CrOx

lms and the ratio of 1:1 was chosen in this study after examining the efficiency of
he  CrOx formation. The argon and oxygen gases used in deposition have a purity of
t  least 99.99%. Prior to deposition, the target was sputter-cleaned for at least 10 h.

Crystallographic evolution of the films was  examined and crystallized phases
dentified by a thin film XRD (Rigaku D/max-B) with monochromatic Cu K  ̨ radia-
ion. Microstructural analyses were performed by a field emission scanning electron

icroscope (FESEM, HITACHI S-4700). The film thickness of the films was measured
sing FESEM and thereafter the deposition rates were determined. Composition
rofiles and chemical states of the elements were analyzed using a XPS. The optical
roperties were measured by UV–vis spectrophotometers (LAMBDA 900).

. Results and discussion

.1. Characteristics of Cr thin film

Cr thin films deposited at various DC powers were examined by
RD, and the results are shown in Fig. 1. The film was amorphous
hen deposited at a sputtering power of 10 W while well crystalline
r thin film characterized with Cr {1 1 0} peak emerged in the XRD
atterns at the sputtering powers of 30, 50, 80, and 100 W.  The

ntensities of the {1 1 0} peak were found to slightly depend on the
puttering power. The peak position shifted to a small angle as the
puttering power above 50 W due to residual stress. Fig. 2 shows
he cross-section SEM micrograph of Cr thin films deposited at the
puttering powers of 100 and 50 W for 10 min. As indicated, films
ith a smooth surface and columnar grains perpendicular to the
lass substrate were obtained in this study, except the amorphous
lm obtained at the sputtering powder of 10 W.  The porosity on the
lm surface and the roughness of the films seem to increases with
puttering power. The deposition rates of the Cr thin films at the

ig. 1. X-ray diffraction patterns of Cr thin film deposited at sputtering powers of
0,  30, 50, 80, and 100 W.
Fig. 2. Cross-section SEM micrograph of Cr thin films deposited at sputtering powers
of  (a) 50 W and (b) 100 W for 10 min.

sputtering powers of 10, 30, 50, 80, and 100 W were calculated to
be 9, 35, 45, 73, and 88 nm/min, respectively.

Fig. 3(a) and (b) shows the XPS spectra of the Cr thin film
deposited at a sputtering power of 100 W before and after sputter-
etching. The XPS spectra were excited by monochromatized Al
K  ̨ radiation (h� = 1486.6 eV). During XPS measurements, the
specimens were first sputtered with Ar ions to remove surface con-
tamination or surface oxidation. Fig. 4 presents the elemental depth
profiles of the Cr thin film obtained from the XPS analysis for differ-
ent etching time. Curve-fitted by the least-squares method using
the Gaussian–Lorentzian envelope (red line in the figure), the Cr
thin films before sputter-etching was observed to be characterized
with four peaks in the XPS spectra [Fig. 3(a)], which correspond to
four different chemical species including metallic chromium (574.3
and 284.2 eV), Cr2O3 (586.3 eV), and oxidic or hydroxydic Cr (Cr2O3,
Cr(OH)3, CrO(OH), 276.3–578.3 eV) [20–22].(For interpretation of
the references to color in this text, the reader is referred to the web
version of the article.) While only the peaks of Cr 2P3/2 and Cr 2P1/2
appeared in the Cr film after sputter-etching, it is evident from the
XPS analysis that a thin chromium-oxide layer is present on the sur-
face of the Cr thin film due to oxygen absorption as the Cr thin film
was  exposed to atmosphere. The oxide layer stabilized at a thick-
ness of ≈12 nm based on the results shown in Fig. 4. Thanks to its
dense and inert nature, the chromium-oxide layer on the surface of
the Cr thin film acted as a protection layer against further oxidation
of Cr.

A sputtering power of 30 W was  then selected for the deposi-
tions of the Cr thin film to characterize its optical properties. Fig. 5

shows the optical transmittance, reflective spectra and optical den-
sity spectra of the Cr thin films with thickness range of 0–500 nm,
measured at a light wavelength of 550 nm.  The optical proper-
ties of Cr films were immediately measured after the films being
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Fig. 3. XPS spectra of the Cr thin film deposited at sputtering power of 100 W (a)
before and (b) after sputter-etching.

Fig. 4. Elemental depth profiles of Cr thin film obtained from XPS analysis for dif-
ferent etching time.
Fig. 5. (a) Optical transmittance and reflection spectra and (b) optical density spec-
tra  of Cr thin films vs. film thickness, deposited at a sputtering power of 30 W and
measured at a light wavelength of 550 nm.

deposited and the samples were consequently stored in the vacu-
umed desiccators. The native layer with limited thickness seemed
not to place a significant effect on the optical properties. The bare
glass substrate reported a transmission of 92% that plummeted to
14.05% when, on top of the substrate, a 15 nm Cr thin film was
deposited and exhibited metallic luster. The transmission dropped
further to 2.05% as the film thickness increased to 50 nm and sank
slowly to zero when the thickness of the Cr thin film exceeded
100 nm [Fig. 5(a)]. The reflection of the Cr thin film increased with
its thickness up to 30 nm.  Hitting 50% when the film thickness read
a relatively thin 15 nm,  the reflection saturated at a value of ≈55%
as the thickness of the Cr thin film reached 30 nm and then stayed
virtually constant in spite of further increase in film thickness. The
reflection of chromium metal is lower than those of other metals,
making it compatible with the use as a shading layer. The optical
density (O.D.) can be calculated according to the Beer–Lambert Law
of O.D. = −ln(1/T), in which T corresponds to the transmittance of
the films [4],  and the results are shown in Fig. 5(b). The optical
density registered an obvious increase with film thickness, rang-
ing from 0.85 to 5.07 as the film thickness rose from 15 nm to
500 nm.  The value reached 3.5 when the thickness of the Cr thin
film approached 150 nm,  meeting the criteria for shading layer
specification (Table 1).
3.2. Characteristics of the Cr–CrOx bi-layer films

In order to further reduce the reflection of the Cr thin film,
a Cr–CrOx bi-layer thin film was fabricated for application in
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ig. 6. Cross-section SEM micrograph of Cr–CrOx bi-layer film (Cr thin film deposited
t  a sputtering power of 30 W and under pure Ar atmosphere; and CrOx at a sput-
ering power of 100 W and under a mixture of argon and oxygen (1:1)).

nti-reflection BM.  Deposition of Cr thin film was performed at
 sputtering power of 30 W and under pure Ar atmosphere. The
ominal thickness of the Cr film is set at 130 nm.  Chromium oxide

n various thicknesses ranging from 20 to 100 nm was  deposited

n the top of the Cr thin film at a sputtering power of 100 W and
nder an atmosphere of Ar and O2 mixture (1:1). The deposition
ate of the CrOx was determined to be 21 nm/min. Fig. 6 shows
he typical cross-section SEM micrograph of the Cr–CrOx bi-layer

ig. 7. (a) Optical transmittance and reflection and (b) optical density as function
f  CrOx thickness in Cr–CrOx bi-layer thin film (thickness of Cr thin film ≈130 nm).
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film, which indicates a relatively smooth and uniform interface
and surface. As indicated in the SEM micrograph, Cr films with
columnar grains perpendicular to the glass substrate and granu-
lar CrOx layer adjacent to the Cr film were obtained in this study.
The surface roughness of the bilayer films ranging from 1.47 nm
to 2.67 nm.  The oxide layer deposited served as a barrier layer to
avoid additional oxidation, which allowed us to modify the opti-
cal properties by monitoring the thicknesses of the Cr and CrOx

films.
Fig. 7(a) and (b) shows respectively the optical transmittance,

reflection and optical density of the Cr–CrOx bi-layer thin film as a
function of CrOx thickness with the Cr thin film reporting a thick-
ness of 130 nm.  As indicated by previous results, the transmission of
the single Cr thin film read zero as its thickness approached 100 nm.
It was  thus expected that the Cr–CrOx thin film was not light trans-
parent [Fig. 7(a)]. The reflection of the Cr–CrOx thin film appeared
to be strongly dependent on the thickness of the deposited CrOx

layer, decreasing from the bare Cr film with a 59% transmission to
the Cr–CrOx bi-layer film with 40 nm of CrOx having a 3.82% trans-
mission; the transmission then turned around and increased with
the thickness of the CrOx film. This is due to the well known effect
of destructive interference, which is dependent on the wavelength
of light. If the thickness of CrOx is equal to a quarter-wavelength of
the incident light (550 nm)  and if the light strikes the film at nor-
mal  incidence, the reflected waves will be completely out of phase
and will destructively interfere. The optical density of the Cr–CrOx

bi-layer film read ≈4 [Fig. 7(b)], regardless to the thickness of the
CrOx layer. On the whole, a Cr–CrOx bi-layer film with the Cr film
130 nm and the CrOx film 40 nm in thickness reported a transmis-
sion of zero, a reflection of 3.82% and an optical density of 4.04, all
meeting the requirements of anti-reflection chromic BM.

4. Summary

In this study, a systematic investigation on the preparation of
Cr and CrOx bi-layer film was  performed by magnetron DC sputter-
ing. The processing parameters and the effects of film thickness on
the optical properties of the Cr–CrOx bi-layer films were examined
and discussed through XRD, XPS and optical characterization. XPS
results confirmed the presence of a 12 nm oxide layer in the bare
Cr-film due to absorption in the atmosphere. A Cr–CrOx bi-layer
film with the Cr film 130 nm and the CrOx film 40 nm in thickness
reported a transmission of zero, a reflection of 3.82% and an optical
density of 4.04, qualifying the film for use in anti-reflection chromic
BM.
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