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The  effect  of  hydroxyl  radicals  (OH)  and  thermal  annealing  on  an  amorphous  InGaZnO4 (aIGZO)  film  sur-
face  was  investigated  for manipulation  of DNA  immobilization.  X-ray  photoemission  and  fluorescence
measurements  were  conducted  to reveal  the  status  of surface  OH coverage  and  DNA  immobilization,
respectively.  Systematic  examinations  concerning  OH termination  on  the  film  surface  suggested  that  the
surface coverage  of  OH  leveling  DNA  immobilization  was related  to  the  local  surface  potential.  Further-
more,  OH  affinity  on the aIGZO  film  surface  was  sensitive  to thermal  annealing.  A remarkable  change  in
NA immobilization
morphous InGaZnO4

iosensor
luorescence
hermal annealing

surface  OH  coverage  was observed  for the film  surface  annealed  at high  temperature.  This behavior  was
framed  by  a structural  change  from  amorphous  to crystalline  state,  which  regulated  DNA immobiliza-
tion.  These  results  indicate  that  the OH  affinity  on aIGZO  films  is  dependent  on structural  properties  such
as  defects.  This study  suggests  that an  amorphous  structure  is critical  for  obtaining  a  high  OH surface
coverage  governing  DNA immobilization,  and  is  hence  more  suitable  for biosensing.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Transparent oxide semiconductors (TOS) such as ZnO and In2O3
ave received much attention in sensing applications for their
igh flexibility and visible transparency [1–4]. In particular, the
isible transparency of TOS enables optical monitoring of biolog-
cal and chemical reaction dynamics occurring on film surfaces,

hich can be further applied to electrical detection [5,6]. Among
xide semiconductors, amorphous InGaZnO (aIGZO) has attracted
onsiderable attention for optoelectronics, including field-effect
ransistors and liquid crystal displays [7,8], because of its superior
lectron mobility and environmental and thermal stability [9,10].
hese practical properties of aIGZO show great promise for biolog-
cal applications.

We  have previously reported that aIGZO can be a good biosens-

ng candidate for its high DNA absorption affinity. In addition, its
igh DNA affinity has been shown to be directly related to its high
ffinity for hydroxyl radicals (OH) on the surface [11]. Moreover,

Abbreviations: ssDNA, single-stranded deoxyribonucleic acid; aIGZO, amor-
hous indium gallium zinc oxide; XPS, X-ray photoelectron spectroscopy.
∗ Corresponding author. Tel.: +81 35841 1870; fax: +81 35841 1870.

E-mail address: sundali@bioxide.t.u-tokyo.ac.jp (D. Sun).

ttp://dx.doi.org/10.1016/j.colsurfb.2015.04.024
927-7765/© 2015 Elsevier B.V. All rights reserved.
control of the oxygen atmosphere during film growth is also a
critical factor for carrier tunability [10,12], and we have clarified
that DNA immobilization on aIGZO films is affected by oxygen
pressure during film growth, because the OH affinity on the film
surface can be controlled by regulating the oxygen ambiance
during film growth. Thereby, oxygen ambiance during film growth
can be an operable factor to achieve DNA immobilization control.
In this study, we evaluated additional controllable factors for
DNA immobilization on an aIGZO thin film surface, which may
be easily applied after film growth. We  first examined the DNA
immobilization tunability through OH treatment with various
NaOH concentrations. DNA immobilization showed significant
dependence on the OH concentration used in surface modification.

In addition to oxygen-ambient and OH treatment control, ther-
mal  annealing after film growth has been proposed as a method for
achieving control of OH affinity on an aIGZO film surface. Thermal
annealing is commonly employed to improve optical, electrical,
structural, and morphological properties as a consequence of
enhancement in film crystal quality [13–18]. In particular, thermal
annealing on an oxide-based film is known to play an important

role in reducing oxygen vacancies in the host [19]. The aIGZO
film is also sensitive to thermal treatment, which improves crys-
tallinity and reduces electron traps near the conduction band [10].
Accordingly, we  expected that thermal annealing on the aIGZO

dx.doi.org/10.1016/j.colsurfb.2015.04.024
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2015.04.024&domain=pdf
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1 s B: Biointerfaces 130 (2015) 119–125

fi
t
T
t

b
fi
D
i
[
(
d
u
s
w
l
i
w
a
n
s

2

2

c
w
a
T
h
J
c

2

s
t
i
o
fi
3
R
t

2

i
t
c
t
o
fi
f
a
J
a

2

a
h

20 D. Sun et al. / Colloids and Surface

lm would also have an influence on DNA immobilization on
he film surface, similar to its effect on oxygen-ambient control.
herefore, we also investigated the role of thermal annealing on
he aIGZO film surface for DNA immobilization.

Single-stranded DNA (ssDNA) immobilization was employed,
ecause ssDNA is usually used as the primary probe for the very
rst step in complex biological reactions such as DNA–protein and
NA–protein–ion bindings. In these reactions, a fluorescence label

s selected to identify DNA immobilized on an aIGZO film surface
20]. In addition, we employed X-ray photoelectron spectroscopy
XPS), which is a well-established surface-sensitive method for
etecting OH groups present on an aIGZO film surface [21]. We  eval-
ated the OH-attaching mechanism on aIGZO film surfaces through
ystematic examinations of XPS and fluorescence measurements,
hich further supported the relationship between DNA immobi-

ization and thermal annealing. The manipulation methods of DNA
mmobilization on aIGZO film surfaces introduced in this paper

ill contribute to extending biosensor device research based on
IGZO films with visible transparency. This work thus provides
ew information concerning DNA immobilization on aIGZO film
urfaces.

. Experimental

.1. Material and reagents

High-performance liquid chromatography-purified oligonu-
leotides were purchased from Sigma–Aldrich Japan (Tokyo, Japan)
ith the following base sequence (thrombin-binding aptamer [22])

nd a FAM fluorescent label at the 5′ end: 5′-TTT TTT GGT TGG
GT GGT TGG-3′. (3-Aminopropyl) trimethoxysilane (APS), sodium
ydroxide, and acetone were obtained from Wako Co. Ltd. (Tokyo,

apan). All other chemicals used, unless otherwise stated, were pur-
hased from Wako.

.2. Film fabrication

aIGZO films with a thickness of 200 nm were deposited on Al2O3
ubstrates using radio-frequency magnetron sputtering at room
emperature of 25 ◦C [23,24]. Sintered InGaZnO4 targets were used
n an Ar–O2-mixed atmosphere of 6 × 10−1 Pa. Thermal annealing
f the aIGZO films was performed as follows. As-fabricated aIGZO
lms were thermally treated at different temperatures (100 ◦C,
00 ◦C, 500 ◦C, and 700 ◦C) for 6 h in air. X-ray diffraction (XRD;
igaku, Tokyo, Japan) with Cu K� radiation was used to examine
he structural quality of the obtained films.

.3. Surface pretreatment

The aIGZO films deposited on Al2O3 substrates were ultrason-
cally cleaned in an acetone solution for 3 min, and then washed
wice in deionized (DI) water for 15 min. The rinsed films were
hemically treated with NaOH solutions of different concentra-
ions for 2 h, and were then submerged into an aqueous solution
f 0.2% APS for 10 min  [25]. The status of OH attached on the aIGZO
lm surfaces was determined from the core-level spectra of O (1s)

rom XPS equipped with a monochromatized Al K� source and
 JPS-9010MC photoelectron spectrometer (JEOL Co. Ltd., Tokyo,
apan). All spectra were calibrated using an Au 4f5/2 peak taken
t 87.5 eV.

.4. DNA denaturation and absorption
Double-stranded DNA (dsDNA) dissolved in DI water was  stored
t 4 ◦C in the dark before the experiments. ssDNA was obtained by
eat treatment of a dsDNA solution at 94 ◦C for 5 min, followed by
Fig. 1. Schematic figure for the immobilization process of DNA.

rapid cooling in an ice bath [26]. ssDNA solutions with different con-
centrations were dropped onto the pre-treated aIGZO film surfaces,
and then incubated at 4 ◦C for 12 h with constant humidity. Finally,
all films were rinsed three times in DI water and air-dried. DNA
immobilization on the aIGZO film surfaces was  confirmed using a
fluorescence variable-mode imager (GE Co. Ltd., Tokyo, Japan).

3. Result and discussion

3.1. Effect of OH concentration on DNA immobilization

The correlation between OH ion concentration and DNA immo-
bilization on the aIGZO film was  investigated using film samples
treated with NaOH solutions at various concentrations. As shown
in the scheme in Fig. 1, the aIGZO films were dipped into solutions
at different NaOH concentrations for OH attachment on the film
surfaces. Subsequently, APS linkers were bonded to fluorescence-
labeled DNA on the basis of a physical absorption process [25].
The fluorescence label was  employed as an indicator to evaluate
DNA immobilization. Fig. 2 shows the correlation between fluores-
cence intensity and NaOH concentration. There was no significant
difference in fluorescence intensity at low concentrations, below
2 mM (Fig. 2(a)), which is due to the detection limit of the flo-
rescence imager. By contrast, fluorescence intensity systematically
increased with NaOH concentrations above 2 mM (Fig. 2(a) and (b)),
revealing the correlation between fluorescence intensity and NaOH
concentration. This result demonstrates that the OH ion concen-
tration used in surface treatment can be a controllable factor for
DNA immobilization on an aIGZO film surface. The key principle

in the DNA immobilization was  derived from the OH coverage effi-
ciency on the aIGZO film surface, which is described in the following
section.
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Fig. 2. Fluorescence intensity (mean ± SD, n = 100) and images of aIGZO films
treated in NaOH solutions at various concentrations. (a) NaOH concentrations of
0  mM,  0.2 mM,  2 mM,  20 mM,  and 200 mM.  (b) NaOH concentrations of 100 mM,
120 mM,  140 mM,  160 mM,  and 180 mM.  The fluorescence intensity corresponds to
100  pixels.

Fig. 3. Narrow XPS spectra at the O (1s) core-level peak on aIGZO films treated in NaOH
components was  achieved with a Gaussian function. Peak positions of 527 eV and 529 eV
indicate raw data from XPS measurements. The short dashed lines indicate fitted curves
component. The gray solid lines indicate the cumulative fitted curves by the O2− and OH−
iointerfaces 130 (2015) 119–125 121

3.2. Attachment of surface OH group and NaOH concentration

Alkali solutions containing OH ions have commonly been used
to obtain OH-terminated surfaces [2,25]. These solutions confer the
surface with OH termination to increase the surface hydrophobic-
ity, while simultaneously extending the surface as a chemical linker
for other molecules. Nevertheless, studies related to the quantita-
tive correlation between the surface OH coverage on the film and
hydroxyl concentration in the solution used for treatment are lack-
ing. Therefore, it is indispensable to elucidate this relationship to
achieve better control of surface modification.

Fig. 3 shows the XPS spectra of aIGZO film surfaces treated in
solutions with different NaOH concentrations. In the core-level
spectrum of O (1s)  peak, an energy peak at around 527 eV cor-
responds to an oxygen ion (O2−) at a divalent state, while an O
(1s) peak at around 529 eV is attributed to an OH-related compo-
nent [27–29]. In an effort to estimate the OH  amount on the film
surface before and after the OH treatment, we employed areas of
O2−- and OH-related XPS peaks that were fit with a Gaussian func-
tion. The O (1s)  core-level spectrum was gradually dominated by
the OH-related peak with increasing NaOH concentration, which
was caused by the increment of surface OH coverage ([OH]surface).
The relationship between OH concentration on the film surface and
the bulk solution can be expressed with the help of the Boltzmann
factor [27]:

[OH]surface = [OH]solution exp
(

eϕD

kBT

)
(1)

where [OH]solution is the OH concentration in the solution; ϕD

and T are the surface potential and temperature, respectively; e
is the elementary charge (1.60218 × 10−19 C); and kB is the Boltz-
mann constant (1.38066 × 10−23 J/K). This relationship is based
on the mechanism that ion attachment onto a solid surface is
related to the electric potential at liquid–solid interfaces, which

obeys the Boltzmann statistics. Fig. 4 shows the dependence of
OH-related XPS peak area (A) on NaOH concentration. The experi-
mental data (squares in Fig. 4) could be fitted with a linear model
to ∼exp(−eϕD/kBT) (dashed line in Fig. 4), which implies that the

 solutions at various concentrations. The peak separation to O2−- and OH-related
 correspond to O2−- and OH-related O (1s) components, respectively. The squares

 to the O2− component. The dashed dotted lines indicate fitted curves to the OH−

components.



122 D. Sun et al. / Colloids and Surfaces B: B

Fig. 4. Correlation between OH-related XPS peak area (A) on the film surfaces
and the NaOH concentration in the solutions. The OH-related XPS peak area (A)
(mean ± SD, n = 4) was  fitted with a linear relationship to ∼exp (−eϕD/kBT), which
can  be described by Eq. (1). The squares are the means of the XPS peak area (A), and
the  error bars are the standard deviations. The gray dashed line indicates the result
fi

F
fi
d
i

tted to Eq. (1).

ig. 5. Narrow XPS spectra at the O (1s) peak on aIGZO film surfaces as-fabricated (25 ◦C
tted  peaks indicate OH− (∼529 eV) and O2− (∼527 eV) components. The left and right fi
efined using Eq. (2). The squares indicate raw data from XPS measurements. The short 

ndicate fitted curves to the OH− component. The gray solid lines indicate the cumulative
iointerfaces 130 (2015) 119–125

surface OH coverage on an aIGZO film is related to the electric
surface potential with a ϕD value of 0.4163 V. That is, the charge
balance between the aIGZO film surface and NaOH solution deter-
mines the surface OH coverage. Consequently, the electric surface
potential plays a key role in controlling OH affinity on an aIGZO film
surface.

3.3. Thermal annealing effect

Thermal annealing of aIGZO films for DNA immobilization
was conducted under different annealing temperatures (Ta), from
100 ◦C to 700 ◦C. DNA was  then immobilized on the sample surfaces
following the procedure illustrated in Fig. 1. Fig. 5 shows the core-
level spectrum of the O (1s) XPS peak for the aIGZO film surface
annealed at different temperatures. At annealing temperatures of
100 ◦C, 300 ◦C, and 500 ◦C, all of the OH-related peaks were signif-
icantly changed after surface OH treatment with NaOH solution.
This not only confirms the OH attachment on these film surfaces
but also implies that annealing temperature has less influence on
surface OH coverage at low annealing temperature. By contrast,
the OH-related peak was essentially unshifted after the surface OH

treatment at Ta = 700 ◦C, indicating reduced surface OH coverage
upon treatment. The peak shift variance caused by annealing tem-
perature confirms that thermal annealing is an important factor in
determining OH affinity on an aIGZO film surface.

) and at different annealing temperatures of 100 ◦C, 300 ◦C, 500 ◦C, and 700 ◦C. The
gures indicate before and after the surface treatment with NaOH, respectively. � is
dashed lines indicate fitted curves to the O2− component. The dashed dotted lines

 fitted curve by the O2− and OH− components.
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Fig. 6. Dependence of fluorescence intensity and ��  on annealing temperature. The red line (��) is the OH treatment effectiveness defined in Eq. (3). The blue bars and
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present on an aIGZO film surface behave as attaching sites for OH
ions, which introduces a surface potential change and ultimately
influences DNA immobilization.
rror  bars are the intensity means and standard deviations, respectively, obtained
eferences to color in this figure legend, the reader is referred to the web  version of

To quantify the OH treatment effectiveness upon thermal
nnealing, the peak area ratio � is defined as follows:

 = AOH−

AO2−
(2)

here AOH− and AO2− are the areas of OH−- and O2−-related XPS
eaks, respectively. The � values of the aIGZO thin film under vari-
us annealing temperatures before and after surface OH treatment
re shown in Fig. 5. Furthermore, we define ��  as follows:

�  = � afeter OH treatment
� before OH treatment

(3)

here ��  represents the changing ratio of surface OH coverage
pon OH treatment (OH treatment effectiveness) on an aIGZO film
urface. As shown in Fig. 6, the ��  dependency on annealing
emperature was similar to that observed for DNA fluorescence
ntensity. The maximum ��  (about 66) was observed at 25 ◦C,

hich is about 56 times higher than that observed at 700 ◦C (1.2).
his reveals that the surface OH coverage on an aIGZO film surface
s dependent on Ta, which was further reflected by the difference
n DNA immobilization.

Fig. 6 also shows the dependence of fluorescence intensity
n annealing temperature with DNA immobilization, which high-
ights the annealing effect on aIGZO films. The highest fluorescence
ntensity of 100 ± 9 (25 counts/�m2) was obtained from the as-
abricated film surface at 25 ◦C. The fluorescence intensity slightly
eclined from 25 to 500 ◦C, but was dramatically reduced down to

 ± 2 (25 counts/�m2) at a high annealing temperature of 700 ◦C.
his result demonstrated that the DNA immobilization efficiency
as reduced when the annealing temperature was  increased.

herefore, it is fair to assert that an aIGZO film fabricated at room
emperature (25 ◦C) is more suitable for DNA immobilization com-
ared to annealed films.

One possible explanation for the change in surface OH coverage
bserved under various annealing temperatures is an effect of crys-
allization in the aIGZO films. Fig. 7 shows the XRD patterns of aIGZO
lms annealed at different temperatures. XRD peaks for the (0 0 9)

nd (0 1 4) diffraction planes derived from an InGaZnO4 structure
ere only found at a high Ta of 700 ◦C [8,29]. The lattice parame-

ers of the annealed films at Ta = 700 ◦C were 0.285 and 2.601 nm
long the a- and c-axis directions, respectively, which were slightly
the 100 pixel images shown at the bottom of the figure. (For interpretation of the
rticle.)

smaller than those of the JSPDS card (No. 038-1104). Moreover, the
crystallization temperature from an amorphous to polycrystal state
in aIGZO was  consistent with previous reports [30,31]. Thus far, it
has been reported that aIGZO films deposited at room temperature
induce substantial defects in the host, contributing to the genera-
tion of electron carriers [23], which may  be depressed by thermal
annealing at high temperatures [30]. If the high surface OH cov-
erage on an aIGZO film surface is related to defects on the film
surface, the significant decrease in DNA immobilization observed
at Ta = 700 ◦C (compared with that at Ta = 500 ◦C) may  be explained
by a structural change of the film sample. A similar annealing effect
has been previously reported with respect to the wettability con-
trol on ZnO nanowire samples [32,33]. As discussed in Section 3.2,
the surface OH coverage on an aIGZO film surface is derived from
the electric surface potentials. Hence, with respect to the anneal-
ing effect, we may  consider that the defects of cations and anions
Fig. 7. XRD patterns of aIGZO films as-fabricated (25 ◦C, red) and annealed at dif-
ferent temperatures of 100 ◦C (orange), 300 ◦C (green), 500 ◦C (cyan), and 700 ◦C
(blue). (For interpretation of the references to color in this figure legend, the reader
is  referred to the web  version of the article.)
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ig. 8. AFM surface morphologies of (a) as-fabricated (25 ◦C) and (b) annealed aIGZO
lm surfaces (Ta = 700 ◦C).

We  further evaluated the surface roughness and morphologies
f the as-fabricated (at 25 ◦C) and annealed (Ta = 700 ◦C) film sur-
aces (Fig. 8). No remarkable difference in surface morphology was
bserved between the as-fabricated and annealed film surfaces.
oth film surfaces were dominated by small islands of several hun-
red nanometers. Values of roughness on both film surfaces were

n the range of several nanometers. Therefore, surface defects can
e considered as the main reason for the surface OH coverage (or
H affinity) variance on the aIGZO film surfaces. The change of

ocal electric potentials derived from surface defects of aIGZO films
ay  primarily be responsible for the OH affinity variance on aIGZO

lm surfaces, which is closely linked to DNA immobilization. To
rove this hypothesis, direct measurements of the surface poten-
ial on aIGZO film surfaces using Kelvin force microscopy may  be
ecessary in future research.

. Conclusions

We  investigated the relationship between hydroxyl radicals and
hermal annealing on aIGZO film surfaces for DNA immobilization.
ystematic examinations using XPS and fluorescence imaging tech-
iques revealed that DNA immobilization was strongly dependent
n NaOH concentration in the solution through surface OH cov-
rage, which can be explained using a model of electric surface
otential. Furthermore, thermal annealing at the high temperature
aused a structural change from the amorphous to crystal state,
esulting in remarkable suppression of surface OH coverage, which
uggested that OH affinity on aIGZO films was related to struc-
ural properties such as defects. Together, these results suggest that
nGaZnO4 in an amorphous state is more suitable for biosensing

ith a high DNA immobilization efficiency owing to its high OH
ffinity on the surface.
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