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Long lasting colored pattern formation on sol–gel deposited vanadium pentoxidesV2O5d thin films
is demonstrated by atomic force microscopesAFMd nanolithography. The films can be locally
colorized by application of a positive dc bias voltage on the conductive AFM tip. The patterns can
be erased, or “bleached,” by application of a negative bias voltage. The changes in optical
reflectivity, topography, and conductivity measurements made on as-deposited, colored, and
bleached areas were consistent with a model in which the incorporation of hydrogen ions into V2O5

thin films is responsible for the coloration process. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1896100g

Atomic force microscopesAFMd nanolithography is a
promising method for creating nano-scale patterns for appli-
cations such as nanometer-scale device fabrication or very
high density memory storage systems.1,2 It is known that
application of an appropriate bias voltage to a conductive
AFM tip can induce electrochemical reactions directly on the
material surfaces.3 In oxidation pattern formation on passi-
vated semiconductor or metal surfaces,4 for example, the tip
bias creates a strong electric fields.107 V/cmd, which en-
hances the diffusion of oxyanionssO-, OH-d, anodically oxi-
dizing the substrate beneath the tip.5 In this method, how-
ever, the created patterns on the substrate are chemically
unstable, limiting their utility. The bare substrate forms a
native oxide: thus, the fabricated oxide patterns fade away
over time.6,7 Developing a new nanolithography system that
overcomes such problems would be of great interest, espe-
cially for applications that requires long lasting patterns. In
the present study, AFM nanolithography has been applied to
a transition metal oxide, specifically V2O5, introducing a
method to generate stable patterns.

V2O5 is thermodynamically stable at atmospheric oxy-
gen partial pressures up to its melting point.8 V2O5 is known
as an electrochromic material, owing to its layered structure
that makes it a good ion conductor, as well as a high capacity
ion storage medium.9 Under appropriate voltage bias, V2O5

changes color reversibly in multiple steps, which is caused
by a number of abrupt changes in the absorption band loca-
tions, as a result of forming stable phases with intercalated
positive ionsse.g., Li+d.10 With this unique property, V2O5

thin films can be employed for various applications such as
smart windows and information displays.11,12 It has been
shown that the optical properties of V2O5 thin films can be
altered by several other methods including thermal
treatment,13 ion or electron bombardment,14 and laser
irradiation.15 Here, we have successfully applied an AFM
nanolithography method to V2O5 thin films and generated
local coloration, which can be erased. Conductivity, topogra-
phy, and optical reflectivity measurements were carried out
on as-deposited, colored, and bleached areas of the V2O5
thin films.

The V2O5 thin films were produced by a sol–gel method,
described by Ozer.16 Using vanadium oxide isopropoxide
fVOsi-OC2H5d3g sAlfa Aesard as a precursor, the bright or-
ange sol was first prepared. The substrate was a silicon wafer
with a 100 nm chromium layer predeposited by e-beam
evaporation, as a bottom electrode. The substrates were
cleaned by acetone in a sonicator, followed by rinsing in
deionized water and isopropyl alcohol. The substrate was
dipped into the sols using a dip coater, with a dipping rate of
,5 cm/s. Four coatings were made in succession to increase
the thickness. After each dipping, the specimen was annealed
in a furnace at 250 °C for 10 min to avoid dissolution of the
previous coatings. Final curing was performed at 500 °C for
10 min. X-ray diffraction analysis indicated that the film had
a crystalline structure, with a preferred orientation of the
s00ld planes lying parallel to the substrate surface. The thick-
ness was approximately 85 nm, as measured by the AFM
from a sharp step created by nitric acid etching. Interference
effects largely influence the apparent color of the film. The
film prepared for this study had a transparent light yellow
color, and was uniform over the sample.

In ambient, a commercial AFMsNanoscope 3100, Digi-
tal Instrumentsd was operated in contact mode to create pat-
terns on the V2O5 film. A dc bias was applied to the tip that
serves as a top electrode, and the current flowing from the tip
to the film was monitored using a current amplifier. A plati-
num coated cantilever with nominal tip radius of 30 nm,
spring constant 1.0 N/m, and resonant frequency 25 kHz
was used. As the tip scanned over the surface in mechanical
contact with the film surface, the normal force was kept
around 50 nN, the minimum force required to maintain a
good electrical contact.

Figure 1sad is an optical microscope image of the col-
ored slocation 1d and subsequently bleachedslocation 2d re-
gions, and Fig. 1sbd is the corresponding topography. This
pattern was created in two steps as in Fig. 1scd. First, the tip
was scanned over the vertical rectangular areas15
35 mm2d while applying bias voltage of +6 V with respect
to the chromium-coated substrate. The coloration change
from light yellow to blue-green could be observed instanta-
neously at the region under the tip scanning at 5mm/s. Sec-
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ond, the tip scanned over the horizontal rectangular areas5
315 mm2d with a tip bias of −7 V. The blue–green color at
location 2 has been erased, or almost fully recovered to its
original yellow color as at location 3, and we refer to this
therefore as “bleaching.” Note that negative bias voltage ap-
plied to the as-deposited areas does not cause any color
changeslocation 4d. These results show that the blue–green
coloration of the film is induced only by a positive bias volt-
age. Negative bias voltages induce color change only at the
blue–green colored regions, which makes the procedure ap-
pear to “bleach” the blue–green color. These colors maintain
clear contrast even after the voltage application is termi-
nated. The patterns last for months in air.

The topographic image in Fig. 1sbd was taken in tapping
mode AFM, by connecting the same tip to the ground. This
image reveals that the coloration procedure has caused an
increase in height of about 2–4 nms2.5%–4.5%d. The
bleaching procedure does not appear to reverse the thickness.
Note that the increase in the topography was not due to
physical damage such as scratching by the tip: the increase in
height was not observed for the low bias voltages that do not
induce coloration.

Optical reflectivity measurements were made in the as-
deposited, colored, and bleached regions in the wavelength
range 430–650 nm in Fig. 2. Larger areas for colored and
bleached regions were createds60360 mm2d for simplifying
the measurements. The reflectivity spectrum measured on the
as-deposited region, or “as-deposited” reflectivity, shows a
feature in the range of 460–650 nm. Reflectivity
calculations,17 using the reported values ofnsld andksld,16

and the measured film thickness, confirm that this is a part of
the primary constructive interference fringe. The spectrum
shifts to shorter wavelength in the colored region. This shift

resulted in the reduction of reflectivity in the yellow to red
ranges530 nm–650 nmd by about 4%, and an increase in the
blue to green ranges460–530 nmd by about 6%. The spec-
trum in the bleached region has been nearly restored to that
in the as-deposited region. These results suggest that the
spectral shift of the reflectivity in the interference range
causes the apparent color reversibility.

In the highly absorbing regions430–460 nmd where the
reflectivity is low, the “colored” reflectivity spectrum also
shows a shift to shorter wavelengths. Note that, in spite of
the drastic apparent color change after the bleaching process,
the “bleached” reflectivity did not recover to the “as-
deposited” reflectivity. This confirms that the apparent color
is determined mostly by the reflectivity in the interference
region, instead of this highly absorbing region.

To obtain additional clues as to the coloration mecha-
nism, an electrical conductivity measurement was carried out
during the coloration process. The current through the tip
provides information about local electrical properties, which
are difficult to obtain using traditional deposited thin film
metal contact methods. The average current flowing into the
film following the application of incremental bias voltages
s0, +1, +2, . . . , +8 Vd is shown in Fig. 3sad, and the corre-
sponding optical microscope image of the film surface in
Fig. 3sbd. For biases up to 2 V, a current flows whose mag-
nitude is consistent with the expected spreading resistance18

of V2O5, whose bulk resistivity is 0.27V m.19 Further in-
crease of the bias causes an abrupt decrease in the current. At
4 V, the film has increased in resistivity by several orders of
magnitudes.102d. Figure 3sbd reveals that coloration occurs
only above a threshold of about +6 V. This result indicates
that the coloration is accompanied by a significant decrease
in the conductivity of the film. The conductivity remains low
after the bleaching process. For the case shown in Fig. 1, the
current through the filmslocation 2d during the application of
−7 V was less than −1 pA. This suggests that the resistance
remains very high, in spite of the recovery of the color on
bleaching.

The AFM coloration of the film is not a result of reflec-
tivity changes caused by the increase in thickness. As the
increase in film thickness is only a few nm, the calculations17

indicate that the increase in film thickness has a minimal
effect, on the reflectivity, of less than 1 %. Additionally, we
see no change in the surface roughness which might influ-
ence the scattering. We argue that the AFM coloration of the
V2O5 film results from the injection of H+ ions and the con-

FIG. 1. sad Optical microscope photograph of the colored and bleached area,
and sbd the topography. Scheme of the locations where voltages were ap-
plied is shown inscd. First, the area surrounded by the solid line was raster
scanned with +6 V bias, followed by the −7 V bias scan in the area sur-
rounded by the broken line. Numbers 1–4 indicate location number.

FIG. 2. Reflectivity of as-deposited, colored, and bleached regions.

FIG. 3. sad Average current vs tip bias voltage of coloration andsbd optical
microscope photograph.
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sequent changes in the electronic structure of the film. It has
been reported that the new V2O5 phase incorporating the
injected H+ ions in crystalline V2O5 results in the expansion
of the volume by a factor of 1.0%–4.5%.20 Also, a decrease
in the conductivity by a factor of 101–102 occurs due to the
reduction of the carrier mobility caused by higher polaron
density.21This can explain both the change in heightfFig.
1sbdg and decrease in conductivityfFig. 3sadg of the colored
region. Further, another study shows that the disturbance of
the V2O5 structure by intercalated hydrogen atoms causes a
blueshift of the absorption band,22 which is located in the
spectrum range up to,530 nm. In Fig. 2, the absorption
band shift is inferred from the reflectivity spectrum shift in
the absorbing band regions,530 nmd. The reflectivity cal-
culation used previously shows that the blue shift of the “col-
ored” reflectivity spectrum in this range is caused by the
blueshift ofn andk components of the refractive index. This
suggests a blueshift of the absorption band, since the absorp-
tion coefficient is proportional tok sa=4pk/ld.

Presumably, H+ ions present in the water meniscus
around the tip are injected into the V2O5 film, which is en-
hanced by the high electric field at the tip-V2O5 film inter-
face. Indeed, the injected charge density during the colora-
tion process is similar to the density of unit cells in the film,
consistent with injection of few protons per unit cell. This
suggests that the coloration process is of an electrochemical
nature. On the other hand, the “bleaching” process is not
merely a reversal of the “coloration” processsi.e., extraction
of hydrogend, since an opposite current is not required for the
bleaching processsI ,−1 pAd. This is shown by the conduc-
tance, topography, and the reflectivity in the highly absorbing
region each does not recover to the “as-deposited” condi-
tions. Some other process, such as field-induced polarization,
may be occurring.

In summary, AFM lithography was demonstrated to in-
duce stable, erasable color patterns on V2O5 thin films,
which last for months under ambient air conditions. It was
shown that the coloration of the V2O5 thin film, by applica-
tion of a positive tip voltage, causes various physical
changes including a volume increase, a drastic decrease in
the conductivity, and a shift of the reflectivity spectrum. We
suggest that the AFM coloration process of the V2O5 film
involves the intercalation of H+ ions. The bleaching process,

produced by a negative tip bias voltage, showed no changes
in the volume, conductivity or reflectivity spectrum in the
high absorption region. However, a shift in the reflectivity
spectrum was induced at the primary interference fringe,
causing the apparent film color to revert to close to its origi-
nal color.
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