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’ INTRODUCTION

Optical thin films can control the transmission and reflection
of specific wavelengths of light and have numerous applications.
They are used as visible optical antireflection films for glasses and
windows and also to raise the photoelectric conversion efficiency
of solar batteries.1�3 Band-pass filters that selectively transmit
monochromatic light are used in cameras and photocells, along
with other increasing numbers of appications.4,5 Eco-friendly
films that selectively reflect near-infrared radiation have also been
developed.6 As such films do not transmit heat in the near-
infrared region, the increase in indoor temperature can be
suppressed by applying these films to windows. For all the above
optical applications, the precise control of film thickness and
reflective index is necessary. Consequently, vapor metal deposi-
tion on substrates is typically carried out under vacuum, which
generally limits the fabrication of reproducible optical thin films
to industrial processes. For other applications like windows
which require film formation over a wide area, the production
cost under vacuum conditions can be prohibitive, since large
volume vacuum containers and considerable energy to achieve
vacuum are required.

The layer-by-layer (LBL) self-assembly method appears pro-
mising for overcoming the above difficulties.7�9 It is an easy,
aqueous-based, eco-friendly method carried out under room
temperature and at 1 atm and has been thoroughly explored by
Gero Decher et al.7 A disadvantage was that the fabrication time
was too long for many industrial applications, and consequently
the idea of a spray-LBL method, where solutions were sprayed
directly onto substrates, was conceived.10 Fabrication time was
reported to be greatly shortened due to enhanced adsorption by
the spray pressure. An automated spray LBL machine has been
previously reported.11 The original features of our apparatus
are (1) real-time QCM sensing and (2) separate control of spray

pressure, solution flow rate, and spray scanning pattern. The
spray-LBL method is still an emerging field of research,12�16 and
mechanisms during spraying have yet to be investigated. Unin-
vestigated parameters include spray pressure, adsorption time,
distance between spray nozzle and substrate, diameter of nozzle,
size of droplet, etc. There are reports18�20 of QCM techniques
having been used to determine film mass, but not for real-time
monitoring during the spray-LBL process.

In the current study, an automatic spray-LBL machine was
fabricated and film reproducibility examined. In situ monitoring
was realized using QCM techniques, and the optimization of film
fabrication conditions was carried out. The spray-LBL method
provided sufficient film quality for their application as optical
thin films.

’EXPERIMENTAL SECTION

Materials. For the low reflective index layer, poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) were used as the
polycations and polyanions, respectively. For the high reflective index
layer, poly(diallyldimethylammonium chloride) (PDDA) was used as
the polycation, and titanium(IV) bis(ammonium lactato)dihydroxide
(TALH) was prepared. All materials were purchased from Sigma-
Aldrich and were used without further purification.
Fabrication of the Automatic Spray-LBLMachine.There are

previous reports of an automatic spray-LBL machine.20 We have
fabricated an automatic machine which could uniformly spray on wide
substrates. A schematic of our machine is shown in Figure 1.

Three pumps were incorporated for the rinsing of the cationic,
anionic, and Milli-Q solutions, as it was necessary to independently
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ABSTRACT: Aqueous-based spray-layer-by-layer (spray-LBL)
techniques have become an innovative, economic, and fast
fabrication process, particularly in comparison to conventional
LBL dipping techniques. The spray-LBL method has enhanced
the growth of polyelectrolyte multilayer films using spray
pressure. In this study, we have fabricated an automatic spray-
LBL machine and have monitored the real-time growth of
multilayer films using quartz crystal microbalance (QCM)
techniques. We have discussed the process of multilayer thin
film growth and the effect of spray pressure on film growth. We
have fabricated polyelectrolyte multilayer films on gold, using poly(allylamine hydrochloride) (PAH) as the polycation and
poly(acrylic acid) (PAA) as the polyanion. UV�vis spectroscopic data showed that visible light transmission was similar to that of
bare slide glass. Fabrication using the automatic spray-LBLmachine and real-time QCMmonitoring allows the fabrication of optical
quality thin films with precise thickness.
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change their flow rates. A regulator was used to control the spray
pressure from a single compressor. Thus, spray pressure could be altered
by changing flow quantities. The QCM electrode was positioned near to
the substrate to ensure it was also coated at the same time. QCM
frequency data were counted with a frequency counter and were output
to a PC for analysis. This system provided us with the real-time increase
in film mass. All operations such as repetition frequency and movement
patterns were computer controlled. The distance from spray nozzle to
substrate was fixed, and spray pressure was controlled at the proper
value. A high volume compressor was utilized to maintain constant
conditions and prevent pressure decrease during film fabrication.
Measurements. Film thickness was determined by ellipsometry

measurements (ULVAC ESM-1A). Optical characterization of multi-
layer films was carried out using an ultraviolet�visible (UV�vis)
spectrophotometer (Shimadzu UV mini-1240). Surface images were
captured by field-emission scanning electron microscopy (FE-SEM;
Hitachi S-4700) and atomic force microscopy (AFM; Nanoscope IIIa,
Digital Instruments). Optical simulation software (DESIGN, TECWAVE)
was used.
Film Preparation. Substrate Preparation. QCM substrates were

placed in an ozone atmosphere under UV irradiation for 6 h to ensure
hydrophilicity. Silicon wafers were also treated by UV irradiation for 2 h
to form a hydrophilic surface and were used to investigate deposited film
thickness and reflective index. UV irradiation removed any organic
contamination present on the substrate. Glass slides were ultrasonically
agitated in a KOH solution (1.0 wt %) of ultrapure water and ethanol
(2:3 v/v) for 3 min and then twice rinsed with ultrapure water for 5 min.
From this treatment, substrates were cleaned and negatively charged.
Solution Preparation. The concentrations of PAH, PAA, and PDDA

solutions were all 0.01 mol/L, and that of the TALH solution was 2 g/
100 mL. Solutions were stirred overnight. Their pH was adjusted by
adding 0.1 mol/L NaOH or 0.1 mol/L HCl (PAH:3.5, PAA:3.5,

PDDA:5.5, TALH:3.5). After pH adjustment, solutions were used
within a few hours.21�23

Spray Conditions. Parameters were divided into fixed and variable
parameters. The nozzle diameter was 1.2 mm, and droplet size was
10�100μm. Solution andwater flow rates were adjusted to 4.0mL/min.
The distance between substrate and spray nozzle was fixed to 15 cm, and
the sprayed area was a circle of diameter ∼4 cm. Spray pressure and
spray time were variable parameters. The pressure was measured nearby
the spray nozzle during air flow and controlled at 0.025, 0.05, and 0.075
MPa. Times of each step were as given in Table 1.

’RESULTS AND DISCUSSION

In-Situ Monitoring by QCM. Adsorption characteristics of
(PAH/PAA)n films were observed by QCM (Figure 2). Fre-
quency data were displayed as the change of frequency from a
stable state (Y-axis) relative to time (X-axis). The procedure
could be divided into five steps: (1) stable state; (2) spraying
state; (3) waiting state; (4) rinsing state; (5) drying state. These
steps are also displayed in Figure 2.
Step 1: Stable State. The frequency changed little during the

stable state. No water, spray pressure, or adsorption was present
on the QCM surface, and the quartz crystal oscillated steadily.
The average frequency during the first stable state was defined as
the base frequency for subsequent stages.
Step 2: Spraying State (Solution). When solutions were

sprayed, the QCM frequency rapidly decreased and there was
significant noise. The frequency decreased because of the
adsorption of water and other solutions. Pressure on the QCM
surface induced significant noise so the spraying state was
unsuitable for measuring the adsorbed mass increase.
Step 3: Waiting State. The frequency increased a small

amount and the noise disappeared. As droplet presence was
not constant, the waiting state was also unsuitable for estimating
the quantity of adsorbed material.
Step 4: Rinsing State (Pure Water). The frequency during the

rinsing state was similar to that at the spraying state, and
frequency decreased and fell into disorder. Some surplus aggre-
gation was removed, with only absorbed polymer bonded
remaining on the quartz surface.
Step 5: Drying State. The QCM surface was then dried by

blowing with air. The frequency rapidly increased as any remain-
ing water was removed, and frequency recovered to near stable
state values. Again the pressure on the QCM crystal caused
significant noise, and it was not possible to estimate mass
increase.
Frequency Change and Film Thickness. Ten cycles ware

carried out, and a ten-bilayer film was fabricated on the QCM,
silicon wafer, and glass slide. The film on the slide glass was flat
and transparent. The film mass on the QCM crystal and the film
thickness on the silicon wafer were measured and compared
using ellipsometry.
As shown in Figure 3, the QCM frequency at the stable state

linearly decreased because the frequency change was the same at
every bilayer, and a stable state had occurred at every cycle. It
shows the linear growth of film mass with increasing number of
bilayers. At the end of ten cycles, the total frequency decrease was
760 Hz.
As shown in Figure 4, the silicon wafer film thickness was

measured by ellipsometry, and film thickness increased linearly.
After ten spray cycles the film thickness was about 17 nm. A film
thickness increase of ∼1 nm was estimated from the 45 Hz

Figure 1. Automatic spray-LBL machine. Substrates and QCM were
fixed on the stage, and all steps were computer controlled.

Table 1. Stage Times

time (s)

step cation anion

1. stable state 30 30

2. spraying 10 10

3. waiting state 10 10

4. rinsing state 10 10

5. drying state 10 10

70 70

total 140
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frequency decrease. In the absence of QCM, measuring film
thickness precisely by ellipsometry required the drying of the
silicon wafer film. To the best of our knowledge, there are no
previous reports of the real-time monitoring by QCM. Using the
QCM system, film thickness could be monitored in real time
regardless of substrate type. Quantitative correlation of the
frequency change on the QCM and substrate film thickness
should first be investigated, and once this relationship is known,
reproducible film growth data are always obtained. The high film
reproducibility is a significant advantage for industrial applica-
tions. Optical thin films require precise and reproducible control

of film thickness. As some time was required to stabilize the
QCM, this procedure took a little longer than those reported
elsewhere. To ensure a flat film and uniform thickness distribu-
tion, the spray nozzle was moved in parallel with scanning of the
substrate. Thus, smaller samples could be prepared in less time.
The improvement in reproducibility with using the automatic
spray-LBL machine is a significant result and could accelerate the
development of spray-LBL for optical applications.
Surface Structure (Compared with Dipping Method). To

compare surface structures with those from the dipping method,
we also fabricated (PAH/PAA) films using the conventional
dipping method with the same PAH and PAA solutions
(100 mL). Negatively charged glass substrates were immersed
in cationic PAH solution for 5 min and then rinsed three times in

Figure 2. In-situmonitoring by QCM, showing one cycle for a (PAH/PAA) film. Five distinct stages were apparent: (1) stable state; (2) spraying state,
(3) waiting state, (4) rinsing state, (5) drying state. Stage times are shown in Table 1.

Figure 3. In-situ monitoring by QCM, showing ten cycles of (PAH/
PAA) film being prepared. The spraying cycle was repeated using PAH
and PAA, so stable states occurred 20 times.

Figure 4. Film thickness measured by ellipsometry, with (PAH/PAA)
films of 5, 10, 20, and 30 bilayers measured.
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pure water for 1 min. The substrate, now positively charged by
PAH, was then immersed in anionic PAA solution, and the same
rinsing process was carried out. This cycle was repeated 20 times,
and after drying by air blowing the final (PAH/PAA)20 film was
obtained. Images of the surfaces were captured by SEM and are
shown in Figures 5 and 6. Figure 5 shows images from films
fabricated by the conventional dipping method, from which
aggregations of 300�1000 nm in size were apparent on the
surface. The roughness was small and the surface flat and smooth.
Figure 6 shows that films fabricated by spray-LBL were a little
rougher than those from the dipping method, but aggregation
size was similar. For optical thin film applications, surface
roughness decreases film quality because it results in light
scattering. Thus, films fabricated by spray-LBL were optically
flat, so the machine is suitable to the fabrication of optical
thin films.
Film Thickness and Spray Pressure.We also investigated the

effect of spray pressure on film thickness. There are many reports
of thin films fabricated by spray-LBL,10�16 but none have studied
the effect of spray pressure. Experimental conditions also appear
to have resulted in difficulties reproducing spray conditions in
some reports.10 To maintain spray pressure without loss, a stable
compressor such as the one employed in the current study was
necessary. The spray-LBL process is significantly faster than the
conventional dippingmethod, which has been attributed to spray
pressure in the vertical direction promoting film growth.12,13,15 A
quantitative effect of spray pressure change should then be
observed, in that film growth should become faster with increas-
ing pressure. The effect of pressure during rinsing must also be
considered. There also exists the potential for differences in
reflective index or surface morphology. We examined the influ-
ence varying spray pressure (at 0.025, 0.05, and 0.075 MPa) on
film characteristics (such as thickness), which was easily carried
out with the automatic spray-LBL machine. Pressure was mea-
sured nearby the spray nozzle during air flow. Since the spray
nozzle used in this study required a lot of air, the pressure
measured was lower than that at the discharging point of the
compressor. A nozzle requiring much air can produce numerous
droplets, so the solution could be spread widely over substrate.

The 10-, 20-, and 30-bilayer films were first deposited on
silicon wafers, and their thickness was then measured (Figure 7).
For each of the three samples, film growth was slightly bigger
when the spray pressure was stronger, so the effect of spray
pressure was not pronounced. The error margin was within
0.5 nm, which was smaller than the thickness difference between
samples. While the effect of the pressure was not linear, it was at
least clear that film growth was promoted from increased
pressure.
It was thought that spray pressure in the vertical direction

promoted film growth and density. When the reflective index
increased, film density at every bilayer became larger. It was
necessary to maintain spray pressure and hold other conditions
constant to retain film quality. For optical devices where film
thickness and refractive index must be precisely controlled,
precise pressure control was critical in maintaining film quality.
Antireflective Films. From QCM, SEM, and ellipsometry

results, different film characteristics were revealed from different
pressures, including film thickness, mass, reflective index, and
surface morphology. We then tried to apply the spray-LBL
method to an antireflective film (AR), which has a double
construction.28,30 AR films cause the interference with reflected
light because the film possesses an optical film thickness of a
quarterwave.3�5 AR films are used in glasses and solar batteries,
and since wavelength transmission can be used to generate
electricity, AR films are useful for improving power generation
efficiency. AR films can be created from a single layer which has a
refractive index lower than glass,29 but the effect becomes small
as the wavelength narrows. AR effects are greatly improved when
optical thin films accumulate the high refractive index film of the
quarterwave between a low refractive index layer and the sub-
strate. With precise design, the wavelength window of the
reflection can be expanded or narrowed. In this study, we
attempted to apply AR films to glasses. The material for the high
reflective index layer was poly(diallyldimethylammonium
chloride) (PDDA) as the polycation, and titanium(IV) bis-
(ammonium lactato)dihydroxide (TALH) was prepared.24�27

We attempted to fabricate the film using the spray-LBL method
with the same solutions and successfully fabricated the

Figure 5. SEM images of the (PAH/PAA)20 film fabricated by the
dipping method: (a) �50K and (b) �5K.

Figure 6. SEM images of the (PAH/PAA)20 film fabricated by the
automatic spraying method: (a) �50K and (b) �5K.

Figure 7. Comparison of (PAH/PAA) film growth at different pres-
sures of 0.025, 0.05, and 0.075 MPa. Film thickness was measured by
ellipsometry.
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transparent high reflective index layer. Film construction aimed
to prevent wavelengths of 550 nm, and a simulation was carried
out by the software. Film thickness was calculated from the
refractive index, and the film was continuously layered until the
desired thickness was reached. The optimization of refractive
index requires further investigation.
Two glass slides were first cleaned, and a hydrophilic surface

formed by treatment with KOH. The (PDDA/TALH) film was
then prepared on the glass slide. One slide was dried at room
temperature to aid measurements, and its reflective index and
film thickness were 1.84 and 79 nm, respectively. The second
slide was used for fabricating the AR film. Prior to its surface
drying completely, a low refractive index 30-bilayer (PAH/PAA)
film was prepared. The reflective index and film thickness were
1.49 and 99 nm, respectively. Films were fabricated using
identical spray-LBL conditions. Following drying of the films at
room temperature for 6 h, they were transparent, and their
reflected light was slightly purple due to interference. The
reflection decreased and the antireflection effect was confirmed
by a visual check. Figure 9 shows that transmission greatly
decreased when only the high refractive index layer was present
on the slide glass. This transmission decrease was due to an
increase in reflection, since scattering was not observed and
absorption characteristics were small. The reflection arose from

the phase gap from interference in the high refractive index layer
which had quarterwave film thickness. For the AR film on which
the low reflective index layer had been prepared, Figure 9 shows
that transmission at∼550 nm increased about 5% in comparison
to that of the uncoated glass slide. At 450�700 nm, transmission
was also higher than that for the bare glass slide.

’CONCLUSIONS

We succeeded in the in-situ monitoring of LBL-film growth
using QCM, during film deposition using the spray method. We
controlled the film thickness at the nanoscale order accuracy
using the newly developed spray-LBL machine. Differences in
film characteristics between different spraying conditions were
demonstrated. Higher film deposition speeds were observed with
higher spray pressures. The connection with QCM frequency
change and film thickness was confirmed from different spray
pressures. We also succeeded in fabricating antireflection (AR)
films. UV�vis data showed that visible light transmission was
higher than that for bare glass slides. The fabrication of the
automatic spray-LBLmachine and real-time QCMmeasurement
allows the control of film thickness and the fabrication of optical
thin films.
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