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’ INTRODUCTION

In the past two decades, layer-by-layer (LbL) assembly has
become a very promising technique for fabricating multifunctional
nanocomposite thin films.1�11 Using this technique, composite
thin films can be prepared by repeatedly exposing a substrate to
two or more component materials, which usually contain opposite
electric charges. LbL has experienced fast growth thanks to its
versatility, simplicity, and robustness. A vast majority of functional
thin films and coatings have been demonstrated by LbL assembly
of oppositely charged species, including polyelectrolytes, inorganic
nanomaterials, DNA, proteins, and viruses.12�16

To date, two types of LbL thin films have been reported in the
literature depending on the deposition mechanism: linearly
grown LbL (l-LbL) films and exponentially grown LbL (e-LbL)
films. Under the l-LbL growth, the thin film mass and thickness
grow linearly with the number of deposition steps. The growth of
l-LbL thin films has been widely observed, and the physiochem-
ical mechanism for this process is well understood. It was
discovered that the thin film mass and thickness can also grow
exponentially with the number of deposition steps, and this type
of LbL thin film has been called e-LbL film.17,18 Because of its
exponentially growing nature, the thin film growth rate is
enhanced significantly compared to l-LbL films. In some cases,

exponential growth is followed by a linear growth with a much
faster deposition rate than is observed when the growth is strictly
linear. The e-LbL process has been attributed to the excess
number of counterions available on the thin film surface as a
result of the “in-and-out” diffusion of at least one of the
polyelectrolyte components.19�23

Since the initial reports on the e-LbL grown thin film using
polylysine and alginate,17 the research on e-LbL thin films has
experienced rapid growth. Not only have polyelectrolyte compo-
nents with biological nature17,18,24,25 been shown to exponentially
grow but also other polyelectrolytes that have traditionally ex-
hibited linear growth have now been observed to undergo
exponential growth under certain promoting conditions, such as
ionic strength,26 temperature,27 and pH.28 The e-LbL growth of
polyelectrolyte multilayers promoted by the ionic strength and
temperature was attributed to the enhancement of polyelectrolyte
chain diffusion, which is due to the weakening of the polyelec-
trolyte�polyelectrolyte interactions and entropy increment.29 Fu
et al. have observed that the pH of the weak polyelectrolytes,
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polyethyleneimine (PEI) and poly(acrylic acid) (PAA), can also
be used to tune the buildup of [PEI/PAA]nmultilayers from l-LbL
to e-LbL growth.28 The pH values of PEI and PAA solutions were
chosen so that the charge density of the polyelectrolyte chains in
solution was minimized, whereas the charge density of the outer-
most polyelectrolyte layer on the substrate was maximized.26 In
other words, the film surface charge will increase significantly, not
only as a result of the polymer diffusion but also as a result of the
increased charge density of individual chains.

Up to now, most of the e-LbL growth has been observed in
polymeric or organic systems. It would be very promising to
expand the e-LbL method to inorganic materials, because films
grown by the LbL assembly of polyelectrolyte/inorganic nano-
materials have shown exceptional mechanical,8,22 electrical,30,31

optical,9,32 and biological properties.17,23,33 Ball et al. demon-
strated the exponential growth of composite membranes using a
reactive build-up approach with an inorganic precursor (the
inorganic content of the filmwas not determined).34,35 Podsiadlo
et al. have demonstrated the exponential LbL growth of poly-
mer/clay films by substituting every other PAA layer in the [PEI/
PAA]n e-LbL system with Na+-motmorillonite (MTM) na-
nosheets to prepare the [PEI/PAA/PEI/MTM]n tricomponent
composite film.36,37 When all of the PAA layers were substituted
by MTM to prepare the [PEI/MTM]n bicomponent film, they
found that the thin film growth rate was significantly diminished,
and the growth process transferred from exponential growth to
the typical slow linear growth rate.36 In addition, even though
only every other PAA layer in the [PEI/PAA]n system was
substituted by MTM, less than 10 wt % of the obtained thin
film was composed of inorganic nanoparticles. A similar film
composition was also observed during the e-LbL assembly of a
PAA�CaCO3 complex and poly(allylamine hydrochloride)
(PAH), in which system less than 10 wt % of the obtained films
were composed of inorganic CaCO3 nanofillers.

22

A recent paper reported the preparation of an e-LbL thin film
that was primarily composed of inorganic nanoparticles during
the assembly of Prussian Blue, gentamicin sulfate, and chitosan;23

however, there has yet been no report on achieving a bicompo-
nent e-LbL film that consists mostly of inorganic nanoparticles.
Such films would be highly desirable for applications that require
excellent nanoparticle interconnections or where the function-
ality desired depends primarily on the inorganic nanoparticle
properties. Examples of applications that would require these
types of films include the optimization of the electrical
conductivity of nanotube, graphene, or ITO solution-based
films for EMI shielding, ultracapacitor energy storage applica-
tions, or transparent electrodes. Other desired multifunctional
films would be conformal protective coatings for applications
that require high resistance to indentation loading or fracture
resistance.

The main purpose of this paper is to answer the question as to
whether it is possible to assemble organic/inorganic bicompo-
nent composite films with high inorganic content through the
e-LbL method. Here, we report results on the e-LbL assembly of
[PEI/SiO2]n thin films, in which n is the number of bilayers. PEI
was chosen as the polycation because of its proven diffusibility
during the LbL assembly process28,38 and its charge density
variability over the pH range 2�10.38−40 In this work, the LbL
assembly process of [PEI/SiO2]n films is studied using a quartz
crystal microbalance (QCM), atomic force microscopy (AFM),
scanning electron microscopy (SEM), neutron reflectometry
(NR), and thermogravimetric analysis (TGA).

’EXPERIMENTAL SECTIONS

Materials. Branched PEI (Mw∼ 750000 g/mol, pKa
39∼ 10), LUDOX

AS-40 SiO2 colloidal suspensions (particle size ∼30 nm, 40 wt %), and
11-mercaptoundecanoic acid (MUA) were obtained from Sigma Aldrich. All
of the materials were used as received without further purification. The
LUDOX AS-40 SiO2 colloidal suspensions were analyzed using Zetasizer
(Malvern Instrument, Nano-ZS) at the pH range 2�9.5.
Layer-by-Layer Assembly. The PEI solution and the SiO2 suspen-

sion were respectively prepared as 0.02 and 1 wt % concentrations using
pure water (resistivity 18.2 MΩ 3 cm). The pH was adjusted to the desired
value using sodium hydroxide or hydrochloric acid. No NaCl was added
intentionally unless specifically mentioned. A typical sample prepara-
tion process is described as follows: the substrate was first immersed in
the PEI solution for 5 min, washed with pure water, blow dried with
pure nitrogen, immersed in the SiO2 suspension for 10 min, washed
with pure water, and blow dried with pure nitrogen. This procedure
describes a complete assembly cycle for one bilayer, and it was repeated
as many times as necessary to obtain a film with the desired number of
bilayers. In this paper, we denote the thin film that was assembled in PEI
solution at a pH of 9.9 and SiO2 suspension at a pH of 4.7 for 10 bilayers
as [PEI(9.9)/SiO2(4.7)]10.
QCM Study of the Thin Film Growth. The thin film growth

process was investigated using quartz crystal microbalance (QCM,
Stanford Research System, Inc., QCM 200). The quartz crystals used
were AT cut crystals, coated with chrome/gold electrodes which resonate
at 5MHz at room temperature. The quartz crystals were treated using the
procedure that we described elsewhere.31 In brief, the crystals were first
cleaned with piranha solution (2:1 H2SO4/H2O2) (Caution! Piranha
solution is extremely reactive and exothermic, and it should be handled
with extreme care) for 1 h. The cleaned crystals were then immersed into
1 mMMUA ethanol solution for over 24 h to construct a self-assembled
monolayer (SAM) of MUA on the gold electrode of the crystals. The
SAM-modified crystals were then treated with 1 mMNaOH solution for
3 min to render a negative surface charge on the crystal. The treated
crystals were then used as the substrate to assemble [PEI/SiO2]10. These
crystals were cleaned with pure water and blow-dried with pure nitrogen
prior to the QCM measurement after every assembly step.
AFM and SEM Study of the Film Structure and Thickness.

The thin film surface structure and thickness on quartz crystals after
certain assembly steps were characterized using an atomic force micro-
scope (AFM, Park Systems, XE-100E). The crystals were carefully
handled, and the resonance frequency was checked before and after
the AFM imaging to ensure the most accurate QCM measurement. All
of the AFM images were obtained under noncontact mode in air. The
AFM tips (nanosensors, NCHR) exhibit a nominal tip radius smaller
than 10 nm, resonate at approximately 300 kHz, and have a spring
constant around 40 N/m. The AFM images were analyzed to obtain the
root-mean-squared (rms) roughness.

The thin film thickness could be evaluated by correlating the true film
thickness, t, with the resonance frequency change of QCM crystals,�Δf,
through a constant Cf according to the Sauerbrey equation:41

t ¼ Cf ð�Δf Þ ð1Þ
The true film thickness, t, can be measured by evaluating a line profile

across a scratch on the film using AFM (see Figure S1 in the Supporting
Information).

The cross section of the films that were deposited onto glass slides
was evaluated using scanning electron microscopy (SEM, Hitachi
S-800). The images were acquired at an accelerating voltage of 15 kV
in backscattering imaging mode.
Neutron Reflectometry Study of the Film Structure. The

thickness and structure of the films that were deposited onto siliconwafers
were evaluated using neutron reflectometry (MAGICS reflectometer,
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Spallation Neutron Source at Oak Ridge National Laboratories). This
reflectometer is a time-of-flight (TOF) instrument with a wavelength
band ranging from 2 to 4.75 Å centered at the highest intensity of the
incident beam.42,43 The experiment is performed in a grazing incidence
geometry. A highly collimated neutron beam impinges on the sample
surface at an angle αi, and the intensity of the neutrons, reflected and
scattered under angles αf, is registered using a position sensitive detector,
as a function of their time-of-flight from the source. For the specular
reflection (i.e., αi = αf), the reflectivity is a function of the momentum
transfer Qz, which is a function of the incident angle αi, the neutron
wavelength λ (shown in eq 2), and the scattering length density profile
(SLD).

Q z ¼ 2π sin αi

λ
ð2Þ

The SLD is determined by the chemical and structural depth profile
through the thickness of the film with a resolution of 0.5 nm. By
simulating the reflectivity curves using the proposed scattering length
density (SLD) profiles of the thin films and fitting to the experi-
mental data, the structure information about the LbL thin films can
be determined
TGA Study of the Inorganic Content of the Thin Films. The

inorganic content of the thin film [PEI(9.9)/SiO2(4.7)]50 deposited
onto a glass substrate was analyzed using TGA. The thin film samples
were collected by scraping the thin film off of the glass substrates using
razor blades, and the collected samples were heated to 800 �C in air, at a
heating rate of 5 �C/min. The remnant material was considered to be
noncombustible inorganic SiO2.

To evaluate the actual content that was contributed by the SiO2

nanoparticles, which includes both the noncombustible SiO2 and the
combustible stabilizing agents, we also analyzed colloidal SiO2 nano-
particles by TGA using the same heating procedure. The colloidal SiO2

particles were first spin-coated onto a glass substrate, and the particles on
the glass substrate were then collected by scraping them off of the glass
substrate, as described prior to the TGA analysis.

’RESULTS AND DISCUSSION

ζ-Potential and Particle Size Analysis of SiO2 Colloidal
Suspensions. The ζ-potential and the particle size of the SiO2

suspensions are shown in Figure 1. As shown in the figure, the
SiO2 particle size remains around 30 nm for the pH range 2�9.5.
Furthermore, the ζ-potential of the SiO2 suspension is also
relatively stable around �30 mV at a pH above 4.5. Therefore,

the SiO2 colloidal suspension can be considered to be a stable
suspension at pH 4.5. In this pH range, the SiO2 nanoparticles
exhibit a negative charged surface without too much charge
density variation. Therefore, the PEI and SiO2 counterion pair
provides a perfect opportunity to demonstrate the pH-promoted
exponential growth of LbL bicomponent polyelectrolyte/inor-
ganic nanoparticle thin films.
QCM Study of the pH-Promoted Exponential Growth of

[PEI/SiO2]n Thin Films. Several combinations of pH values for
PEI solutions and SiO2 colloidal suspensions were chosen to
study the effect of pH on the assembly process. As shown in
Figure 2 and Table 1, the LbL assembly of [PEI/SiO2]n thin films
was significantly affected by the pH difference between the PEI
solutions and the SiO2 suspensions. When PEI and SiO2 were
assembled at pH 9.9 and 4.7, respectively, to prepare thin film
[PEI(9.9)/SiO2(4.7)]10, the LbL assembly process exhibited
extremely fast exponential growth in the first three bilayers and
then transferred to a linear growth with a fairly fast growth rate.
The growth rate in the exponential growth regimewas so fast that
more than 50 wt % of the 10-bilayer thin film was contributed by
the first three assembly bilayers. However, when the thin film was
deposited with PEI at a pH of 9.6 and SiO2 at a pH of 6.5, the
exponential growth rate of films was greatly diminished, although, in
this case, the exponential process lasted until the ninth bilayer before
the transition fromexponential growth to linear growth occurred. As
a result of the depressed exponential growth, the thin film
[PEI(9.6)/SiO2(6.5)]10 only exhibited less than half the thickness
of film [PEI(9.9)/SiO2(4.7)]10 (see Figure 2 and Table 1). Inter-
estingly, the linear growth rate after the exponential-to-linear
transition during the assembly of [PEI(9.9)/SiO2(4.7)]10 and
[PEI(9.6)/SiO2(6.5)]10 was quite similar.
When the thin film was assembled in PEI and SiO2 solutions at

the same pH of 4.7, the LbL assembly process exhibited a typical
l-LbL growth, at a much smaller growth rate. In fact, the linear
growth rate of the [PEI(4.7)/SiO2(4.7)]10 film was 10 times
slower than that of the linear growth regime during the e-LbL
assembly processes (see Table 1). Furthermore, when thin films
were assembled in PEI at a pH of 4.7 and in SiO2 at a pH of 9.5,
even less material was deposited after 10 bilayers. Therefore, we
can conclude that the LbL assembly process will only exhibit
e-LbL growth when the thin film is assembled with PEI at a high
pH and with SiO2 at a low pH. When the pH difference between
PEI and SiO2 is small or when SiO2 is at a high pH and PEI is at a

Figure 1. ζ-Potential and particle size analysis of SiO2 colloidal
suspensions.

Figure 2. QCM crystal frequency change (�Δf) during LbL assembly
of [PEI(9.9)/SiO2(4.7)]10, [PEI(9.6)/SiO2(6.5)]10, [PEI(4.7)/SiO2-
(4.7)]10, and [PEI(4.7)/SiO2(9.5)]10 thin films.
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low pH, the e-LbL growth will disappear. The e-LbL film
[PEI(9.9)/SiO2(4.7)]10 and l-LbL film [PEI(4.7)/SiO2(4.7)]10
showed over 13 times difference in terms of the film total final
mass and thickness after the 10 bilayer deposition (see Table 1).
It should be noted that the exponential-to-linear transition has

often been observed during e-LbL growth process.27,44�46 This
phenomenon was explained by the possible film restructuring
during the assembly process that prevents the diffusion of
polyelectrolyte throughout the whole film.27,46 As a result of this
film restructuring, the number of polyelectrolyte chains that diffuse
out of the film tends to be constant, and thus, the film grows
linearly. Interestingly, the linear growth rates after the exponential-
to-linear transition during the assembly of [PEI(9.9)/SiO2(4.7)]n
and [PEI(9.6)/SiO2(6.5)]n were quite similar, which indicates
that these two e-LbL grown films went through a similar film
restructuring process.
Besides the pH difference between the PEI solution and the

SiO2 colloidal suspension, the ionic strength and the buffer strength
in the solutions are also very critical to obtaining pH-controlled
e-LbL growth of [PEI/SiO2]n films. As we discuss in the Supporting
Information (Figures S2 and S3), when 0.1MNaCl was added into
the PEI solution, the assembly of [PEI(10.1, 0.1 M NaCl)/SiO2-
(4.7)]10 exhibited a typical l-LbL growth, instead of e-LbL growth.
This was attributed to the salt screening effect47 of NaCl on the
interaction distance between PEI and SiO2 particles during the
assembly.We have also noticed that the pHof the PEI solutions and
SiO2 suspensions will gradually change as the assembly proceeds.
Adding 3 mM phosphate buffer into both the PEI and SiO2

suspensions can not only extend the e-LbL growth regime, but it
also increases the growth rate in the linear growth regime (Figures
S4 and S5 in the Supporting Information). More details about the
ionic strength effect and the pH buffer effect can be found in the
Supporting Information.
e-LbL Growth Strength. The strength of the exponential

growth can be evaluated by simulating the exponential growth
curve from QCM results using the following equation:27,29

�Δf ¼ f1 expðβnÞ � f2 ð3Þ

Using this equation, the�Δf of QCM crystals can be fitted to
the exponential growth of n bilayers through fitting parameters f1,
f2, and β. The parameters f1 and f2 are the kinetic scaling factors
for the thin film growth process, and they are usually equal. The
parameter β is the characteristic parameter for the exponential
growth strength, and it has been named the exponential growth
“strength factor”.27,29 A value of β close to 0 corresponds to a
linearly grown thin film, whereas a large value of β means that
the thin film grows exponentially. The larger the value of β, the
stronger the exponential growth effect. Values of the parameterβ for

[PEI/SiO2]n films grown at different conditions, as well as some
other e-LbL thin films from the literature, are listed in Table 2.
As shown in Table 2, during the assembly of [PEI/SiO2]n, the

strength factor β for the exponential growth part is highly
dependent on the pH difference between PEI and SiO2. The
strength factor for film [PEI(9.9)/SiO2(4.7)]n is as high as 1.09,
while the strength factor significantly decreases when the pH
difference between the PEI and SiO2 solutions decreases. The
strength factors of films made from PEI solutions that had
equal or lower pH than the SiO2 ([PEI(4.7)/SiO2(4.7)] and
[PEI(4.7)/SiO2(9.5)]n) are both close to zero, and they both
exhibited a typical l-LbL growth. It should be mentioned that the
β value of 1.09 reported here is by far the largest value ever
reported. In addition, it is also noteworthy that the strength
factors β for the non-pH-promoted e-LbL films are usually
around or below 0.4, as shown in Table 2.
AFM Study of the Film Surface Structure. The surface

structure of the films was analyzed by AFM imaging. Parts a�d
of Figure 3 show the surface structure of thin films at the 2� 2μm2

scale, under which scale individual SiO2 particles can be clearly
seen. As shown in the figure, at this scale, the rms surface roughness

Table 1. Film Thickness Calculated from QCM Results

filma

�Δf at the 10th

bilayers (Hz)

total

thicknessb (nm)

thickness from e-LbL growthb (nm)/

number of e-LbL growth steps

thickness from l-LbL growthb (nm)/

number of l-LbL growth steps

[PEI(9.9)/SiO2(4.7)]10 27130 2143 1123/3 1020/7

[PEI(9.6)/SiO2(6.5)]10 11345 896 741/9 155/1

[PEI(4.7)/SiO2(4.7)]10 2000 158 0/0 158/10

[PEI(4.7)/SiO2(9.5)]10 212 17 0/0 17/10
aTo differentiate the films, the pH values of the PEI solutions and SiO2 suspensions were chosen to be denoted in the parentheses.

bThe total thickness
values were all calculated from the �Δf value using eq 1) with the Cf constant as 0.079 nm/Hz. This constant was obtained by measuring the film
thickness using AFM (see Figure S1 in the Supporting Information).

Table 2. List of the Exponential Growth Strength Factors, β,
for Various Counterion Pairs

counterion pairsa β ref

PEI(9.9)/SiO2(4.7) 1.09 this work

PEI(9.6)/SiO2(6.5) 0.22 this work

PEI(4.7)/SiO2(4.7) 9 � 10�7 this work

PEI(4.7)/SiO2(9.5) 7 � 10�7 this work

PEI(9.0)/PAA(2.85) 0.79b ref 28

PLL(7.4)/PGA(7.4) 0.31b ref 20

PLL(7.3)/HA(7.3) 0.24b ref 18

PLL(7.0)/PAA(7.0) 0.37 (0.81)b,e ref 25

PDDA/PSS 0.38b,c refs 26,27

PAH(7.4)/PGA(7.4) 0.42b,c refs 29, 46, 48

PB(4.0)/GS(4.0) d 0.043b ref 23
aThe counterion pairs are listed as cation(pH)/anion(pH) unless
specifically mentioned otherwise. bThe strength factor, β, was not stated
in the reference paper. Instead, we estimated the strength factor based on
the film growth curve in the reference paper. cThe buildup of PDDA/
PSS and PAH/PGA films changed from typical linear to exponential
growth when the temperature and ionic strength of the polyelectrolyte
solution increased, and only the highest growth strength factor is
cited here. dThe buildup of PB/GS only exhibited e-LbL growth when
they had a precursor layer [PB/CHI]5.

eTwo different values were
obtained from ellipsometry (0.37) andQCM(0.81) measurements. The
difference was attributed to the water absorbance and film swelling.
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of the [PEI(9.9)/SiO2(4.7)]10 e-LbL film is the lowest at 7.3 nm,
and the rms roughness of the [PEI(4.7)/SiO2(4.7)]10 l-LbL film is
12.5 nm. In other words, the film surface of the e-LbL films at the
2 � 2 μm2 scale is smoother than that of the l-LbL films.
Interestingly, as shown in Figure 3d, the [PEI(4.7)/SiO2(9.5)]10
thin film shows a very different film structure, where the deposited
nanoparticles formed cluster-like structures, and the thin film exhi-
bited a patchy thin film growth behavior. In addition, 10 bilayers of
the thin film could not even cover the whole surface.
The surface structure of the thin films at the 30� 30 μm2 scale

was also analyzed, and the 3D images of the film surface structure
are shown in Figure 4. As shown in Figure 4a, the [PEI(9.9)/
SiO2(4.7)]10 e-LbL thin film exhibits a much rougher surface,
with the peak-to-valley height differences as high as 100 nm and a
rms roughness of 21 nm. This vast difference in the surface
roughness between the 2 � 2 μm2 and 30 � 30 μm2 scales
indicates that the [PEI(9.9)/SiO2(4.7)]10 e-LbL films exhibited a
dual-scale structure. In contrast, this kind of dual-scale structure
is not observed for the [PEI(9.6)/SiO2(6.5)]10 e-LbL film and
[PEI(4.7)/SiO2(4.7)]10 l-LbL film (Figure 4b and c). No
obvious difference in the rms surface roughness of these two
films could be observed between the 2� 2 μm2 and 30� 30 μm2

scales. The unique dual-scale structure of the [PEI(9.9)/SiO2-
(4.7)]10 e-LbL films is most likely due to the strong in-and-out

diffusion of PEI chains throughout the thin film during the
assembly process. The in-and-out diffusion of the polymer chains
can easily cause the uneven surface structure, giving rise to the
surface roughness. The fact that the [PEI(9.6)/SiO2(6.5)]10
e-LbL film did not show such a structure is probably due to
the relatively slow e-LbL growth that it experienced (see Figure 2
and Table 1).
It is worth noting that a similar film structure has also been

observed for other e-LbL grown tricomponent films, but the
increased roughness was attributed to nanoparticle clustering.23

We think that the dual-scale nature of our films is more than just
the clustering of nanoparticles, because only the fast grown e-LbL
films show the dual-scale structure, and all the l-LbL grown films
do not show such a feature. In addition, if it were to be just the
clustering of nanoparticles, the thin film would start growing into
clusterlike structures, which was not observed. In fact, quite the
opposite, the e-LbL films started with a smooth surface (see AFM
images for n = 1 to 4 bilayer (PEI/SiO2)n films, Figure S6 in the
Supporting Information) and then transferred to the dual-scale
structure at the later stages of the e-LbL film growth (as shown in
Figure 4a).
NR Study of the Thin Film Structure.Neutron reflectometry

(NR) was used to study the details of the internal structure of
[PEI(9.9)/SiO2(4.7)]n e-LbL films. Because of the contrast of

Figure 3. AFM images of films: (a) [PEI(9.9)/SiO2(4.7)]10, (b) [PEI(9.6)/SiO2(6.5)]10, (c) [PEI(4.7)/SiO2(4.7)]10, and (d) [PEI(4.7)/SiO2-
(9.5)]10. The rms roughness is (a) 7.3, (b) 9.3, (c) 12.5, and (d) 12.6 nm. All of the images use the same height scale for easy comparison.
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scattering length density (SLD) between the PEI and the SiO2

particles, NR provides the unique possibility to probe the details
of the internal film structure through the SLD depth profile of the
composite films.49 As a result of the high depth resolution of
0.5 nm, this method allows us to study a single ([PEI(9.9)/
SiO2(4.7)]1) and a double layer ([PEI(9.9)/SiO2(4.7)]2) film

and gives direct access to the details of the exponential growth.
The experimental reflectivity results, the fitted results, and the
SLD profiles for [PEI(9.9)/SiO2(4.7)]1 and [PEI(9.9)/SiO2-
(4.7)]2 thin films are shown in Figure 5.
The reflectivity results, displayed in Figure 5a, were fitted well

using the proposed SLD profiles shown in Figure 5b. According

Figure 4. AFM 3D images of films: (a) [PEI(9.9)/SiO2(4.7)]10, (b) [PEI(9.6)/SiO2(6.5)]10, and (c) [PEI(4.7)/SiO2(4.7)]10. All of the images are a
30 μm � 30 μm scan. The Z scales of parts a, b, and c are kept the same for easy comparison. The rms roughness at this scale is (a) 21.5, (b) 8.1, and
(c) 9.1 nm.

Figure 5. (a) Experimental (open symbols) and theoretical (lines) reflectivity profiles for [PEI(9.9)/SiO2(4.7)]1 and [PEI(9.9)/SiO2(4.7)]2 films
deposited on silicon wafers. The curves are offset by a factor of 0.1 for clarity. (b) Neutron scattering length density profiles obtained from the simulation
shown as functions of the distance from the substrate. The dashed line marks the surface of the Si substrate; the peaked intensity of the substrate
corresponds to the naturally oxidized SiO2 on the surface of the substrate, which is formed prior to film deposition. The labels 1L and 2L indicate the first
and second bilayer.
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to Figure 5b, the SLD profile of the [PEI(9.9)/SiO2(4.7)]1 film
through the film depth consists of two regions: a bottom layer
with a lower SLD value (∼7.6� 10�7 Å�2) and a top layer with a
higher SLD value (∼1� 10�6 Å�2). Because the SLD of SiO2 is
higher than that of PEI, this suggests that the film [PEI(9.9)/
SiO2(4.7)]1 is comprised of a ∼20 nm top layer enriched with
SiO2 and a ∼30 nm bottom layer enriched with PEI. In other
words, the majority of the PEI chains were able to diffuse up to
∼30 nm from the substrate surface, while fewer PEI chains
diffused all the way up to the top surface. The SLD profile of the
[PEI(9.9)/SiO2(4.7)]2 film shows a clear two-bilayer structure.
The shape of the SLD profile for the first bilayer is quite similar to
that of the [PEI(9.9)/SiO2(4.7)]1 film, except that the SLD
values for the two regions are around 1 � 10�6 and 1.4 � 10�6

Å�2, respectively. Both of these values are higher than those of
the single bilayer film [PEI(9.9)/SiO2(4.7)]1, which suggests
that more PEI chains from the first bilayer diffused out to the
second bilayer to interact with upcoming SiO2 nanoparticles
during the deposition. To the best of our knowledge, this is the
first report from neutron reflectometry that provides evidence for
the diffusion of polymer chains during the e-LbL growth process.
It is worth noting that the total thicknesses of the [PEI(9.9)/

SiO2(4.7)]1 and [PEI(9.9)/SiO2(4.7)]2 films deposited on
silicon wafers are 53 and 170 nm, respectively. These thicknesses
are well below those of the thin films deposited onto the SAM-
modified QCM crystals, even though they clearly demonstrate
the e-LbL growth. According to the QCM results (Figure 2 and
Table 1), the [PEI(9.9)/SiO2(4.7)]1 and [PEI(9.9)/SiO2(4.7)]2
films grown on the SAM-modified quartz crystals are as thick as
82 and 352 nm, respectively. This vast difference in thickness is
likely due to the substrate surface effect on the deposition of the
first PEI layer. It is expected that it would be easier for the
positively charged PEI chains to deposit onto the negatively
charged SAM-modified QCM crystal surface than on the non-
charged silicon wafer surface. Consequently, the number of PEI

chains deposited during the first layer can significantly affect the
subsequent assembly steps. This will be discussed in more detail
in the following section.
Explanation of the pH-Controlled e-LbL Growth. The

vastly distinct assembly process and structure of the thin films
when they were prepared at different pH values could be
attributed to several reasons. One reason is the in-and-out
diffusion of PEI chains toward the surface during the SiO2

assembly step; another reason is the charge density variation of
PEI chains at different pH values; and the third reason is the
conformation change of PEI chains at different pH values. The
proposed mechanism of film growth process, after the assembly
of the first PEI and SiO2 layer at different pH combinations, is
illustrated in Figure 6. At the pH of 9.9, the majority of the amine
groups of the PEI chains are deprotonated, and thus, the PEI
chains have a low charge. As a result, a significant number of PEI
chains are deposited onto the substrate to compensate for the
surface charges, and the PEI chains form a collapsed structure on
the substrate due to the low electrostatic repelling force between
the chain segments (Figure 6a, left). During the subsequent SiO2

assembly step, the collapsed PEI chains will extend as a result of
the increased charge density of each PEI chain, and the excess
PEI chains will diffuse out to the outer surface to interact with
more SiO2 nanoparticles. As a result, more than one monolayer
of SiO2 can be deposited during one single exponential growth
step. Apparently, this exponential growth process will be sig-
nificantly dependent on the charge density variation of every PEI
chain. Therefore, when the pH difference between the PEI and
SiO2 solutions decreases, the exponential growth rate diminishes
a lot (see Figure 2). Furthermore, when both the PEI and SiO2

are assembled at the same pH of 4.7, the charge density and the
conformation of PEI chains will not change between the PEI and
SiO2 deposition step (see Figure 6b). As a consequence, the
[PEI(4.7)/SiO2(4.7)]10 film grows linearly (see Figure 2).
Further increasing the pH of the SiO2 suspension to prepare

the [PEI(4.7)/SiO2(9.5)]10 film will decrease the assembly rate
even more as a result of the decreasing PEI charge from the PEI
to the SiO2 deposition step. In addition, because of the decreas-
ing PEI charge from low to high pH, the initially extended PEI
chains will collapse at the pH of 9.5 during the SiO2 assembly
step (see Figure 6c, left), and thus, the substrate surface cannot

Figure 6. Schematic illustration of the first bilayer assembly structure
for films: (a) [PEI(9.9)/SiO2(4.7)]1, (b) [PEI(4.7)/SiO2(4.7)]1, and
(c) [PEI(4.7)/SiO2(9.5)]1. For each thin film, the assembly of the first
PEI and SiO2 layers are illustrated separately.

Figure 7. Cross-section SEM image of [PEI(9.9)/SiO2(4.7)]50 film
grown on a glass substrate.
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be fully covered by the PEI chains. As a consequence, the negatively
charged SiO2 particles can only be deposited onto the few available
positively charged surface sites on the substrate (see Figure 6c,
right), and the film eventually grows into a clusterlike structure,
which was observed in the AFM image presented in Figure 3d.
Inorganic Content of the e-LbL Films. To evaluate the

inorganic content of the exponentially grown thin films, we
prepared a 50-bilayer thin film [PEI(9.9)/SiO2(4.7)]50 on a glass
substrate and studied its thickness and inorganic content using
SEMandTGA.The SEMcross-sectional image in Figure 7 indicates
that thin film [PEI(9.9)/SiO2(4.7)]50 is primarily composed of
inorganic nanoparticles. The inorganic content of this thin film
was further evaluated using TGA by heating the thin film and
some colloidal SiO2 particles separately up to 800 �C. As shown
in Figure 8, about 90 wt % of the [PEI(9.9)/SiO2(4.7)]50 film is
composed of noncombustible inorganic materials. In addition,
the TGA analysis of the colloidal SiO2 particles shows that
98 wt % of the colloidal particles are composed of noncombus-
tible inorganic materials, and the other 2 wt % are combustible
organicmaterials. Therefore, thismeans thatmore than 90% of the
[PEI(9.9)/SiO2(4.7)]50 thin film is contributed by the colloidal
SiO2. To the authors’ knowledge, this is the first time that such
thick and dense films containing primarily inorganic nanoparticles
have ever been manufactured using the LbL assembly method.
The thickness of film [PEI(9.9)/SiO2(4.7)]50 is around 3.3 μm

according to the SEM image in Figure 7, which is less than what
we would have expected from the QCM results (Figure 2 and
Table 1). If the thin films grew at the same rate as that of the
linear growth regime beyond the 10th layer, shown in the QCM
results in Figure 2, the thickness of [PEI(9.9)/SiO2(4.7)]50
should have been around 8 μm. The difference can possibly be
attributed to the fact that the thicker film was grown on glass
rather than the SAM-modified quartz crystal, thus lowering the
rate of growth as explained above, or the possibility that films
begin cracking and particles begin to detach in the later assembly
stages. It is not unreasonable to expect that this may happen
when the majority of the thin film is composed of inorganic
SiO2 particles (see Figure S7 and Figure S8 in the Supporting
Information). However, as it has been suggested that film
cracking and particle detachment can be potentially eliminated
by limiting the drying process during the assembly,36 this should
not be of too much concern for now.
In conclusion, the discovery of the pH-promoted e-LbL assembly

of bicomponent PEI/SiO2 thin films with high inorganic particle

content provides the first step toward the fabrication of multi-
functional films with designed properties. This feature will be very
important for any type of film in which the inorganic interparticle
connection is very critical for the film functionality or where specific
gradients in density are desired.

’CONCLUSIONS

A new type of exponentially grown organic/inorganic bicom-
ponent composite thin film was demonstrated by the LbL
assembly of PEI and SiO2 nanoparticles. Our results show that
the film growth rate is significantly dependent on the pH
difference between the PEI and the SiO2 solutions. Only when
the thin film is deposited with PEI at a high pH and with SiO2 at a
low pH, will the thin film exhibit e-LbL growth. The exponential
growth strength was shown to significantly decrease when this
pH difference decreased or when the solutions had pH values in
reverse. Introducing a pH buffer into the PEI and SiO2 solution
extends the exponential growth region somewhat and also
increases the growth rate in the subsequent linear growth regime.
Unlike the all-organic thin film systems reported by previous
investigators, increasing the ionic strength of the PEI solution, in
this case, eliminated the exponential growth, as a result of the
strong screening effect of NaCl on the positive charges of the PEI
chains.

In this work, the e-LbL [PEI/SiO2]n grown thin films were
primarily composed of inorganic SiO2 nanoparticles. We were
able to prepare thin films as thick as 2.1 μm composed of over
90% inorganic SiO2 nanoparticles within 10 bilayers. To our
knowledge, this is the first time a bicomponent polyelectrolyte/
inorganic nanoparticle thin film with high inorganic content has
been grown via e-LbL growth. The extremely fast thin film
growth is attributed not only to the in-and-out diffusion of PEI
chains but also to the PEI charge density increase when the pH is
changed from a high to a low value. As a result of the diffusion of
the PEI chains, e-LbL grown films exhibited a dual-scale structure
with very smooth regions at a small scale (∼2 μm) that form
much rougher islands at a larger length scale (∼30 μm). The
fundamental understanding of the pH controlled e-LbL growth
of organic/inorganic bicomponent thin films will have significant
impact on the LbL assembly field.
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