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We study the adsorption of gold nanospheres onto cylindrical and spherical glass surfaces from

quiescent particle suspensions. The surfaces consist of tapers and microspheres fabricated from

optical fibers and were coated with a polycation, enabling irreversible nanosphere adsorption. Our

results fit well with theory, which predicts that particle adsorption rates depend strongly on

surface geometry and can exceed the planar surface deposition rate by over two orders of

magnitude when particle diffusion length is large compared to surface curvature. This is

particularly important for plasmonic sensors and other devices fabricated by depositing

nanoparticles from suspensions onto surfaces with non-trivial geometries. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3701730]

Sensors and other devices based on plasmon resonances

in metal nanoparticles (NPs) have attracted a large amount of

attention in recent years.1 In many implementations, particles

are deposited from a liquid suspension onto a substrate to

form a plasmonically active surface.2 Such substrates are often

flat, but other geometries are also of interest. In particular,

since plasmonic devices are intrinsically optical, it is natural

to consider NP deposition on optical microstructures such as

silica fibers, fiber tapers, or microsphere resonators, which dis-

play cylindrical, conical, and spherical geometries, respec-

tively. As the complexity of such devices increases, it is

imperative to develop a good understanding of the process of

NP deposition. Here, we focus on the dependence of deposi-

tion on substrate geometry as it applies to silica-based tapers

and microspheres. We find that at short deposition times, the

NP adsorption is largely independent of substrate geometry,

while at long times, deposition is significantly faster onto the

curved surfaces. The crossover occurs when the NP diffusion

length equals the radius of curvature of the surface.

The problem of particle adsorption on a collecting sur-

face is of great technological importance in fields such as

materials science, food and pharmaceutical fabrication, elec-

trophoresis, and catalysis. It is also of interest in biomedicine

in describing processes such as ligand binding to macromo-

lecules or digestion by microbes and cells.3,4 It is then not

surprising that the problem has been studied for a long time

and that theoretical treatments have reached a high degree of

sophistication.5 However, the bulk of the experimental work

in this field has been done on planar surfaces, and studies of

adsorption onto curved collecting surfaces4,6 have generally

concerned regimes that are not directly applicable to optical

and plasmonic device fabrication.

For our theoretical treatment, we confine ourselves to

the simplest possible case, where we first assume that the

collecting surfaces are perfect sinks, i.e., any particle that

gets within a certain small distance from a surface sticks im-

mediately and irreversibly, which is reasonable for small par-

ticles at low concentrations7 and at time scales where the fast

adhesion kinetics is masked by the slower diffusion domi-

nated particle transport to the surface. Since the Debye

length in water is at the most a few tens of nanometers, this

holds for all times longer than about a ms. We also assume

that the drag experienced by a particle near a surface is bal-

anced by attractive dispersion forces (the Smoluchowski-

Levich approximation), so that we can take the diffusion

coefficient to be constant everywhere including near the sur-

face. Finally, we treat only the case where there are no exter-

nal forces and no liquid flow present (quiescent conditions).

Under these idealized conditions, the problem reduces to

solving the diffusion equation(
@tnðr; tÞ ¼ Dr2nðr; tÞ;
nðr; 0Þ ¼ n0;
nðrs; tÞ ¼ 0; nð1; tÞ ¼ n0:

(1)

Here, nðr; tÞ is the concentration of nanoparticles in the sus-

pension, D is the diffusion constant, n0 is the initial concen-

tration of particles, and frsg are the coordinates of the

collecting surface. In all geometries at issue here, this can be

solved with standard separation of variables techniques. The

accumulation density of particles on the collecting surface is

given by hNðtÞi ¼ D
Ð t
0
@?nðrs; t0Þdt0, where @? is the deriva-

tive normal to the surface. From this, we obtain8
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where the three subscripts for hNðtÞi indicates the corre-

sponding adsorbed particle density for planar, spherical, and

cylindrical surfaces, respectively, a is the substrate radius of

curvature, Hð2Þ
� ðxÞ are Hankel functions of the second kind,

and =ðzÞ denotes the imaginary part of z. The formula for

hNflatðtÞi is well-known and has repeatedly been shown to

describe irreversible particle deposition onto flat adhesive

surfaces quite well,9 as long as the surface particle density is

low enough that the assumption of a perfectly adhesive sur-

face remains valid. To simplify matters, we introduce dimen-

sionless measures of time s ¼ Dt=a2 and particle

accumulation h�ðsÞi ¼ hNi=n0a, which gives us8

�flatðsÞh i ¼ 2

ffiffiffi
s
p

r
;

�sphðsÞ
� � ¼ 2

ffiffiffi
s
p

r
þ s;

�cylðsÞ
� � ¼ 2

p

ðs
0

ds0
ð1
0

dbe�s0b2= H
ð2Þ
1 ðbÞ

H
ð2Þ
0 ðbÞ

( )

� 2
ffiffi
s
p

p þ s
2
; s < 2;

2
p sarccot ln cs

p

� �þ 1
� �

; s > 2:

(
(3)

c ¼ 0:5772 is a constant chosen to obtain the best fit with the

exact expression. The errors in the approximations for

h�cylðsÞi are less than 2% when s < 0:4 and s > 5. s ¼ 1

corresponds to the time when the particle diffusion lengthffiffiffiffiffiffiffiffi
4Dt

p
equals the diameter of the cylinder or sphere 2a.

Therefore, for s � 1, the surface appears flat over the scale

of the diffusion length, and consequently all surfaces behave

as the planar case, where the particle adsorption process

gradually depletes the particles from the suspension closest

to the surface faster than they can be replaced from regions

farther out, which reduces the deposition rate over time, so

that h�ðsÞi � ffiffiffi
s

p
.9 When s � 1, the finite spherical surface

is too small to appreciably deplete the particles from the

bulk of the suspension, and the deposition rate is therefore

constant, and hence h�sphðsÞi � s. The cylindrical surface

represents an intermediate case where the cylinder does

deplete the suspensions of particles so that the deposition

rate continually decreases, but only logarithmically in time,

so that for very long times h�cylðsÞi � s
lns. As a result of this,

particle deposition occurs significantly faster on curved

surfaces than on flat ones, as long as the particle diffusion

length is larger than the surface radius of curvature. Since

this crossover occurs earlier for smaller radii, the rate of dep-

osition is in fact faster for more highly curved surfaces.

It is also worth mentioning that although the curvature

of the surface does affect the interaction between it and the

suspended particles, this effect is only appreciable if the cur-

vature becomes comparable to the particle radius.10 More-

over, as particle transport is diffusion limited, this

interaction only affects the probability of particle adsorption

during a collision with the surface, which under the condi-

tions used here is already nearly 100%.

To test the theory, we deposited gold nanospheres on

three types of silica surfaces: the flat surface of microscope

slides, the near-cylindrical surface of tapered optical fibers,

and microspheres. The tapers were made with a procedure

similar to those in Ref. 11. Briefly, we placed a silica fiber

between two fiber clamps and used a propane-oxygen flame

to heat the fiber. As the glass softens under high temperature,

the clamps are pulled apart, and time dependent control of

the pulling force enables us to shape the spatial profile of the

taper diameter. In this study, the waist of the fiber taper

ranged from 5 to 10 lm. The silica microspheres were fabri-

cated by focusing a CO2 laser beam onto an optical fiber,

causing it to melt and form a sphere.12 By adjusting the posi-

tion and the power of the laser, we can control the micro-

sphere diameter in the range of 200 to 300 lm. To make the

surfaces adhesive, we coated them with a single nm-thick

layer of poly(allylamine hydrochloride) (PAH) to generate a

uniform positive surface charge.13 We then placed the sam-

ples in an aqueous solution containing negatively charged

citrate-terminated, surfactant free gold nanospheres (30 nm

diameter, from British Biocell International) to initiate the

deposition. We adjusted the NP concentration (n0) as well as
the deposition time (t) to achieve different surface particle

densities, which were then determined by scanning electron

microscopy (SEM) imaging. The NP size d and stock sus-

pension concentration nS were verified with TEM and induc-

tively coupled plasma atomic emission spectroscopy (ICP-

AES) and found to be 28.7 nm and 1.95� 1011 particles/

cm�3, respectively, quite close to the values provided by the

manufacturer (30 nm and 2.00� 1011 particles/cm�3). From

d, the temperature of the suspension (22 �C) and the viscosity
of water at that temperature (0.96 cP), we calculated the dif-

fusion constant for the NPs D¼ 1.57� 10�7 cm2/s with the

Einstein-Stokes equation. To reduce the number of NPs

adsorbed onto the surfaces during long depositions to the

point where particle surface blocking7 was not a factor, the

stock NP suspension was diluted with nanopure water so that

n0 ranged between 3.0% and 30% of nS. The surface density
of adsorbed particles was found by imaging several ran-

domly selected regions of each surface with SEM and then

using image processing routines built into Mathematica to

automatically count the particles in each image. The accu-

racy of this method was verified by manual counting of the

particles in a subset of the images.

As suggested by Eq. (3), the NP deposition rate can

vary by several orders of magnitude, depending on depo-

sition time as well as the spatial dimension of the micro-

structure. For example, Fig. 1 shows SEM micrographs of

NPs adsorbed onto a microsphere, a tapered optical fiber,

and a flat glass substrate. In all cases, the surface was

exposed to the suspension for 30min. Note that the high-

est concentration of NPs was used for the flat surface

deposition, yet this case shows the lowest density of

adsorbed NPs.

The particle adsorption data were rescaled to enable

comparison with Eq. (3). For the flat substrate, a was cho-

sen to be 125 lm. We note that the precise value of a has

no impact on the fitting for hNflatðtÞi as can be easily veri-

fied from Eq. (3) and the definition for �ðtÞ. The result is

plotted in Fig. 2, where we can see that the data, obtained

with deposition times between 3min and 6 h, and values of

a between 5lm and 130 lm, follow the scaling of Eq. (3)

quite well. The only free parameter in the rescaling was
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the NP concentration in the nanosphere stock solution nS,
which was chosen to obtain the best least squares fit to

theory. The resulting values are displayed in Table I. For

all three geometries, the inferred value of nS is quite close

to the correct value of 2.0� 1011 cm�3, confirming the va-

lidity of our model.

The theory assumes quiescent conditions, and we would

expect any fluid flow to increase the particle deposition rate

onto the surfaces above the predicted values. In the case of

the planar and spherical samples, it proved unnecessary to

ensure a completely stagnant fluid. The depositions were car-

ried out in standard glassware and simply left undisturbed

for the desired amount of time, and despite the residual fluid

motion inevitable in a large open container subject to the

influence of air flow and ambient mechanical vibrations,

agreement with theory is good. By contrast, if we place the

cylindrical taper within an open container, we find the parti-

cle deposition rate is about 2.5 times larger than predicted by

Eq. (2). To reduce the effect of fluid motion, the fiber tapers

were enclosed in custom-made cylindrical fixtures with a

3mm inside diameter, and this produced the result displaced

in Table I, in good agreement with theory. Insensitivity to

slow flow is expected for deposition on a plane, since lami-

nar flow in that case takes place parallel to the surface and

does not mix fluid strata with different values of n. The rea-

son for the insensitivity in the spherical case is less clear, but

the small thickness of the fluid layer depleted of particles

around an adsorbing sphere compared to a cylinder is likely

an important factor. A more complete investigation of this

problem would require numerical simulations14 and will be

left as a topic for future work.

As is evident from Fig. 1(e), the radius of each taper

varies continuously from a few microns to the radius of the

commercial optical fiber. A single deposition will therefore

test Eq. (3) over a range of parameters. As can be seen in

Fig. 3, the density of adsorbed NPs scales with a just as pre-

dicted by the model. For deposition times on the order of

30min, the density of NPs at the center of the taper can be

more than an order of magnitude higher than at the edges.

To conclude, we have derived simple expressions

describing adsorption of spherical particles onto adhesive

spherical and cylindrical surfaces in the absence of flow and

shown that realistic deposition conditions are well described

by the theory. Our main finding is that highly curved surfa-

ces accumulate particles significantly faster than their flat

counterparts at long deposition times, even though their

behavior is identical at short deposition times. For the cases

we have studied here, with deposition times on the order of

minutes to hours and radii of curvatures down to approxi-

mately 10 lm, the difference in surface particle density can

be as large as two orders of magnitude. This needs to be

FIG. 2. Plot comparing the theoretical scaling in Eq. (3) with data obtained

from planar, cylindrical, and spherical surfaces. The only fitting parameter

was nS.

TABLE I. Concentration of gold nanoparticles in stock solution as deter-

mined by TEM and ICP-AES as well as adsorption on different surface geo-

metries and fitted to our model.

Method TEMþ ICP-AES

Flat

surface Microsphere

Cylindrical

taper

nS (10
11 cm�3) 1.95 1.72 2.06 1.88

FIG. 3. Plots of the nanoparticle coverage on three different fiber tapers as a

function of the local curvature, and for different deposition times. As in

Fig. 2, the only fitting parameter was nS. The strong dependence of particle

density on curvature is particularly clear here. The inset SEM images are of

2 lm� 2 lm areas and are taken from the micrographs used to generate the

indicated data points.

FIG. 1. SEM images of gold nanospheres deposited for 30min from a

diluted suspension onto (a) a spherical surface (a ¼ 129lm, 10% dilution

from nS), (b) a cylindrical surface (a ¼ 5.2lm, 3% dilution), and (c) a planar

surface (30% dilution). The curved surfaces consist of (d) a 258lm diameter

microsphere and (e) a tapered optical fiber, 24.2lm in diameter at the point

where the image was taken.
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taken into account whenever particles or other nanostruc-

tures are deposited from suspension onto surfaces that are

not flat. The effect can be advantageous both in device fabri-

cation and in sensing applications, where a sensor placed on

a highly curved surface will have a faster response than one

placed on a flat surface.3
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