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Theoretical analysis of vertical colloidal deposition
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We have modeled the dynamics of a relatively new deposition technique, vertical colloidal
deposition(VCD), for preparing nanoparticle thin films. In this process, the substrate is placed
vertically in a nanoparticle suspension and is gradually exposed by evaporation or other slow
solvent removal. During the film’s formation, we observe that the colloidal particles are deposited
only at the solid-liquid-gas interface. In contrast with the horizontal geometry, treated elsewhere,
where the meniscus is pinned, we observe qualitatively different deposition behaviors. In particular,
uniform films rather than rings or lines are produced. Thus, we are led to model a diffusion-driven
rather than a convection-driven film growth kinetics, and we are able to predict, consistent with our
experimental observations, that the film’s areal density is inversely proportional to the descent speed
of the suspension surface. Additionally, we find that for submonolayer films, the areal density is
proportional to the square of the suspension concentration, converting to a linear dependence once
monolayer coverage is attained. 2005 American Institute of PhysidDOI: 10.1063/1.1896352

I. INTRODUCTION dynamics of colloidal motion in evaporating solutions. In
- : . : rticular i f nanoparticl ition an If-

Because of their interesting properties and potential foP2 ticular,  stud es of nanopa cle depo_sto a d se
. : : assembly onto horizontal substrates and first-principles cal-
engineered design, nanoparticles have attracted much focus

) . . culations of the substrate-particle adhesion force have illumi-
in materials research. The fundamental questions posed b ) . L .
ated the role of two-dimensional motion in the meniscus

nanoscale systems are answered while opportunities are cre- "~ 1, Such h has b tended t lain th
ated to find unique solutions to technological problems jnegion- - such research has been extended 10 explain the

microelectronics, optoelectronics, and catalysRecent re- forma}igon of solute rings arising from evaporating, pinned
sults have pointed to the potential contribution of nanopardroPs:~ This, the so-called coffee-ring problem, is explained
ticles for future technologies. In particular, following the © Stém from the evaporation-driven flow of steadily more
successful control over the size and shape of nanoparticle§oncentrated solution to the outer edge of the drop. While the
there has been considerable interest in exploiting the applfurrently accepted models explain the concentration of the
cation of nanoparticles to complex nanoelectronic device§O!Ute particles near the outer edge of the drop, they do not
and biochemical sensofS.Diverse structures can be con- address the deposition of material in the meniscus when ei-
structed using nanoparticles as building blocks, such as off€r the liquid edge is unpinned, or when the solvent reser-
dered spheres and superlattices with the complexity and ooir is sufficiently large that the evaporation process does not
dering of the resulting nanostructures dictated by theSignificantly enrich the colloidal density. The approach re-
processing route takeé® ported here addresses this latter class of processes, more akin
There is significant activity devoted to the developmentto vertical deposition, such as the prominent rings formed on
of thin-film fabrication method$, such as layer-by-layer the inner surface of a coffee cup.
self-assembl§, drying depositior?, and  vertical In our early reporil,7 evaporation-driven vertical colloi-
deposition:™*In those approaches, dip coating is certainlydal deposition(EVCD) is presented as a method to synthe-
a common and simple process for preparing films. More resize nanoparticle thin films on substrates positioned verti-
cent work has exploited the air-water-substrate interface aseally, relative to a solution surface. As shown schematically
means to enhance the formation of nanoparticle thin filmsn Fig. 1, when the solution evaporates, more substrate is
from low-viscosity suspensiort8.*” However, there are few exposed and coated by the nanoparticle film. The nanopar-
models to provide theoretical input for guiding innovationsticles in suspension, within the solid-liquid-gas interface, are
in the latter approach to thin-film fabrication. deposited on the substrate subject to interfacial forces. Pre-
This situation exists in spite of significant work on the viously, gold nanoparticle thin films have been grown by
using EVCD. Typical results of EVCD growth of gold nano-
dauthor to whom correspondence should be addressed. Electronic majParticle films are pictures in the transmission electron mi-
reevesme@gwu.edu croscopy(TEM) images of Fig. 2, where it is shown that the
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Substrate We note here that evaporation is not a necessary condi-
tion, but merely provides a means for slowly dropping the
liquid level. In our lab, we have also demonstrated the depo-
sition of nanoparticles when the solution is slowly, but non-
evaporatively removetf

Motivated by these experiments, we present a theoretical
discussion of material transport in the vertical colloidal
deposition of nanoparticle thin films. Diffusion theory is
used to treat the dynamics of this synthesis process. And in
agreement with experiment, our model shows that the areal
density of nanoparticles in submonolayer thin films made by
------------- EVCD is directly proportional to the square of suspension
Surface of Suspension concentration and inversely proportional to the descent speed

of suspension surface. Further, we demonstrate similar be-

/ havior for thicker films, except that their areal density is
directly proportional to the suspension concentration rather
than to its square. The theoretical results obtained in this
paper for thicker-than-monolayer nanoparticle films agree
well with the experimental trends reported in our earlier
results.

Meniscus Region

Thin Film

= - - === -

Rk

Nanoparticle Suspension

FIG. 1. The schematic of vertical colloidal depositi&iCD) for nanopar-

ticle thin-film synthesis. The substrate is immersed vertically into the nano-

particle suspension, and as the surface of the suspension is lowered, the THEORETICAL ANALYSIS
nanoparticles in meniscus region aggregate on the substrate.

The dip coating method for preparing thin films is com-

o . . monly used and models for thin-film formation have been
distribution of the gold nanoparticles is homogeneous on Rptained for sol-gel techniqué%‘zz Recent work has dem-

1._107”“ scale. Further analysis mghcates _that n<”mopart'(:l%nstrated the usefulness of dip coating in the low-speed, low-
films can be made more dense by increasing the concentr":}i-]scosity limit of EVCD 5123t the process has yet to be

tion of the suspension or by decreasing the descent speed t%eoretically described, except for the case in which the sub-
the suspension surfatéRecent work by Imet al. has also strate is horizontal

We have created a quantitative empirical description of
the deposition process by simply considering the Brownian
motion of nanopatrticles in the reduced-dimension, meniscus
region of the solution(see Fig 1. This model is useful for
optimizing the deposition conditions necessary to obtain de-
sired film morphologies and thicknesses.
¢ Our findings are motivated by our experimental observa-
2 tions of EVCD that the nanoparticle deposition takes place in
g the thin region of the meniscus rather than in the bulk of the
solution. This is crucial. For when the nanoparticle’s affinity
to the substrate is weak, there is an equal likelihood of ad-
sorption as desorption. There is then no net deposition unless
particle motion transverse to the substrate is limited by geo-
metrical constriction. The dynamics of the process is driven
by evaporation, which leads the surface of the nanoparticle
suspension to drop from the broken line to the solid line of
Fig. 1. Then, the nanoparticles in the meniscus aggregate on
the substrate and are removed from the suspension, causing a
net diffusive flux toward the meniscus region. Hence the
deposition speed is limited by rate at which nanoparticles can
be replenished by diffusion.

In our discussion of EVCD, two ideal conditions are
assumed: the volume change of the suspension is so small
that the concentration of the suspension remains constant,

and the size of nanopatrticles is small enough that the influ-
FIG. 2. Transmission electron microscofEM) images of the gold nano- ence of gravity can be ignored.

partlclg f!Ims, made by evaporation-driven vertical co_IIO|daI depo§|t|on.Th|s In our model, the surface of the solution in Fig. 3 de-
and similar micrographs demonstrate that these films are uniform on a . . .
1-10um scale. TEM images of individual nanoparticles indicate that theySCE€Nds with speed. Thus, during a small timeit the

are spherical and fairly monodispersed. exposed substrate area increases\By WvAt, whereW is

demonstrated EVCD of latex nanospheres into highly or-
dered films®®
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Meniscus Region combining Einstein’s diffusion constant and E§), we ex-
Substrate press the areal density of nanoparticles as
Thin Film

okg TC

N = (/l—B (6)
VAt Diffusion Cross Area 67r no
Ax
I1l. DISCUSSION

Nanoparticles
Suspension

A. Factors controlling deposition rate

There are a number of parameters in E).which can
be determined by simple considerations. For example, ac-

FIG. 3._The process via which nanoparticle thin f_ilms_ are formed by EVCDcording to Einstein's theory of the Brownian motion, the
in meniscus region of the nanoparticle suspensiakt. is distance the the . : . . );6
suspension surface descends andis the distance that the nanoparticles VISCOSItY of the suspension is given b
diffuse in the time intervalAt. J is the diffusive flux of the nanoparticles, V
which results in films with densities given b .
given by B T =1+25.C+0(CY, (7)

7o

the width of substrate immersed in the suspension. The are

. . . A o Where is the viscosity of solvent, angandM are the
density of nanopatrticles in the thin film is then by definition o | v i v

partial molar volume and molecular weight, respectively.
_An_ An The concentration of the reaction solution is typically in the
TAS T WAt @ millimolar range and remains constant through the experi-
ment (since a small volume of liquid evaporatehus, in
where An is the number of nanoparticles localized on theEq_ (7), the concentration-dependent terms are much smaller
thin-film areaAS. Those nanoparticles are suspended in thgngn 1, allowing us to assumgis a constanty,.t’
volume Vi during At because of diffusion, and the menis-  The contact angleg, between the suspension surface and
cus is narrow enough that motion within it is constrained tothe supstrate is influenced by the solvent, the substrate, and
a plane parallel to the substrate. Translational symmetryhe tjit angle of the substrate relative to the solufibiThis
along the meniscus line reduces the problem to one of quasimgle is easily measured and even adjusted to control the
one-dimensional diffusion, the flux of nanoparticles is thenfjimy's deposition rate. In recent experiments, a steep contact

N

H 9, 5
governed by Fick's lav’ line shape with a small contact angle has demonstrated a
JC lower areal density than a smooth contact line shape with
J=- Dg, (2)  large contact angl&® as expected from Ed6).

The adsorption probability is influenced by the wetting
whereD is the diffusion coefficient, an@ is the suspension force between the nanoparticle and the substrate. It therefore
concentration. The cross-sectional area for diffusiordss depends on the substrate, and on the nanoparticle’s size,
=Waedx, whered is the contact angle between the suspensiorshape, surface properties, and concentration. Some of the
surface and the substrate surface. The number of nanopatenditions for stable attachment of suspended particles to
ticles passing through the cross section is then given as  solid surfaces have been previously addre8ethere, for

JC example, under a barrierless deposition regigéncreases
An=- f Jdsdt= g\/\/J dtf D—dx. (3)  in proportion to the bulk suspension concentration. However,
X once a complete monolayer has been formed, blocking ef-
In steady stateAC is the concentration difference between fects become predominate aricbecomes constarit:**
the bulk suspension and the meniscus. Since not all nanopar- Thus, for submonolayer nanoparticle thin films, under
ticles in the deposition region will aggregate on the substrategquilibrium conditions, the adsorption coefficient=KC,
we definey as the probability that a given particle will be WhereK is a constant determined by the nanoparticle, sol-
absorbed upon colliding with the substrdteis treated as a Vent, and substrate properti¥sEquation (6) can then be
parameter, depending upon forces within the meniscus, sédtten as

Sec. ll). With an amount ofAC=¢C removed from the C2
suspension, Eq3) can be written as Nsubmono= submong_ " (8)
An=DHWACAt = DOWyCAL. (4)

where the constarntg y,mons Kkg T8/ 67r7r. For thicker nano-
By combining this with Eq(1), we obtain particle films, ¢ is independent of the suspension
AR 46D concentratiori’ and thus, Eq(6) can be written as

AS v

The coefficientD is given by Einstein’s diffusion theory:

D=kgT/67yr (T is the temperature of suspensiapjs the  ayi=yksgT0/67yr is again constant, as it depends only
viscosity of suspensiofig is the Boltzmann’s constant, and upon the properties of the nanopatrticle, the substrate, and the
is the average radius of nanoparticles in suspenskanally,  solvent and upon temperatutd,,., is the areal density for

©)

Nihick = Wpick + Nimonor (9
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(a) slopes of the experimental data of Fig. 4, and our knowledge
of the nanoparticle concentration, and measurements of the
contact angle, allow us to infer the adsorption coefficient for

45 thick films to be greater than 0.6 but less than 0.8.

] Finally, the morphology of nanoparticle thin films can be

controlled by changing the transition speed of the nanopar-
ticles. In the arrival-limited regime, the nanoparticles have

Linear Fit
® Experimental Data
= = =« Sub-monolayer

4.0 4

3.5+

30 enough time to diffuse at the growth surface to form an or-
g 1 dered structure, unless the transition speed is too large. Then
Pl the nanoparticles will form an amorphous fiffn.

220

a . 5‘ B. Monolayer nanoparticle thin films

w 19

é)m-' We can demonstrate that for fixed surface descent speed,
o , when the concentration of the suspension is sufficiently low,
054 a submonolayer film will always be deposited. For a known
oo ke’ : i : i : areal density and nanoparticle radi(rg, the distance be-

0 1 2 3 tween the nanoparticles for submonolayer films is given by
Concentration (XCo) i- \/ 1 B \/ 6t 70 w0

(b) Nsubmono K 6’kBTC2 .

Less than complete coverage is obtained wiier2r. Thus,
for EVCD, the synthesis condition for submonolayer thin

7.0 films is
6.5 1
6.0 Linear Fit Lz = M_ (12)
55 ¢ Experimental Data c 3y
& 5.0 Equation(11) shows that for EVCD, a nanoparticle mono-
%)4-5.' layer can be obtained given the proper suspension descent
;4'0_' speed and concentration, consistent with our previously re-
’g 45 ported experimental resufts.
a 3.0-.
2 ] . IV. CONCLUSION
= 2.0 A diffusion-based model for evaporation-driven vertical
1.5 colloidal deposition of nanoparticle thin films is presented in
10 i : i : i : i : this paper. The trends predicted by these calculations agree
10 20 30 40 50 with our earlier experiments reported for gold nanoparticle
1/Speed (hour/mm) thin films!’ These results allow us and others to parametrize

the deposition conditions for optimal film growth. More ex-
FIG. 4. Experimental results for the deposition of gold nanoparticle films byperimental data are being obtained for the synthesis of mono-

EVCD. (a) Mass density vs the suspension concentration for a fixed surfac - — : ST
descent speed. Film formation initially follows the dotted line, until a com-'ieayer nanOpartICIe thin films, gwded by the flndlngs reportEd

plete monolayer is attaine§See Eq.(11)]. From thence, blocking effects N this paper.

lead to a linear dependence with the monolayer off&tThe mass density

vs the ‘invers.e of thelsurface descent _speed of sgsp_ensiﬂon for a ﬁ)_‘e_d_co,ﬁ:CKNOWLEDGMENTS

centration. Film densities were determined by weighing films and dividing

by their areas. Extremely low deposition rates were obtained by placing the  \\e thank Professor Z. Adamczyk of Polish Academy of

suspension in a humid environme(fef. 17. Science for helpful discussion of nanoparticle adsorption,

and we thank Dr. Lynn Kurihara, Dr. Dave Pena for helpful

the first monolayer of the nanoparticle thin film. comments regarding this manuscript. This work was sup-
Equations(8) and (9) demonstrate that the areal density Ported by the Army Research Offi¢&rant No. DAAD19-

of nanoparticles in a film can be controlled by adjusting the01-1-0508.

descent speed of the suspension surface and the concentra-

; ; ; i<G. Chen, J. Nanopart. Re®, 199 (2000.

ion of nsion. Our previ m rements ar nsiss

tio of Euipe s10 IOu b eh ous. ef”‘g?y eme s ghe ﬁo SI% Bezryadin and C. Dekker, J. Vac. Sci. Technol.1B, 793 (1997.

tent with these results, as shown in Fig."4hat is, with the 3G A ozin and S. M. Yang, Adv. Funct. Matet1, 95 (2001).

linear behavior predicted by E@9). In these experiments, “A. K. Boal, F. llhan, J. E. DeRouchey, T. Thurn-Albrecht, T. P. Russell,

the gold nanoparticles in all films are essentially monodis- and V. M. Rotello, NaturdLondon) 404, 746(2000. _

pel’sed as described in Ref. 16, and the areal density is in_féSSgu(gyogd B. Murray, D. Weller, L. Folks, and A. Moser, Scierz&7,

ferred from the mass density. In Figia, the dotted line isa  sg pya, 3. shi, Y. Lvov, and T. Cui, Nano Lete, 1219(2002.

representation of the submonolayer film growth curve. The'R. S. Mane and C. D. Lokhande, Mater. Chem. PH§5. 1 (2000).

Downloaded 10 Oct 2006 to 128.164.239.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



184710-5 Theoretical analysis of vertical colloidal deposition J. Chem. Phys. 122, 184710 (2005)

8G. Decher, Scienc®27, 1232(1997). 20c. J. Brinker and G. W. Schere§ol-Gel Sciengelst ed.(Academic,
°X. M. Lin, H. M. Jaeger, C. M. Sorensen, and K. J. Klabunde, J. Phys. London, 1990.

Chem. B 105, 3353(2001). 2IR. P. Spiers, C. V. Subaraman, and W. L. Wilkinson, Chem. Eng. Z5;i.
% Jiang, J. F. Bertone, K. S. Hwang, and V. L. Colvin, Chem. Malgr. 389 (1974.

2132(1999. 2|, D. Landau and B. G. Levich, Acta Physicochim. UR3S 42 (1942.
Yp, Jiang, J. Cizeron, J. F. Bertone, and V. L. Colvin, J. Am. Chem. Soc*G. Bilalbegovic, Comput. Mater. Sci81, 181 (2004.

121, 7957(1999. %R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A.
12Y_ H. Ye, F. Lebertone, A. Hache, and V. V. Truong, Appl. Phys. L&8, Whitten, Phys. Rev. B62, 756 (2000.

52 (200). PH. C. Berg,Random Walks in Biologexpanded edPrinceton University,
B, Goldenberg, J. Wagner, J. Stumpe, B. R. Paulke, and E. Gornitz, Princeton, NJ, 1993

Langmuir 18, 3319(2002. %p, C. Hiemenz and R. Rajagopala®rinciples of Colloid and Surface
¥N. D. Denkov, O. D. Velev, P. A. Kralchevsky, I. B. Ivanov, H. Chemistry 3rd ed.(Marcel Dekker, New York, NY, 1997

Yoshimura, and K. Nagayama, Natufleondon 361, 26 (1993. 2. B. Ivanov, A. S. Dimitrov, A. D. Nikolov, N. D. Denkov, and P. A.
155, H. Im, Y. T. Lim, D. J. Suh, and O. O. Park, Adv. Mat&einheim, Kralchevsky, J. Colloid Interface Scil51, 446(1992.

Ger) 14, 1367(2002. 235 H. Im, M. H. Kim, and O. O. Park, Chem. Matet5, 1797(2003.
1%, |skandar, M. Abdullah, H. Yoden, and K. Okuyama, J. Appl. Pt8&.  ?°P. A. Kralchevsky, Langmuirl2, 5951 (1996.

9237 (2003. 303. Toth, Adsorption Theory, Modeling, and Analysis, 1st @darcel De-
3. J. Diao, F. S. Qiu, G. D. Chen, and M. E. Reeves, J. Phy86[125 kker, New York, NY, 2001

(2003. 317, Adamczyk, B. Sihehewek, M. Zembala, and P. Belouschek, Adv. Col-
¥R, D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A. loid Interface Sci.48, 151 (1994).

Whitten, Nature(London 389, 827 (1997). 32C. B. Murray, C. R. Kagan, and M. G. Bawendi, Annu. Rev. Mater. Sci.
193, J. Diao, J. B. Hutchison, and M. E. Reevaapublishei 30, 545(2000.

Downloaded 10 Oct 2006 to 128.164.239.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



