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Abstract: This report describes extensive studies of deposition processes involving tin oxide 

(SnOx) nanoparticles on smooth glass surfaces. We demonstrate the use of smooth films of 

these nanoparticles as a platform for spatially-selective electroless deposition of silver by 

soft lithographic stamping. The edge and height roughness of the depositing metallic films 

are 100 nm and 20 nm, respectively, controlled by the intrinsic size of the nanoparticles. 

Mixtures of alcohols as capping agents provide further control over the size and shape of 

nanoparticles clusters. The distribution of cluster heights obtained by atomic force 

microscopy (AFM) is modeled through a modified heterogeneous nucleation theory as well 

as Oswald ripening. The thermodynamic modeling of the wetting properties of nanoparticles 

aggregates provides insight into their mechanism of formation and how their properties 

might be further exploited in wide-ranging applications.  
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1. Introduction 

Electroless metal deposition (EMD) on dielectric substrates using a surface functionalizing catalyst 

has been widely utilized by industrial manufacturers because of its energy- and cost-efficiency. A classic 
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example of this process is the deposition of silver on glass [1,2] in production of mirrors [3,4]. Typically 

the EMD process entails sensitizing a substrate with a reducing agent followed by metal deposition in a 

solution containing metal ions and an additional reducing agent. EMD on dielectric substrates lends itself 

to patterning of metals, first achieved by photo-selective metal deposition [5–8] (PSMD) using UV light 

exposure and chemical solutions. PSMD has been employed to deposit copper, silver, and gold using 

palladium and tin catalysts. There has been a renewed interest in EMD of copper [9] on surfaces coated with 

self-assembled monolayers (SAMs) of surfactants bearing catalysts. Such patterned metal films may offer a 

low cost alternative to fabricating interconnects in modern semiconductor devices, replacing contemporary 

evaporative (e.g., aluminum) or electrochemical (e.g., copper) methods of deposition. Sub-micron scale 

patterning capability of EMD needs to be demonstrated to compete with the current interconnect  

patterning [10–14] using electrochemical deposition, the so-called dual damascene process [15,16]. 

Flame aerosol deposition (FAD) is another promising technique for electroless deposition of 

nanoparticles on substrates [17]. Here a flame of nanoparticle-laden aerosol is directed at the substrates 

through a shadow mask providing patterning of deposited material on the scale of microns. The method 

is valuable for fabricating sensors especially those based on metals and oxides. The method leads to 

films of high porosity that can be compacted by annealing. The thermal annealing improves  

film-substrate adhesion leading to better processibility in wafer scale manufacturing. 

Recently techniques of soft lithography [18–21] have been employed to craft sub-micron size 

patterns. Of these techniques, micro-contact printing using polymer (typically poly(dimethylsiloxane), 

PDMS) stamps has several attractive features. First, the method is inexpensive while still permitting 

high-resolution printing (≈20 nm). Second, once a high-resolution master is created, printing does not 

suffer from the resolution limitations of optical lithography. Third, by using organic surfactants, 

especially thiol-based surfactants [22,23], as ink to produce SAMs, the method can fabricate defined 

metal patterns [9] in EMD. The technique has the limitation that it leaves a surfactant monolayer 

underneath the metal film, which may lead to delamination of the film during heating to the elevated 

temperatures normally used in processing wafers. Other approaches have printed SAMs of thiols as a 

resist for patterning metal films. Recently transistors and flexible displays were fabricated using this 

latter technique [24,25]. Rogers et al. [24] note that the linewidth roughness of electrodeposited source 

and drain silver contacts may influence the carrier mobility. These studies illustrate the viability of soft 

lithographic approaches for the fabrication of electronic devices. 

This paper examines several underlying surface chemical and physical phenomena involved in EMD. 

We show how the patterned surface-resident sensitizing catalyst, a nonstoichiometric oxide of tin, 

influences the structure and roughness of deposited metal films. The studies of electroless silver 

deposition presented here reveal that SnOx nanoparticles, used to catalyze Ag deposition, can themselves 

form films that resemble self-assembled monolayers (SAMs) on glass substrates [26]. We exploit this 

feature of SnOx nanoparticle films to provide controlled deposition of silver films on glass. Suspension 

of SnOx nanoparticle sensitizer is used as ink for the PDMS stamping of the desired patterns. Our 

approach avoids the use of surfactant based SAMs at any stage of metal deposition and patterning. 

The following is a brief outline of the paper. We begin with results from a set of experiments using 

microcontact printing of the sensitized SnOx nanoparticles, illustrating their potential as catalysts for 

spatially-selective deposition of silver. Morphology of the SnOx film is shown to affect the vertical as 

well as the lateral roughness of the overlying silver films. Therefore, we conducted studies of the growth 
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of SnOx on glass surfaces as functions of time and SnCl2 concentration in the sensitizing solution 

followed by the influence of capping agents in altering the shape and the size (i.e., the morphology) of 

catalyst deposition. We use atomic force microscopic (AFM) technique to determine and quantify the 

morphology of SnOx aggregates in terms of their contact angle and the radius of curvature. We describe 

simple molecular and nucleation models that provide an intuitive basis for understanding the observed 

distribution functions of height for the surface deposited clusters. This modeling yields surface energies 

of the clusters and electrostatic repulsive forces amongst them. 

2. Results and Discussion 

2.1. Results 

A sensitizer used in these studies employs freshly prepared aqueous solutions of SnCl2. The 

microstructure of the resulting colloidal solution is complex and affects the quality and the resolution of 

patterned EMD. Dissolved oxygen in such solutions partially oxidizes the Sn2+ producing its hydrated 

oxides that ripen by the sol-gel process to form SnOx (x < 2) nanoparticles. Unfortunately, the formation 

of complex oxychlorides, oxides of mixed Sn oxidation states, and the influence of dissolved oxygen on 

its colloidal structure [5,7,8] prevent monitoring of the growth, or even determination of the chemical 

composition of the SnOx particles in solution. It is also known [27–29] that the size of SnOx nanoparticles 

in the aqueous solutions depends strongly on pH [30]. The catalytic activity of such solution decreases 

with time presumably due to oxidation of Sn2+ to Sn4+, which is unable to reduce and deposit Ag+ ions 

on a sensitized surface. 

2.1.1. Controlled Deposition of Sensitizing SnOx Nanoparticles 

The scheme for producing controlled deposition of silver on glass surface is presented in Figure 1. 

 

Figure 1. Schematic of the process flow for fabrication of poly(dimethylsiloxane) (PDMS) 

stamp and controlled deposition of SnOx catalyst, followed by electroless deposition of silver. 
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The process involves creating patterns in the PDMS stamp by curing it over a patterned master, 

followed by inking and printing the sensitizer. The details are presented in the experimental Section 3. 

The key factors in controlling deposition are the time between “inking” the PDMS stamp with 

SnCl2/SnOx suspension and printing on the glass surface. If the interval is too short then the tendency to 

smear is high. Spotty deposition occurs if the interval is too long. The optimal time for drying the ink on 

the PDMS surface is about 1 min. Several images obtained by optical and scanning electron microscopy 

images taken during the various stages of the above scheme appear in Figure 2. 

 

Figure 2. Optical and scanning electron microscopic (SEM) images of master, PDMS stamp 

and deposition patterns of SnOx and silver (a); Reflection microscopic image of a Cu 

integrated circuit (IC) chip used as a master for creating a patterned PDMS stamp (b); The 

corresponding image of the PDMS master stamp generated from (a), shown on an identical 

length scale (c); An optical image of the silver deposition pattern (deposited from  

0.91 mM [Ag+] in silvering solution) created on a microscope coverslip using SnCl2 

sensitizer (27 mM) and stamp shown in (b) and (d); The corresponding SEM image of the 

same silver pattern. The circle shows a region that was investigated using atomic force 

microscopy (AFM) (Figure 3). 

Micrographs of IC chip (Figures 2a), PDMS stamp (Figure 2b), and deposited silver (Figure 2c,d) 

show that controlled silver-deposition occurs only in the area where catalyst was printed. 

AFM studies of the sample shown in Figure 2d were undertaken to probe higher resolution 

morphology of the deposited silver. The deposition is spatially well controlled over a wide range of 

scales from nano- to macroscopic, Figure 3. The microcontact printed films exhibit characteristic 

roughness in height (z direction) and in the lateral edges (x–y plane). Analyzing the height of the silver 

film revealed an average thickness of 130 nm with significant z-roughness (9 nm) caused by the 

particulate nature [9] of the film (Figure 3c). Here the z-roughness is defined as an arithmetic average 

of the absolute value of height deviation from the mean height of the film. Another metric of the film 
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roughness is the z-range, which is defined as a difference between the maximum and minimum 

penetrable probe depth on the film surface. The size of silver nanoparticles [24,25] (diameter,  

D ≈ 30–40 nm) controls the roughness both in the x–y plane (3D ≈ 100 nm) and in the vertical (z).  

The z-range value of the silver film is about 30 nm needing significant improvement for  

submicron patterning. 

 

Figure 3. AFM images of deposited silver and SnOx sensitizer (a); Stamped and developed 

pattern of silver particles at low magnification (b); Same pattern of silver at high 

magnification (c); Image of a deposited silver film near a corner of the pattern at higher 

magnification (d). Printed SnOx sensitizer at high magnification. The same concentrations 

of SnCl2 and silver are used here and Figure 2. 

We systematically investigated the factors affecting the silver film roughness. To probe how the 

underlying layer of SnOx sensitizer affects this roughness and resolution, we present an AFM image of 

stamped SnOx on a coverslip glass in Figure 3d. 

The thickness of the SnOx layer is an order of magnitude lower than the silver film seen in  

Figure 3c. The maximum surface height of the film with respect to the underlying glass surface  

(Figure 3d) is 7 nm, comparable to the size of SnOx nanoparticles observed in other studies [7,8,27]. 

This implies that the stamped sensitizer film on glass is made up of roughly a monolayer of SnOx 

nanoparticles. Unfortunately the radius of the AFM tip (5–10 nm) prevents reliable measurements of the 

lateral size and packing of SnOx nanoparticles. Deconvolution of AFM patterns in this range of sizes 

requires assumption concerning the size and shape of the tip [31,32] and the shape of the particles. We 

estimate the worst-case z-range to be 3  7 nm = 21 nm. Thus, the edge-roughness and z-roughness in 

silvered and un-silvered (SnOx only) films is clearly affected by the size of the SnOx particles. 
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2.1.2. Unpatterned Deposition of Sensitizer from Solution on Planar Glass 

The particulate film in Figure 3d is dense and AFM cannot laterally resolve the nanoparticles in the 

deposited SnOx. To produce films with lower densities where particles are separated from each other we 

employed diluted sensitizer solutions. The corresponding AFM studies of deposition on microscope 

cover slips appear in Figure 4a. To study growth in z-direction, AFM studies as a function of deposition-time 

were conducted (Supplementary Figure S1). The measured z-ranges for these sets of samples are shown 

in Figure 4b,c. 

Figure 4a displays well-separated nanoparticles on a glass cover-slip surface. Their packing density 

increases with sensitizer concentration. Above 0.0076 M concentration they approach a closed-packed 

assembly. AFM here provides the height of the particles unaffected by the tip resolution because the 

particles are separated by a distance greater than the tip diameter. The z-range data in Figure 4b gives 

the size of the SnOx nanoparticles of 4 ± 1 nm independent of the sensitizer concentration. At higher 

concentration, as well as during longer deposition times up to four hours, the surface is densely packed 

with little roughness. The z-range presented in Figure 4c evolves from about 4 ± 1 nm to 7 ± 2 nm within 

first few minutes and remains constant thereafter. The asymptotic value is roughly twice the size of 

particles estimated from Figure 4b. The approximate size of SnOx nanoparticles (4 ± 1 nm) is twice the 

height (7 ± 2 nm) of stamped SnOx film shown in Figure 3d, implying that a monolayer/bilayer of SnOx 

nanoparticles is transferred during the stamping process. Thus, films containing SnOx nanoparticles 

behave like SAMs of surfactants commonly used in soft lithographic stamping [20]. 

 
(a) 

Figure 4. Cont. 
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(b) 

 
(c) 

Figure 4. Growth of the z-roughness as a function of the sensitizer concentration and the 

deposition time (a); AFM images of deposited SnOx at different concentration of sensitizer. 

Horizontal and vertical scales are 200 nm/div and 8 nm/div respectively. The deposition time 

was fixed at 25 s (b); z-range as a function of sensitizer concentration. The average size of 

particles, as determined by averaging the z-range, is 4 ± 1 nm (c); Time dependence of the 

z-range extracted from the data collected as a function of time (Supplementary Figure S1 in 

the supplementary materials). The average z-range is 7 ± 2 nm. The solid lines in (b) and (c) 

are drawn to guide the eye. 

2.1.3. Solution-Phase Deposition of Silver on Sensitized Plane Glass 

To probe how the deposition of silver and the evolution of roughness takes place during metal 

deposition, i.e., mirroring, we conducted similar systematic studies of silver deposition on the surface of 

deposited SnOx nanoparticles Figure 5a. The z-range of deposited silver increases monotonously with 

the concentration of silver ions (Figure 5b). The radius of particles in the deposited film increases with 

concentration, indicating decreased curvature. It is clear nonetheless that the initial high curvature of the 

silver film is dictated by the curvature and the size of the SnOx nanoparticles that provide necessary 

chemical reduction and sites for deposition of Ag+ ions. The initial monolayer provides a wetting layer 
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for subsequent growth of the silver film. The deposited silver atoms appear to be mobile and increase 

the radius of curvature of particles as the film grows to minimize the high metal surface energy  

(γAg ≈ 900 mJ/m2). Electroless silver deposition on the glass surface bears a striking resemblance to the 

mound structure observed in the evaporative deposition of silver on the (100) plane of silver  

crystals [33]. Thus, providing an atomically smooth silver film would require the atomically smooth 

deposition of SnOx by suppressing the formation of the nanoparticles on the surface. 

 
(a) 

(b) 

Figure 5. Effect of silver concentration on the z-range of the deposited silver on SnOx films 

(a). 1 μm × 1 μm size AFM images of deposited silver at different concentration of AgNO3; 

x–y, and z scales are 0.2 μm/div and 100 nm/div; (b) z-range of the silver film deposited on 

the sensitized glass as function of concentration in the solution. 
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2.1.4. Alcohols Affect the Deposition of SnOx Particles on Glass Surfaces 

The independence of particle heights and curvatures, both as functions of deposition time and 

concentration of SnCl2, implies that the SnOx nanoparticles are likely to be preformed in the sensitizer 

solution. We therefore examine the influence of alcohols with multiple functional OH groups used as 

capping and linking agents to control the roughness of the SnOx film. If SnOx is deposited as a molecular 

species that reorganizes on the surface to form a particulate film then complexation of Sn2+ or Sn4+ ions 

with alcohols may prevent the growth of particle on the surface, leading to films of even lower  

z-roughness. If hydrophilic SnOx particles are preformed in the depositing solution, however, then the 

linking agents would produce even larger aggregates of nanoparticles in the film. 

Capping agents introduce possibility of unusually large artifacts caused by binding of clustered 

nanoparticles to the tip of the AFM probe. Binding of such clusters effectively increases the size of the 

tip, causing broadening of the imaged clusters. To corroborate our AFM studies we used complementary 

technique of SEM. Nonconductive SnOx and glass substrates limits the achievable high resolution in 

SEM because of unavoidable electrostatic charging. 

AFM and SEM images presented in Figures 6 and 7 show that alcohols with varying numbers of 

terminal hydroxyl groups profoundly influence the size and shape of the deposited nanoparticle clusters. 

Systems containing capping agents generally produce a bimodal distribution of sizes (also see the figure 

in Section 3) rather than a surface of lower z-roughness. This observation suggests that the SnOx 

nanoparticles are preformed in the aqueous system. 

The different capping agents produce large differences in the characteristics of deposits. The SnOx 

particles capped in 2-propanol (Figure 6b) show only small, isolated clusters. In contrast, those capped 

in ethylene glycol show only isolated large clusters (Figure 6a). Other samples reveal bimodal 

distributions with varying relative proportions of large and small sizes. The larger size aggregates are 

100’s of nm in size while the smaller clusters of 30–40 nm size are broadened significantly by the AFM 

tip effects. Based on AFM z-range measurements shown in Figure 4b,c, both types of clusters are 

composed of nanoparticles with even smaller sizes (4–7 nm). However, we were unable to confirm the 

smaller sizes with scanning electron microscopy because of sample charging effects (low electrical 

conductivity), or with X-ray diffraction [34] because distinct diffraction peaks were absent (amorphous 

nanoparticles). 

These AFM patterns of particles deposited from alcohol containing solutions are very different from 

what we observe for SnOx films deposited from a sensitizer solution free of the capping agent. For a 

typical sensitizer concentration (0.027 M), the observed pattern of deposited tin sensitizer is shown in 

Figure 6g. The z-roughness of these films is 0.6 nm and the z-range over a scanned region of 1 μm × 1 μm 

is only 4 nm. These dimensions are comparable to the values for the stamped SnOx films shown in  

Figure 3d. 
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Figure 6. AFM images of glass SnOx particles bound to glass surfaces and capped with the 

following different alcohols: (a) ethylene glycol; (b) 2-propanol; (c) 1-butanol; (d) ethylene 

glycol (0.83 M)/glycerol (0.38 M); (e) ethylene glycol (0.82 M)/glycerol (0.62 M);  

(f) glycerol; and (g) SnOx from capping agent free SnCl2 (0.027 M) solution. The x–y and  

z scales in the individual images are as follows: (a,b) 0.2 μm/div; (c,d,e,f) 0.50 μm/div for 

both x–y and z-axes, respectively; (g) the x–y and z scales are 0.2 μm/div and 15 nm/div. 
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Figure 7. SEM images of SnOx particles deposited on glass surfaces, capped in the following 

different alcohols (a) glycerol; (b) 1-butanol; and (c) ethylene glycol (0.82 M)/glycerol  

(0.62 M). Sample charging prevented achieving higher resolution. Scale bar = 2 μm. 

2.2. Discussion 

These studies show that an inorganic, SnCl2-based sensitizer can replace surfactant SAMs as an ink 

for controllably depositing silver through microcontact printing. We find little difference between the 

structural characteristics of the sensitizer films deposited from solution and those printed. The sizes and 

surface roughness of the deposited and stamped particles (Figures 6g and 3c) are identical. PDMS stamp 

apparently serves as a neutral medium to transport pre-formed nanoparticles from the sensitizer/ink 

solution to the glass surface. Given the low surface energy of PDMS and the short residence time  

(≈1 min) of the sensitizer on the PDMS stamp, this conclusion is not too surprising. 

Nevertheless, the method suffers from inherent limitations in achieving very high resolution  

(<20 nm). These limitations arise from the particulate nature of the sensitizer, which influences the 

deposition of silver by Tollen’s reaction [35]. Here, we discuss our efforts to modify and model the 

structure of sensitizer clusters since they directly affect both the lateral and vertical roughness of the 

subsequently deposited silver. 

2.2.1. The Nature of the SnOx Clusters on the Glass Surface 

Interplay of hydrophilic-hydrophobic interactions and hydrogen bonding between the capping agent, 

the nanoparticles and the substrate can provide a qualitative explanation of the observed bimodal 

distribution of cluster sizes (Tables 1 and 2). When an alcohol is present in the sensitizer, it can 

functionalize the surfaces of both the glass substrate (Si–OH groups) and the SnOx particles (Sn–OH 
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groups), rendering them either hydrophobic or hydrophilic depending on the molecular structure and the 

binding geometry of the capping agents as sketched in Figure 8. 

Table 1. Mean size and contact angle of small clusters estimated from AFM measurements. 

Numbers in parenthesis indicate uncertainty (3σ) of the mean. 

Table 2. Mean size of large clusters extrapolated from measurements by AFM and SEM. 

Note: * Values extracted from scanning electron microscopic (SEM) images. 

For example, glycerol (butanol) may render both the glass and the SnOx surfaces hydrophilic 

(hydrophobic). The 2-propanol, having a short and branched alkyl chain, may prevent aggregation of 

particles. If both the hydroxyl groups of ethylene glycol bind to the glass surface, as shown in Figure 8a, 

then the resulting hydrophobic surface may hinder binding of isolated hydrophilic nanoparticles. In 

systems free of capping agents, we observe a close-packed smooth film of particles (Figure 6g) without 

mounds. Whether the in-plane packing of particles is random or hexagonal closed packed [36,37] 

remains unknown. 

One may view these closed packed films in the aqueous system or the clusters in systems based on 

capping agents as resulting from a random two or three dimensional packing of nanoparticles during 

deposition like sand grains piling on a solid surface. The piles of granular materials [38] exhibit a 

constant spread to height ratio, which defines θ, the angle of repose, equivalent to the contact angle of 

liquid droplets. The angle of repose results from the friction between the grains and it is given by:  

tan θ = μF, the dynamic friction coefficient. When a pile of sand has an angle of repose greater than θ, 

Number Capping agent Diameter (nm) Height (nm) Radius (nm) θ° 

a Ethylene Glycol – – – – 
b 2-Propanol 41(5) 5(1) 44(5) 28(3) 
c 1-Butanol 47(9) 16(5) 26(5) 70(10)

d 
Ethylene Glycol (0.83 M)/

Glycerol (0.38 M) 
90(9) 30(10) 48(4) 70(10)

e 
Ethylene Glycol (0.82 M)/

Glycerol (0.62) 
70(10) 21(4) 40(7) 62(7) 

f Glycerol 49(8) 14(3) 29(5) 59(5) 
g Water (0.0076 M SnCl2) – – – – 

Number Capping agent Diameter (nm) Height (nm) Radius (nm) θ° 

a Ethylene Glycol 80(20) 30(15) 40(10) 70(10) 
b 2-Propanol – – – – 

c 1-Butanol 
120(20) 

(180(40)) * 
48(8) 60(9) 79(6) 

d 
Ethylene Glycol (0.83 M)/ 

Glycerol (0.38 M) 
200(40) 70(10) 120(40) 70(10) 

e 
Ethylene Glycol (0.82 M)/ 

Glycerol (0.62) 
220(70) 

(220(20)) * 49(9) 140(70) 50(10) 

f Glycerol 
260(70) 

(280(70)) * 28(5) 340(170) 25(5) 

g Water (0.0076 M SnCl2) 160(20) 4(1) 750(90) 6(2) 
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the sand slides and adjusts the slope. The sliding is due to the effect of gravitational force, which is 

negligible for submicron structures made by the nanometer size particles shown here. 

 

Figure 8. Postulated binding of capping agents with SnOx nanoparticles (large grey spheres) 

and glass surface (grey box). (a) Ethylene glycol; (b) glycerol; (c) 1-butanol; (d) 2-propanol. 

Small gray spheres denote alcohol hydrophilic hydroxyl groups. The thin grey lines indicate 

hydrophobic alkyl groups. 

The ratio of diameter to its height for large clusters (Table 2) varies systematically from ten in glycerol 

to two for 1-butanol. The ratio increases with the number of hydroxyl groups in the capping alcohol. 

Thus, we consider another model for nanoparticles clusters deposited on a surface as analogous to 

immiscible liquid droplets rather than the sand piles discussed above. 

2.2.2. Nanoparticle Clusters as Liquid Droplets 

The morphology of SnOx films is characteristic of complete wetting of the glass surface with SnOx 

nanoparticles when deposited from the solutions without capping agent. The space-filling patterns with 

extremely low roughness suggest self-assembled monolayers of nanoparticles. Similarly, morphology 

of partial wetting is apparent for the solutions that contain capping agent as reflected in the observed 

large droplets of nanoparticles (Figure 6a–f). The growth seen here suggests the Volmer-Weber and 

Ethylene Glycol

Glycerol

Butanol 

Isopropanol
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Stranski-Krastanow patterns of growth [39–41] rather than the layer-by-layer epitaxial growth model of 

Frank-van der Merwe [42] observed in alcohol-free aqueous solutions. 

We quantify the shape of SnOx clusters as partially wetting drops commonly observed in molecular 

liquids on solid surfaces. A fundamental property of a drop on a solid surface is its contact angle. The 

cluster profile probed by AFM takes the form of a depressed arc with diameter, D, and height, h (Figure 9). 

From the measured values of D and h, we calculate the effective radius of the cluster, R, and the contact 

angle, θ, with respect to the surface using the following geometric equations: 

 224
8

1
Dh

h
R  ;  224

4
θsin

Dh

Dh


  (1)

 

Figure 9. An AFM image of an isolated nanoparticle cluster (left) and a depressed arc 

representation (right) for determination of its average radius and contact angle. 

Because the AFM tip cannot detect an overhang, these equations are applicable provided that the 

contact angle is less than 90°. They predict a constant value for the D/h ratio for fixed R and θ. The 

height and diameter of both small (Table 1) and large (Table 2) clusters, are tabulated separately to 

determine their R and θ. 

Approximating an AFM tip broadening to be 15–20 nm (≈the AFM tip diameter), the measured 

diameters for the small clusters (Table 1) are considerable larger than the 4–7 nm size of the individual 

nanoparticles determined from the measured heights (z-range) in Figure 4b,c. Only the small clusters 

capped in isopropanol display a cluster height comparable to the size of the nanoparticles. In other 

systems, the heights are at least three-four times larger. 

With the exception of 2-propanol, the contact angle, θ ≈ 60° ± 10°, is independent of the capping 

agent. In the case of isopropanol, as suggested in Figure 8d, the weakness of both inter-particle and  

particle-substrate interactions lead to small 2d clusters. Because there are large experimental 

uncertainties in the dimensions of small clusters, our discussion centers mainly on the properties of larger 

clusters, Table 2. Figure 10 presents the average radius and θ of large clusters plotted with respect to the 

average number of –OH groups in the capping agent. 
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(a) 

 
(b) 

Figure 10. Average radius and contact angle of large clusters of SnOx deposited from 
capping agent containing sensitizer. ▲—1-Butanol; ×—Ethylene glycol; ♦—Ethylene 

glycol/glycerol(0.83 M/0.38 M); ○—Ethylene glycol/glycerol (0.83 M/0.62 M);  

and +—glycerol. 

These parameters correlate with the number of OH groups in the capping agent. For large clusters, an 

increase in R accompanies a decrease in the contact angle θ. For clusters in the solution free of capping 

agent (Figure 4), the contact angle is <7°, implying that nanoparticles almost completely wet the glass 

surface. These observations, combined with systematic trends seen in Figure 10, support that the larger 

clusters act like liquids that produce a contact angle. 

2.2.3. Modeling the Distribution of Cluster Sizes Using the Theory of Heterogeneous Nucleation 

We further develop the model for growth of a nanoparticle cluster as a nucleating droplet using the 

classical theory of heterogeneous nucleation. Consider a droplet of radius R defined by its contact angle 

θ with respect to the supporting solid substrate, Figure 11. The Gibbs free energy for the heterogeneous 

nucleation is given by [43]. 
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Here ρ and Δμ are the number density of nanoparticles and the difference in chemical potential 

between nanoparticles in the depositing solution and in clusters on the surface. γij denotes an interfacial 

tension between a pair of phases i and j. L, S and S’ refer to the depositing solution, a cluster of 

nanoparticles and the glass substrate, respectively. 

 

Figure 11. A nanoparticle cluster is shown as a droplet with a finite contact angle θ with 

respect to substrate along with different interfacial tensions. 

The Gibbs free energy (Equation (2)) shows a maximum, which represents the nucleation barrier, at 

a critical radius, RC. Once the cluster size exceeds RC, the cluster can grow indefinitely because the third 

order term in R drives the free energy to increasingly more negative values [44]. Experimentally, 

however, the SnOx clusters do not appear to grow beyond a certain size in the presence of capping agents 

(Figure 6). To account for the quenched growth, we introduce a cluster-cluster, repulsive electrostatic 

interaction Figure 12 (inset). The additional free energy is positive and scales as the fourth power of the 

cluster radius, assuming that both clusters have the same size and charge density. The overall free  

energy becomes: 

      42322
SS'LS'

2
LS ρΔμcosθ1cosθ2π

3

1
θsin)πγ(γcosθ12πγ kRRRRG   (3)

Note that the free energy has second, third and fourth order terms in particles size [45,46]. The free 

energy exhibits three extreme values: a minimum at R = 0; a maximum at RC (Gibbs’s critical nucleation 

size); and another minimum at a value of RO > RC, Figure 12. 

The result implies that above RO, the cluster size does not grow spontaneously because the repulsive 

interaction term (kr4) increases, making ΔG > 0 Figure 12. The calculated RO, at the free energy 

minimum, depends inversely on the magnitude of k. Larger values of k lead to smaller values of RO. 

The surface energy and the coefficient of the electrostatic interaction term, k, can be extracted from 

histogram of the height determined from an AFM image. This analysis requires that we first rewrite 

Equation (3) in terms of the cluster height h, using Figure 9, D = 2Rsinθ and h = R(1 − cosθ): 
432 δβα hhhG 

     
   4LS

SS'LS'LS

cosθ1
δ;

cosθ1

cosθ2Δμρ

3

π
β;cosθ1

2γ

)γ(γ
1

cosθ1

π2γ
α























k
 

(4)



Crystals 2015, 5 132 

 

 

 

Figure 12. The calculated Gibbs free energy in the presence of repulsive interaction, with 

γLS = 50 ergs/cm2, γLS − γSS’ = 45 ergs/cm2, and k = 0.012 ergs/cm4. The system has a 

maximum in free energy (the nucleation barrier) at 30 nm and a free energy minimum at  

83 nm. Inset shows an electrostatic interaction between clusters A and B, which scales as a 

product of their respective surface areas. 

Substituting the resulting free energy expression in the Boltzmann equation yields the height 

distribution function, F(h): 

 
Tk

hhh

TkG ehF B

432

B

δβα

/ KKe)(



   (5)

Here K is a constant. Figure 13 presents a nonlinear least squares fit of Equation (5) to the AFM 

histogram. As observed, the experimental data are consistent with the model prediction of an  

asymmetric F(h). 

 

Figure 13. Histogram of heights, measured experimentally as depth fitted to a heterogeneous 

nucleation model including a repulsive interaction. The dashed line is the best-fit line to the 

AFM experimental data extracted (noisy line) from the Figure 6d for EG/glycerol system. 

Table 3 presents the best-fit values for the parameters represented in Equation (5) along with the 

calculated values of interfacial tension γLS, and the electrostatic repulsion parameter, k. We use the 
approximation that 1)/2γγγ( LSSS'LS'   to calculate γLS from the measured value of α. 
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Table 3. A nonlinear least squares analysis of the F(h) calculated using the heterogeneous 

nucleation model including an electrostatic repulsive interaction between nanoparticle 

clusters. The values in the parenthesis represent the fitting uncertainty in the last significant 

digit of a given parameter. 

The analysis shows that the surface energy between the nanoparticle cluster and depositing solution 

(γLS) is very small compared to typical values for the interface between molecular fluids and air. The 

interfacial tension of a liquid with respect to its vapor varies as the fourth power of its number  

density [44,47,48]. Thus, the number density of nanoparticles in clusters is lower than for molecules in 

liquids. The difference would give rise to a lower interfacial tension. 

Of the different capping agents, glycerol produces clusters with the lowest interfacial tension. The 

packing density of the nanoparticles in these clusters with respect to the depositing solution must be low. 

These glycerol-capped nanoparticles wet the glycerol derivatized glass better (Figure 8b) due to 

favorable hydrogen bonding. Butanol, produces the highest γLS, suggesting that the packing density of 

nanoparticles in its clusters is higher because of a favorable hydrophobic interaction. As shown in  

Figure 8c, the relatively hydrophobic glass surface that results from adsorption of butanol would dewet 

the cluster of hydrophilic nanoparticles. Dewetting is consistent with the high contact angle of these 

clusters (Table 2). Sensitizer free of capping agent also exhibits a tighter packing of SnOx clusters than 

the glycerol-based systems. As discussed previously, the system completely wets the glass surface  

(θ ≈ 0), presumably because of a favorable hydrophilic interaction between nanoparticles and the glass. 

The electrostatic parameter, k, scales inversely with the dielectric constant of the capping agents. High 

dielectric constants, implying low values of k, for glycerol and water enable better screening of the 

electrostatic interaction (i.e., a lower Debye length), which permits the growth of larger clusters. Butanol, 

which has the lowest dielectric constant of the different capping agents, would have a longer range of 

electrostatic repulsion in agreement with the observed high value of k and smaller cluster radius  

(Table 2). The proposed model accounts for the observed trends in the distributions of cluster height and 

allows quantification of the surface energy and the electrostatic screening interaction. 

2.2.4. Modeling the Cluster Features Using the Theory of Oswald Ripening 

Guided by the success of heterogeneous nucleation model, we also considered whether the  

Lifshitz–Slyozov–Wagner (SLW) model of Oswald ripening [49] could predict the distribution of cluster 

sizes. The cluster growth is determined by diffusion limited flux (jD) in the Lifshitz–Slyozov model but 

by kinetically controlled flux (jK) in the Wagner model. If height is normalized relative to hM, the value 

Capping agent α/kBT (nm−2) β/kBT (nm−3) δ/kBT (nm−4) 
γLS 

(mJ/m2) 
k × 1011 
(mJ/m4 ) 

Ethylene glycol 2.2(1) 0.052(2) 0.00031 (2) 1.02(5) 3.5(2) 
Propanol 3.0(1) 0.42(2) 0.0144 (5) 0.24(1) 0.11(4) 
Butanol 4.5(4) 0.12(1) 0.00083(8) 2.5(2) 15(2) 

Ethylene glycol + glycerol 
(0.83 M:0.38 M) 

0.0192(3) 0.00052(8) 0.00000352(5) 0.005(1) 0.0032(1) 

Glycerol 0.0858(2) 0.00472(3) 0.0000648(1) 0.005(1) 0.00021(1) 
Water 10.5(2) 9.1(2) 1.94(3) 0.057(1) 0.00052(2) 
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for which the histogram has a maximum value, such that x = h/hM, then the distribution function, G(x), 

is given by:  

  2/30for)3()2/3(/
2/3

2/
exp)( 9/419/522 









  xxx

x

d
CxxG dd  (6)

In this expression, d is the dimensionality of crystal nucleation and C is an adjustable constant. For  

d = 2 or 3 the distribution qualitatively looks similar to the one shown in Figure 13. The equation, 

however, does not have any adjustable parameters except C. To fit the data, we let the value of d float. 

Nonlinear least squares analysis lead to the following values of d: butanol, 1.7; ethylene glycol, 1.9; 

glycerol, 2.2; 2-propanol, 2.4; ethylene glycol + glycerol, 2.5. A recent modification of SLW  

theory [50,51] allows d to be related to the fraction that diffusion represents of total flux, defined as  

a = jD/( jD + jK ). The fitted values of d indicate that a diffusion flux has the dominant role in forming a 

cluster. Better theoretical developments including models of fractal cluster growth are needed to explain 

the observed values of d, which is beyond the scope of the present work. 

To summarize the discussion, a salient feature from these analyses is that the shapes of deposited 

clusters could be modeled using theories of nucleation. The analogy of nanoparticle clusters to liquid 

droplet lends further credence to the notion that nanoparticles behave like artificial atoms. Our results 

show that this view originally based on electronic properties [52], extends to the surface characteristics 

of the clustered nanoparticles. 

3. Experimental Section 

3.1. Materials 

Elastomeric poly(dimethylsiloxane) (PDMS), was obtained from Silicones, Inc. (P-125 Base QT lot 

No. 20913 and P-125 Activator QT lot No. 20966, High Point, NC, USA). A commercially available kit 

(HE-300, Peacock Laboratories, Inc., Philadelphia, PA, USA) used for silver mirroring was employed 

for EMD of silver films. The stock HE-300 reagents consisted of (A) silver solution (silver nitrate,  

0.034 M), (B) activator solution (ammonium hydroxide), (C) reducing agent (formaldehyde) and a 

sensitizer solution (tin (II) chloride, 0.76 M in water). 

The following capping agents were used as received: Ethylene glycol (Aldrich Chemical,  

cat. No. 32,455-8, St. Louis, MO, USA), glycerol (Aldrich Chemical, cat. No. 13,487-2), 1-butanol 

(Aldrich Chemical, cat. No. 27,067-9), and 2-propanol (Fisher Chemical, cat. No. A416-4, Pittsburgh, 

PA 15275, USA). 

Deposition studies were performed on microscope cover glass plates (Aldrich Chemical, St. Louis, 

MO, USA, Corning cover glass, 18 mm × 18 mm × 0.15 mm, cat. No. Z16262-0, average surface 

roughness < 1 nm), and p-doped silicon wafers (native SiO2 surface) from Wafertech, (Camas, WA, 

USA). For ease of handling, the thin microscope glass plate was attached to a thicker glass slide  

(25 mm × 25 mm × 2 mm) using UV curable glue. All glass plates were new and pre-cleaned by 

sonicating in distilled water. 
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3.2. Sample Preparation. 

3.2.1. Electroless Deposition of Silver 

Sensitizer and silvering solutions were prepared fresh daily. The sensitizer (tin (II) chloride,  

0.027 M) solution was prepared approximately 15–30 min prior to silver deposition by diluting the 

concentrated stock solution with distilled water. Silvering reagents (solution A, B and C) were prepared 

by diluting (1:37 v:v) in distilled water. The three solutions were prepared in different flasks and were 

not mixed until ready for silver deposition. The silvering (solution A) had Ag+ concentration of  

0.91 mM. The sensitizer solution was pipetted over the cleaned microscope glass to cover the entire 

surface. The microscope glass was sensitized for approximately 20–25 s and then rinsed for 10 s with 

distilled water. While still wet from rinsing, the sensitized plate was placed horizontally in a small plastic 

container (95 mm × 105 mm × 22 mm). Equal volumes of diluted reagents A, B, and C were poured into 

the container to completely submerge the pre-sensitized glass. The container was immediately swirled 

for 3–4 s for mixing, and then left stagnant for silver deposition. Silver deposition time onto the plate 

was held constant at 3 min. The plate was then removed from the silvering solution, rinsed with distilled 

water for 10 s, and left to dry in air. Typical deposition study included at least three samples to gauge 

the variability in the deposition patterns. 

3.2.2. Preparation and Deposition of Capped Catalyst Particles 

Alcohols with different numbers of hydroxyl groups and in different structural positions were chosen 

as capping reagents (Table 4). The capping agent was pipetted into the concentrated (stock) solution of 

SnCl2. The mixture was sonicated for 3–4 min. Two to three drops of the individual mixtures were placed 

on a clean glass plates and left standing for 1 min. Two to three droplets were sufficient to prevent it 

from drying during deposition. Plates were subsequently rinsed with flowing distilled water for 10 s 

under the tap. The substrates were then air-dried. Preventing adhesion of nanoparticles on the silicon 

AFM tip required drying for a full day. We routinely observed classic AFM artifacts with imaged objects 

as large 200–400 nm, caused by the attachment of SnOx particles at distances as high as 5–7 nm from 

the apex of the tip. Significant binding affinity was verified by depositing SnOx doped with capping 

agent onto silicon surfaces. 

Table 4. Capping agents and their concentration in the sensitizing solutions. 

Number Capping agent Molar concentration in sensitizer SnCl2 (M) * 

a Ethylene Glycol 0.86 
b 2-Propanol 1.2 
c 1-Butanol 0.99 
d Ethylene Glycol/Glycerol 0.83/0.38 
e Ethylene Glycol/Glycerol 0.82/0.62 
f Glycerol 0.66 

Note: * Concentration of the stock SnCl2 solution is 0.76 M. 
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3.2.3. Preparation of PDMS Stamps and Microcontact Printing 

The method of preparation PDMS stamps has been extensively discussed by Whitesides et al. [18,19], 

which was slightly modified in our usage. The elastomeric PDMS stamp was prepared by mixing 3 parts 

of commercial polymer base to 1 part of activator. The viscous mixture was stirred and evacuated at  

100 mTorr to remove trapped air bubbles before pouring. A test copper IC chip used as a master mould 

created patterns imprinted in PDMS. The surface of the Cu chip was coated with dilute (1 mM) 

fluorinated surfactant (FC 754) to protect the microstructures from damage when peeling the cured 

PDMS stamp. The viscous, bubble-free PDMS was slowly poured over the IC chip while taking care to 

preclude any air pockets from forming at the interface between copper and PDMS. The PDMS was either 

left to cure overnight in air or baked at 78 °C for 45 min to accelerate curing. Once the PDMS was cured, 

it was very slowly peeled off vertically to prevent any horizontal shear damage to the microstructures 

on the IC chip. The stamp was soaked in ethanol for half an hour before use. 

The PDMS stamp was inked with sensitizer solution of SnCl2 with one of two methods. The first 

method involved soaking a cotton Q-tip with ink and spreading the tip over the stamp. The second 

method employed wetting a high-grade printer paper with ink, and then stamping the paper to transfer 

ink. Once the stamp was inked, it was left to dry in air for a minute. Drying involved a gentle airflow 

over the stamp. Once the stamp was nearly dry, it was gently stamped on the microscope glass avoiding 

excess force to prevent image distortion and smearing. The latent SnOx image was then developed using 

a silvering solution as described above. The optical, SEM and AFM images of the patterned and 

developed silver structures appear in Figures 2 and 3. 

3.3. Characterization 

Three different microscopic techniques were used to image surfaces. These included reflective optical 

microscopy, atomic force microscopy (Digital Instrument® 3100, Santa Barbara, CA, USA) and 

scanning electron microscopy (Zeiss DSM-960 and Hitachi S-4700, Pleasanton, CA, USA). The SEM 

data were collected at beam voltage of 30 kV and current of 14 μA. The AFM used a tapping mode in 

air with a silicon tip probe (Nanoprobe™, TESP(W), radius of curvature 5–10 nm, spring constant  

20–100 N/m, resonant frequency 200–400 kHz, cantilever length 152 μm). 

AFM Characterization 

Two fundamental limitations of scanning with AFM are: first, the broadening of objects caused by 

the finite size of tip; and second, the inability to probe structures that have overhang [31,32]. The conical 

AFM tip design prevents access to overhanging features. 

The resolution obtained in the tapping and contact modes should be comparable provided that the 

spacing between the scan lines is small compared to the radius of the tip. In our studies we typically used 

step sizes of 2 nm. It is also possible to get an approximate idea of the particle sizes that are smaller than 

the tip size, if the particle shape profile is known. This requires solving simultaneous equations for the 

particle shape profile and the profile of the tip to extract the point of first contact between the tip and the 

particle. We have corrected the lateral dimensions of objects by subtracting the dimension of the tip (i.e., 

twice the tip radius). 
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AFM has a much finer dynamic range in the vertical direction. Nevertheless, the bluntness of the tip 

also affects the smallest features it can probe on densely packed structures. For structures that are much 

larger than the tip and isolated from each other, corrections in the lateral direction are negligible.  

Figure 14 shows a 300 nm × 300 nm scan of a silvered glass surface collected in the tapping mode. Note 

that the phase profile shows a better resolution than the height profile. By considering the dimensions of 

triangular junctions, we estimated the tip broadening in the height image profile of 15–20 nm, consistent 

with the broadening expected from the AFM tip. 

 
(a) (b) 

Figure 14. AFM images of height (a) and phase (b) of Ag nanoparticulate film. 

In analyzing the particle sizes, we used combinations of phase and height images to extract effective 

dimensions of these structures. This involved averaging dimensions of 50–100 particles selected at 

random. Increasing the number of averaged particles did not decrease the uncertainty, which was 

affected mainly by the inherent polydispersity of particle sizes. In several cases, the effect of 

contaminated tips produced higher broadening (>10 nm). Therefore, we employed SEM imaging to 

independently confirm the measurements of lateral dimensions. 

3.4. Data analysis 

3.4.1. Size and Height Analysis 

Figure 15 shows a typical histogram of particle diameters with a bimodal distribution of particle sizes. 

Table 2 includes the height and width parameters for the group of larger particles in the histogram. The 

height histogram data for the larger size clusters were used to determine the parameters presented in 

Table 3 (see below). The AFM tip broadening prevented reliable determination of size distributions for 

the smaller size clusters shown in Table 1, where only particle counting method was used to extract the 

raw particle size dimensions. 
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Figure 15. Projected size distribution for SnOx capped in 1-butanol. 

3.4.2. Nonlinear Least Squares Data Analysis 

Fitting data for the F(h) was performed with two different data analysis packages, Genplot™ and 

PSI-plot™, to confirm convergence. Both the packages use the Marquadt-Levenberg algorithm for 

fitting. The histogram of heights provided by the vendor (Digital™ nanoscope II) does not provide 

uncertainties in the z-dimension, so the data analysis used constant data weighting. The analysis used 

>128 points after 3 point smoothing of the raw data (for large size clusters) to extract four parameters in 

Equation (5) and three parameters in Equation (6). Typical values of un-normalized χ2 were <10−3 with 

Equation (5) providing a consistently better fit than Equation (6). 

4. Conclusions 

The venerable history of mirrors [2] illustrates how a film of SnOx nanoparticles on a glass surface 

can provide an optically smooth wetting layer for formation of silver mirrors in less than 30 s. Using 

SnOx as a reactive ink in micro-contact printing enables a controlled deposition of silver in spatially 

modulated patterns. The SnOx ink, as compared to surfactant-based SAMs, permits EMD for microelectronic 

applications that require processing at high temperature. The intrinsic linewidth and the surface 

roughness of deposited silver films, however, are limited by the size of SnOx and Ag nanoparticles. If 

the size of both silver and SnOx nanoparticles are controlled, a linewidth of ~100 nm is feasible. 

The SnOx nanoparticles deposited from an aqueous medium form a close-packed, 4–7 nm thick layer. 

Capping agents with different numbers of –OH groups can change the nature of the film from a smooth 

(mono)layer to well-separated islands or clusters. These clusters behave like nucleating droplets on the 

surface with a characteristic contact angle. A nucleation model including inter-cluster electrostatic 

interaction can be fitted to the distribution of heights observed by AFM to evaluate electrostatic 

contributions and surface tension. Silver represents only one example of electroless deposition; other 

metals such as gold, platinum and copper can also be studied with this approach, and should be pursued 

in the future for both scientific merit and applications. 
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