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Abstract 

Atomic force microscope (AFM) tip-based fabrication has gained attention due to its 

unparalleled precision and control for designing nano- and microscale features. Such features have 

utility in applications including miniaturized electronics, biological sensing, and plasmonics. 

Herein, we discuss an AFM tip-based plowing approach to create patterns on the micron scale in 

a thin CaCO3 nanoparticle film, deposited over a wide range of substrates. The CaCO3 nanoparticle 

layer’s high thermal stability allows it to be used as a resist film during high vacuum thermal 

evaporation of gold. After metal deposition, the nanoparticle resist film is selectively removed in 

aqueous solutions either by complexing with ethylenediaminetetraacetic acid (EDTA) or 

dissolution with dilute HCl. The resulting gold metal features on surfaces were characterized by 

AFM and optical microscopy. The metal features were commensurate with the patterns created in 

the nanoparticle film. This fabrication approach was demonstrated on glass, Si, and mica and the 

metal features show reasonable adhesion and stability. This patterning approach is unique in that 

it allows the deposition of precisely placed metal microstructures with defined size, shape, 

placement, and orientation on various substrates while using simple, easily removeable resists. 

Salt-based resists can be removed in aqueous solutions with minimal contamination or damage to 



metal features. This versatile method could be used to deposit fixed metal features on any desired 

substrate for applications from sensors to electronics. This is particularly useful for applications 

with conductive structures on optically transparent substrates, which are more challenging to 

fabricate with other approaches. 

 

Introduction 

 In recent years, the fabrication and miniaturization of metallic structures has drawn a lot of 

attention as the demand for smaller electronic devices and the need to conserve expensive metals 

increases. Nanomaterials are useful for many different applications, such as: miniaturized 

electronics,1 biological2 and plasmonic3-6 sensing devices, surface enhanced Raman spectroscopy 

(SERS),7 solar energy applications,8,9-12 photodetectors,13 and catalysis.14-17 The properties of 

metallic nanostructures are highly dependent on their chemical identity, size, and shape. Solution-

based synthesis of metallic nanoparticles provides well-defined control over the nanostructures’ 

size and shape,18-19 but lacks the ability to control their placement on a surface. Versatile 

techniques are required to manufacture small metallic structures with controlled shape and 

orientation on different substrates.  

 Metal can be deposited on a surface using various techniques such as electrolysis (also 

known as electroplating),20 electroless deposition,21-22 atomic layer deposition (ALD),23 electron 

beam deposition,24 sputter coating,25 and  thermal evaporation.26 On a bare substrate, these 

techniques deposit metal over the entire surface. Resist layers can be deposited over the surface 

and patterned, before metal deposition, to ultimately form defined metal structures on a surface. 

Where there is resist material, metal is blocked from interacting with the substrate. The resist layer 

can be removed after metal deposition, leaving the desired metal feature behind on the surface. 



 Organic materials (including both polymers and self-assembled monolayer (SAM) films) 

are routinely used as resist films. Some organic molecules can spontaneously form self-assembled 

monolayers (SAMs) on substrates. The head-group of a molecule chemisorbs to a specific 

substrate, while intermolecular interactions stabilize the tails, so the molecules stand in an upright 

orientation on the substrate.27 This spontaneous process stops once the substrate is covered, 

therefore SAMs are only one molecule thick.27 The formation of SAMs requires specific molecule-

substrate chemistry. For example, thiol-based molecules specifically bind with metal surfaces28-30 

and silane-based molecules bind to silicon substrates.31-32 Polymer thin films are also used in 

nanostructure fabrication.33-36 Unlike SAMs, organic polymers do not require specific chemistry 

to bind to a surface; they can be deposited through solvent deposition and subsequent spin-

coating.35, 37 

 In order to function as a resist, some of the resist layer must be removed to expose the 

underlying substrate for metal deposition. Several techniques have been developed to control the 

orientation and shape of metal structures on surfaces. Top-down fabrication techniques, such as 

stencil lithography (also known as shadow mask deposition),38-39 microcontact printing,40 and 

imprint lithography,41-43 create well-defined metallic structures at an industrially feasible 

throughput,44-45 but are limited to creating features with lateral dimensions of more than a hundred 

nanometers. Electron- or ion-beam lithography can make nanometer-sized features but requires 

expensive equipment.46-47 Bottom-up fabrication techniques allow for the growth of smaller metal 

features. Particle lithography methods are an efficient way to pattern large areas of organic resist 

layers, but the size and shape and the resulting metallic nanostructures are limited by the shape 

and spacing of the particles.48 



 Scanning probe microscopy (SPM)-based fabrication techniques, while lacking 

throughput, allow for precise control over the location and shape of extremely small features with 

dimensions from several nanometers to microns in dimension. Tip-based methods have been 

demonstrated in several fabrication approaches including dip-pen nanolithography (DPN),49-53 

local anodic oxidation,54-56 thermochemical/chemical nanolithography,57-59 electrostatic 

nanolithography,60 and static plowing lithography.35, 61  In addition, atomic scale manipulation,62 

as well as orientational arrangement of metallic nanowires,63 has been demonstrated.   

Static plowing lithography, also referred to as “scratching” and “nanoshaving”, is a 

common, AFM-based method used to remove an area of a resist layer, thereby exposing the 

underlying substrate. The AFM probe is brought into contact with the surface, and enough pressure 

is applied to the tip to physically, and selectively, remove some of the resist layer.35, 61, 64 This 

method is compatible with many substrates45, 65 and its resolution is ultimately limited by the AFM 

radius of curvature of the probe tip. Static plowing lithography has been used to selectively remove 

areas of resist layers composed of SAMs,64, 66-67 polymers,35-36 or thin sheets of ice.68  While each 

of these resists have applicability on particular substrates, or under particular conditions, they all 

have some limitations (e.g., SAMs can only form on specific substrates, ice films can only be 

patterned at low temperatures).  Using static plowing lithography, in conjunction with a resist 

layer, allows one to control the placement, size, and shape of metal features grown on the surface.67 

However, addressing issues like choosing an easily removable resist film (for contamination free 

substrates upon completion) with excellent patternability and applicability on a range of surfaces,64  

rapid wearing of AFM probe tips,64 are still active areas of research. 

While organic-based resist layers have been used as templates for metallic nanostructure 

growth in solution, they do present some challenges. SAM formation requires specific molecule-



substrate chemistry, so SAMs cannot be formed on arbitrary materials. It is also difficult to remove 

the organic material after metal deposition. SAM removal with solution-based methods requires 

exposure to harsh reagents69-70 that can damage the metal nanostructures.71 Furthermore, organic 

resist layers are not suitable for every metal deposition method. Atomic layer deposition (ALD) 

and thermal evaporation require elevated temperatures and vacuum environments23 that could 

cause decomposition of organic molecules. 

We are interested in developing a novel resist layer that can be applied to many types of 

substrates, withstand high-temperature metal deposition conditions, and be removed easily leaving 

the metal nanostructures intact. Salts are interesting candidates for several reasons. First, they are 

common and relatively inexpensive. Second, they can be deposited on any substrate; no specific 

surface chemistry is required for salts to adhere on a surface through physisorption. Third: salts 

have very high melting points and can withstand the high temperatures required for ALD. Finally: 

solution conditions can be tuned to remove salts without damaging the desired metal features. 

In this work, we report using CaCO3 nanoparticles as a novel, versatile, and robust resist 

layer that can be used on many different substrates. Static plowing lithography is used to create 

microscale patterns in the CaCO3 resist layer. We varied the nanoparticle preparation method, 

nanoparticle surface coverage, static plowing lithography scanning parameters, and substrate to 

optimize pattern formation on multiple substrates. After patterning, a gold metal was thermally 

evaporated onto the samples. Then the CaCO3 resist layer, and excess metal, were cleanly removed 

from the surface by reactions with dilute hydrochloric acid (HCl) or Ca2+ chelating agents, 

resulting in isolated metal microstructures. We demonstrated that salt-based resist layers are a 

viable, robust resist layer that increase the versatility of bottom-up manufacturing of metallic 

features with controlled orientation, placement, and size on a range of substrates. 



Materials and Methods 

Materials 

 Ethylenediaminetetraacetic acid (EDTA), Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), 

Sodium nitrate (NaNO3), Triton X-100 (4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol), 

and commercial CaCO3 powder were purchased from Millipore Sigma (St. Louis MO). Anhydrous 

sodium carbonate (Na2CO3), ACS grade sulfuric acid (H2SO4), 30 % hydrogen peroxide, and 

hydrochloric acid (HCl) were purchased from Fisher Scientific (Waltham, MA). Sodium 

hydroxide (NaOH) was purchased from Baker Analyzed Reagents (Phillipsburg NJ). 99.999% 

pure Au shots or wires for thermal evaporation were purchased from Alpha Aesar (Haverhill, MA). 

Precleaned microscope slides (from Fisher) 25 𝑚𝑚 × 75 𝑚𝑚 × 1.9 𝑚𝑚 were used as glass 

substrates. Single-side polished Si (100) wafers were purchased from Virginia Semiconductor 

(Frederickesburg VA). Ruby Muscovite Mica was purchased from Lawrence Mica Company. 

Reprorubber Thin Pour 130 ml Kit was purchased from Penn Tool Co. (Maplewood, NJ) to mount 

samples on AFM pucks.  

Surface Preparation 

 Approximately 1×1 cm2 pieces of mica, silicon, and glass substrates were used in this 

study. Mica surfaces were cleaved immediately prior to use to expose a clean, uniform surface. 

Glass and silicon substrates were piranha cleaned at ~60-80°C in a 3:7 mixture of 30% H2O2 and 

concentrated H2SO4 for 20 min. (Piranha solution is extremely corrosive, potentially explosive, if 

capped in a sealed container, and must be handled with caution. Proper personal protective 

equipment must be worn at all times during the preparation and handling of the piranha solution. 

The piranha solution should be properly disposed of immediately after use). Following piranha 



cleaning, the substrates were thoroughly rinsed with deionized water and dried with a stream of 

N2 gas. 

CaCO3 Nanoparticle Synthesis 

 CaCO3 nanoparticles were prepared by a protocol slightly modified from previous 

reports.72-75 Briefly, 40 mL of a 0.20 M aqueous solution of Ca(NO3)2 was mixed dropwise with 

100 mL of an aqueous solution of 0.18 M NaNO3, 0.20 M NaOH, 0.10 M Na2CO3, and 250 µL of 

neat triton-x (final concentration approximately 3 mM)  while stirring vigorously. The rate of 

addition of the Ca(NO3)2 solution was approximately 3 mL/min. Once the nanoparticles were 

formed, they were filtered out of solution using a Buckner funnel and were thoroughly rinsed with 

deionized water. The nanoparticles were dried at 120˚C for 1 h, then mechanically separated by 

grinding to a powder using mortar and pestle before storing.  A similar protocol was used for 

preparation of BaCO3 particles (see SI for details). 

 To disperse the nanoparticles in water for depositing on surfaces, 0.10 g of the nanoparticle 

precipitate was added to 5.0 mL of deionized water. The resulting suspension was sonicated for 

30 min to ensure dispersion of aggregated nanoparticle clusters. This stock suspension was diluted 

to desired concentrations. Aliquots of either 50 or 100 μL of each diluted nanoparticle suspension 

were deposited onto the desired surface (glass/mica/Si) and allowed to dry for 2 h under ambient 

conditions. Once the samples were completely dry and formed an even film, they were mounted 

on AFM pucks with RePro Rubber for patterning.  This allows the samples to be easily removed 

from the AFM mounts for metal coating with minimal disturbance or contamination. 

AFM Micropatterning 

 The nanoparticle resist film was selectively removed using diamond-like carbon (DLC) 

coated Tap300DLC probes (Budget Sensors k ~ 40 N/m and f ~ 300 kHz) to fabricate the desired 



patterns on each surface. Patterning parameters (including tip velocity, applied load, and number 

of passes over the pattern) were varied to find optimal patterning parameters. Patterns varying 

from 5×5 µm2 to 50×50 µm2 were made. Each pattern was generated by alternately scanning the 

feature at two scan angles (0˚ and 90˚). The number of passes the tip makes over the feature was 

varied to produce patterns with complete removal of nanoparticles. In this work, a single “pass” is 

assumed to be scanning from top to bottom (or bottom to top) at a 0˚scan angle or left to right (or 

right to left) at a 90˚scan angle. One individual image over the feature is considered a single pass, 

regardless of direction. 

 To compare commercially available BaCO3 or CaCO3 powder and inhouse prepared 

nanoparticles, both types were deposited separately on glass substrates to prepare resist films. The 

suspensions were prepared by dissolving 0.10 g of each compound in 5.0 mL of deionized water.  

50 µL aliquots of each suspension were deposited on glass substrates and allowed to dry under 

ambient conditions for 2 h. Both films were patterned under similar patterning conditions with 

Tap300DLC probes to observe any differences in the patterning using the two types of 

nanoparticles. Optical microscope images were compared of both types of resist films. 

Gold Evaporation  

 Gold evaporation was carried out using a diffusion pumped, Edwards AUTO 306 vacuum 

evaporator at a chamber pressure below 5.0×10-6 torr with the substrate heated to 150-220 ̊ C using 

a quartz lamp heater in the evaporation chamber. The gold deposition rate was maintained at 

approximately 2-3 Å/s and monitored with a quartz crystal microbalance (QCM). Gold films with 

thicknesses of 40-60 nm were deposited onto substrates. After evaporation, the samples were 

further annealed at the evaporation temperature for 1 h to ensure better adhesion of the gold to the 

substrate, and to minimize the surface roughness of the deposited gold micropatterns.76-78 



Removing Nanoparticle Resist 

Conditions for the removal of the salt films were optimized by using various solution-based 

methods to remove the CaCO3 from the surface.  The removal was confirmed by optical and AFM 

imaging.  While both EDTA and HCl were effective at removing the CaCO3 films, the best results 

were found using a combination of the two solutions.  Ca2+ is strongly chelated by EDTA.79-80 

Furthermore, most metal carbonates, including CaCO3, react with dilute HCl to produce soluble 

chlorides, CO2, and H2O. These properties have been used to lift the nanoparticle mask once the 

metal deposition is done on the surface, without damaging the evaporated metal pattern on the 

surface while completely removing resist material from the surface. Optimization of the resist 

removal is discussed in a later section.  The CaCO3 nanoparticle resist film was removed by 

sequential soaking of the samples for 2-3 min 10% (w/w) EDTA (aq) at pH 10, followed by 1.0 M 

HCl (aq). Ultimately, if metal deposited samples were found to have residual salt after this 

procedure, the gold-patterned samples were sonicated for a few seconds in 10% EDTA (aq) at pH 

10 to remove the residual film and excess metal on top of the resist film. 

Microplatform characterization 

Preliminary characterization of the metal microplatforms was carried out using a Sony 

Towada XC-999 optical microscope mounted to an AFM. Images were captured using a GrabBee 

USB 2.0 Video Grabber capture cable and the GrabBee 2.0 software package. Surface topography 

images were taken with a multimode Nanoscope IIIA scanning probe microscope (Digital 

Instruments, CA) employing a JV scanner with 110×110 µm2 scan range. Non-conductive silicon 

nitride cantilevers (k ~ 0.12 to 0.06 N/m, NPS from Bruker; Camarillo, CA) were used for all 

contact mode images. Static plowing of the CaCO3 nanoparticle films and tapping mode images 



were carried out using Tap300DLC probes (Budget Sensors k ~ 40 N/m and f ~ 300 kHz). AFM 

images were analyzed using NanoScope Analysis v1.5 by Bruker Corporation (Camarillo, CA). 

 

Results and Discussion 

 The development of substrate-tolerant methods for precise fabrication of metal micro- and 

nano- structures has broad utility for applications including energy harvesting and storage,8,9-12 

biosensing,2 as well as photonic and plasmonic materials.3-6 Here, the development of novel salt-

based resist films is explored to ultimately increase the versatility of fabrication of such metal 

structures. The combination of the CaCO3 nanoparticle (NP) resist films with AFM-based 

patterning and thermal evaporation of the metal allows for the fabrication of metal structures with 

defined size, shape, and position with a range of different substrates. In addition, the resist removal 

is straightforward and does not require harsh reagents that could damage the metal structures. The 

complete fabrication process is outlined in Figure 1. Briefly, the clean substrate is coated with the 

CaCO3 NP resist layer and patterned using an AFM probe. The patterned substrate is then coated 

with metal by thermal evaporation. Finally, the CaCO3 NP resist layer, and any excess metal 

deposited on top of the resist, were removed resulting in an isolated metal microstructure on the 

substrate. In the following sections, the suitability of various sparingly soluble salts, the resist film 

deposition conditions, the AFM patterning parameters, and the ability to pattern on a variety of 

substrates are investigated.  



 
Figure 1: Schematic diagram of metal microstructure formation on surfaces. (a) Substrate is 
cleaned and dried.  (b) The CaCO3 nanoparticle (NP) suspension is deposited onto the substrate 
and dried to form a film. (c) A pattern is created using the AFM probe tip to selectively remove an 
area of the CaCO3 nanoparticle resist film. (d) Gold is evaporated over the entire surface. (e) The 
CaCO3 nanoparticle resist, and excess metal on top of the resist, are removed while the metallic 
pattern remains intact on patterned parts of the surface. 
 
Candidates for Salt-Based Resist Layers 

In an attempt to identify a resist material that would be easily patterned and removed from 

the surface, we explored several different salts including NaCl, BaCO3, and CaCO3 with CaCO3 

ultimately being selected. This section briefly discusses the rationale for this choice.  NaCl has the 

advantage that it has good water solubility and would therefore be very easy to remove after the 

patterning. However, this high solubility made it difficult to create a uniform, thin NaCl film on 

the substrates. Images of the NaCl films on Si(111) resulting from evaporation of deposited NaCl 

(aq) solutions, as well as vapor deposition from hot aqueous solution, are shown in supporting 

information. As shown in Figure S1, macroscopic, uneven, coffee ring structures formed locally 



on the surface leaving the remainder of the Si(111) clean when using the solution deposition 

method. Vapor deposition for 30-45 min proved to be a method that deposited NaCl nanoparticles 

over wide areas of the surface that could be imaged with AFM, as shown in Figure S2. While we 

were not able to identify conditions where we could achieve uniform thin films of NaCl 

nanoparticles, we were able to manipulate the NaCl nanoparticles with an AFM tip to create 

recognizable patterns on the surface (Figure S3). Such patterned samples were able to withstand 

thermal evaporation of gold metal onto to the surface, as shown in Figure S4. Soaking the gold-

coated, patterned samples in deionized water resulted in incomplete removal of the salt resist and 

the excess metal deposited on top of the NaCl nanoparticles. Because NaCl did not cover the entire 

surface, some of the smaller NaCl nanoparticles were fully encased in gold and were not able to 

be removed in water. These vapor deposited NaCl nanoparticles could not function as true resist 

layers because of their incomplete surface coverage. It is possible that other deposition processes 

such as thermal evaporation of the NaCl could be used to deposit uniform layers on samples81 but 

this would require further development.  

Because of the difficulties associated with uniform deposition of the highly water-soluble 

NaCl, we explored the deposition of BaCO3 and CaCO3 films. These materials are relatively 

insoluble in neutral aqueous solution but can be removed by chelation or alteration of the pH. 

Examples of patterns made on glass using BaCO3 and CaCO3 nanoparticles are presented in Figure 

2.  We demonstrated that is possible to make patterns in BaCO3 resist films, but we did have 

difficulty with consistent, clean patterning fabrication, perhaps due to the size of particles or 

thickness of the films.  The features in the CaCO3 are able to be fabricated with cleaner edges and 

with smaller sizes than the BaCO3. Because of this, and the slightly toxic nature of BaCO3 

(compared to CaCO3) and difficulties associated with the synthesis to produce uniform, small 



BaCO3 nanoparticles, our focus ultimately became the cleaner alternative, CaCO3. Furthermore, 

we were able to generate uniform films of CaCO3 and demonstrate that this material was uniformly 

removed by the AFM patterning process. Therefore, CaCO3 was used for the rest of these 

investigations.  

Salt Nanoparticle Resist Film Structure 

CaCO3 nanoparticles were prepared by mixing Ca(NO3)2 (aq) with NaNO3 (aq) and 

Na2CO3 (aq) in the presence of a surfactant at elevated pH.72-75 Surfactants aid in obtaining smaller 

particles with narrower size distribution.75 Capping the nanoparticles with surfactants may also 

help reduce the interactions with hydrophilic surfaces, which the particles were deposited onto, 

and also aids in minimizing aggregation of the particles in solution. As a result, moving the 

particles with the AFM tip became easier when the particles were smaller and capped with 

surfactant. Moreover, this resulted in cleaner patterns where the evaporated gold adhered more 

strongly to the exposed substrate. We tested commercially available BaCO3 and CaCO3 powders 

as well as in house synthesized BaCO3 and CaCO3 particles (with and without a surfactant).   

 
 
Figure 2: Optical microscope images on glass substrates of AFM-fabricated patterns in the resist 
film prepared from (a) commercially available BaCO3 and (b) in house prepared CaCO3 NP 
capped with triton-x 100. Patterns with brighter contrast (exposed substrate) in a darker 
background (BaCO3/CaCO3 cover) are presented with a 50 µm scalebar. 
 



The contrast between patterns on glass substrates made using commercial BaCO3 powder 

and capped CaCO3 nanoparticles is shown in Figure 2. Patterns made in films of commercial 

BaCO3 particle films often have less well-defined edges and incomplete patterns due to incomplete 

removal of the nanoparticles in the patterned area. Uncapped nanoparticles also aggregated in 

solution, likely due to strong interparticle interactions. In contrast, the in house synthesized, 

surfactant-capped nanoparticles made uniform films that were easier to pattern, resulting in 

sharper, more well-defined features. Dynamic light scattering measurements were carried out in 

triplicate on the nanoparticle solutions using a NanoBrook Omni and showed that in house 

synthesized CaCO3 particles had a smaller mean radius (580 ± 50 nm) compared to both the 

commercially available CaCO3 (1520 ± 30 nm) and BaCO3 (830 ± 70 nm) powders.  The 

Tap300DLC AFM probes used in this work typically have a tip radius less than 15 nm, which is 

much smaller than the nanoparticle diameter. Therefore, the resolution of this technique likely 

depends on the size of the nanoparticles used in the resist film, rather than the radius of the AFM 

tip, used to create the patterns.   

 
Surface coverage optimization 

An optimal nanoparticle resist film should be thick enough to cover the substrate well, 

while remaining thin enough to be removed with an AFM tip. Therefore, the nanoparticle film 

should be thinner than the height of the probe used for patterning. The Tap300DLC AFM probes 

have an average tip height of 15 μm. The thickness and patternability of the CaCO3 nanoparticle 

film were optimized by controlling the amount of nanoparticles deposited onto each surface, as 

shown in Table 1. The amount of nanoparticles was controlled by varying the suspension’s 

concentration (by dilution) and the volume of solution deposited on the substrate. The “relative 

amount deposited” is a unitless quantity to compare the amount deposited relative to that 



when 50 μL of the 0.10 g/5.00 mL stock solution of CaCO3 particles was used (this is 

normalized to a relative concentration of 1.0). Other amounts are relative to this amount (e.g., 

using the same 50 μL, but with a 1:1 dilution of the stock solution with buffer decreases the amount 

deposited by a factor of two, resulting in a relative amount deposited of 0.5) The original CaCO3 

nanoparticle stock solution was prepared by suspending 0.1 g of the in-house synthesized CaCO3 

nanoparticles in 5 mL of deionized water. Clean glass substrates with a surface area of 

approximately 1 cm2 were prepared with 50 μL and 100 μL aliquots of nanoparticle suspensions 

with different dilutions. Patterns were made using AFM and the surfaces were characterized using 

optical microscopy. The “Number of Passes” describes how many AFM scans were made over an 

area before a clear pattern was observed under the optical microscope as defined in the materials 

and methods section.  Figure 3 shows that the number of imaging passes required for patterning 

increases with the relative amount of CaCO3 deposited on the surface. 

Table 1: Optimization of CaCO3 coverage.  
DILUTION FACTOR 

(𝐕𝐬𝐚𝐥𝐭 𝐬𝐨𝐥𝐧: 𝐕𝐇𝟐𝐎) 
VOLUME 

ADDED (𝛍𝐋) 
RELATIVE 
AMOUNT 

DEPOSITED 
A* 1:0 50 1.00 

B* 1:1 50 0.500 

C1 1:3 50 0.250 

C2* 1:3 100 0.500 

D1 1:5 50 0.167 

D2 1:5 100 0.333 

E1 1:7 50 0.125 

E2 1:7 100 0.250 



F** 1:9 50 0.100 

 *Unable to be patterned 
 ** Incomplete coverage of resist film 

 

Figure 3:  The number of AFM patterning passes required as a function of relative amount of 
CaCO3 added to the surface.  Data points correspond to entries in Table 1.  Height of the bars 
represents the variation in the required number of passes observed.  Several of the experiments 
are not included, due to the inability to pattern the film (A, B, C2) or incomplete film formation 
(F). 
 

The original, undiluted nanoparticle suspension and 1:1 dilution (conditions A and B of 

Table 1) were too concentrated and yielded a thick nanoparticle film on the surface. An AFM tip 

was unable to pattern these films, likely because the nanoparticle film thickness exceeded the 

height of the probe. Solutions C through E provided a uniform surface coverage, yet were 

patternable with a reasonable number of AFM scans. The required number of passes went down, 



as expected, as the nanoparticle solution was systematically diluted and the relative amount of 

nanoparticles deposited decreased (Figure 3). A 1:9 dilution (Solution F) resulted in an incomplete 

nanoparticle coverage on the surface as observed by an optical microscope, and so was unsuitable 

for use as a resist film.   

Effect of patterning parameters 

 Figure 4 illustrates the process for investigating effects of patterning parameters. While 

many of the scanning parameters are not critical for removal of the nanoparticle films, the tip 

velocity and applied force have large effects on the patterning process. The optimal parameters 

will vary depending on the thickness and density of the nanoparticle film, therefore all trials were 

performed using conditions described in section D1 of Table 1 on 1×1 cm2 glass substrates.  

  



 
 
Figure 4: Optical images showing the variation in patterning integrity with the AFM patterning 
parameters. Micropattern formation as a function of (a) tip velocity (b) applied force (set point) 
on AFM probe and (c) number of scans. All studies were conducted on nanoparticle resist films 
made utilizing NP solution conditions Table 1 D1. All patterns were 50×50 µm2. Tip velocity (a) 
was tested at a force of ~3500 nN by scanning over the surface once. Effects of applied force (b) 
was tested at constant tip velocity of 300 µm·s-1 by scanning over the surface once. Number of 
scans was tested while setting a force of ~3500 nN at a tip velocity of 300 µm·s-1constant to all 
samples. All patterns were made on glass substrates and reported images were collected using an 
optical microscope after the patterning experiments without gold evaporation with a 50 µm 
scalebar. Dark color in the images is the nanoparticle cover while patterned areas are bright due 
to the reflectivity of the exposed glass surface.  
 

Patterns in Figure 4a have been made utilizing 100, 200, 300, and 400 µm·s-1 tip velocity, 

respectively. These images indicate that the smaller tip velocities remove nanoparticle resists better 

than faster scan rates. Although faster tip velocities produce higher momentum, it may also result 

in the AFM tip not tracking the surface well. Another possibility is that the cantilever can twist at 

faster tip velocities limiting its ability to fully transfer its momentum to the nanoparticle resist 



layer. Earlier work from several groups laid the foundation to investigate the effect of patterning 

parameters on molecular level resist films,61-62, 82 and our observations are in good agreement with 

these reports. The amount of nanoparticles cleared from an area increased as the applied load on 

surface increased (Figure 4b). As the applied load increased, the tip’s ability to penetrate the 

nanoparticle film and consistently remove the nanoparticles from the surface during imaging 

increased. The number of passes required to form a clean pattern is shown in Figure 4c, while 

maintaining a ~3500 nN force at a scan rate of 300 µm·s-1. Scans were made at angles of 0˚ and 

90˚, alternatively, to ensure even edges on all four sides of the patterned feature. The first two 

patterns in Figure 4c were made with one and two passes, respectively. With fewer passes, the 

CaCO3 nanoparticles are not completely removed, leading to incomplete pattern formation. Three 

passes resulted in patterns with resolved edges, but some residual nanoparticles are still left in the 

patterned area (Figure 4c). Patterns with residual nanoparticles result in rough, poor-adhering gold 

features that can partially peel off the substrate during resist film removal. Four passes completely 

removed all traces of nanoparticles, resulting in a fully cleared area. Based on the conditions 

studied, the nanoparticle resist film patterning can be done by using a range of conditions. We 

were able to achieve clean patterns by using tip velocities ranging from 200 to 300 µm·s-1 and 

applied forces between 2500-3500 nN. The AFM probe tip was moved over a desired area 4-6 

times, alternating between 0 ̊ and 90 ̊ scan angles. 

Substrate and Size Dependence of Patterning  

Patterning of the nanoparticle resist was achieved by passing a stiff AFM probe tip across 

the thin nanoparticle film on the desired substrate. We investigated 1) the adaptability towards 

different substrates commonly used in surface chemistry applications and 2) ability and limitations 

of the technique towards producing large and small structures. We chose glass, silicon, and mica 



surfaces given their ubiquity in applications including biosensor development, biocompatibility, 

lab on a chip device, and photovoltaic devices and widespread use in previous fabrication 

processes. Furthermore, all these substrates can be easily cleaned using established methods and 

can be subjected to thermal evaporation or sputter-coating. Using a large scanner with ~110×110 

µm2 range, we produced patterns as large as 80×80 µm2. The smallest patterns that were attempted 

were 2×2 µm2. Patterns above 5×5 µm2 were visible through the optical microscope mounted to 

the AFM. The tip velocity was maintained by increasing the scan rate for smaller patterns, 

therefore smaller patterns can be made significantly faster than larger patterns. The relative 

location of the different features on the substrate was controlled by changing the X-Y offsets of 

the microscope scan, or by manually moving the microscope stage.  

 
Figure 5: Optical microscope images of patterns in nanoparticle resist films on (a) glass, (b) 
silicon, and (c) mica substrates with 50 µm scalebars. Dark areas represent the nanoparticle resist 
film while bright square shapes indicate patterned locations of different sizes where the underlying 
substrate has been exposed, before the gold evaporation. Patterns were made using a tip velocity 
of 200 µm·s-1and a setpoint of ~3500 nN. The AFM probe tip was moved over a desired area 6 
times, alternating between 0 ̊ and 90 ̊ scan angles as described earlier. 
 

Figure 5 demonstrates patterns of a range of sizes made on glass (a), silicon (b), and mica 

(c) substrates. The ease of plowing the resist film was not found to be substrate dependent. 

Optical microscope images showed different contrast for different substrates, due to differences 



in reflectivity of the different substrates, but bright spots on the surfaces are always areas where 

the CaCO3 nanoparticle resist had been patterned, exposing the underlying substrate. Not only 

were we able to pattern on a variety of substrates, the patterns appear durable and can be 

observed from days to months later.  While typical processing and handling of the substrates 

once patterned did not result in compromise of the integrity of the patterns, occasionally some 

particles were observed to move into the patterned areas. 

To explore the flexibility of this patterning approach, other methods for selective removal 

of the nanoparticles in addition to the AFM -based methods were explored. For example, a number 

of micro milling tools and techniques have been developed over the years with different plowing 

properties which show potential to be modified to pattern similarly83. We have used diamond or 

tungsten carbide scribes to manually remove the nanoparticle resist film once the surface is 

prepared, with clean boundaries (Figure S5).  Use of such tools to make larger scale patterns 

broadens the applicability of the method but will not be suitable for nano-sized patterns. 

Gold evaporation 

 Gold was evaporated onto patterned substrates in a metal evaporator at high vacuum. The 

chamber was heated during and after the evaporation to ensure a good adhesion of metallic patterns 

onto the exposed areas of the substrates. Since the nanoparticle resist is physisorbed on surfaces, 

it can be easily disturbed by an AFM tip, which is an ideal characteristic for patterning purposes. 

Consequently, even imaging these patterns with tapping mode AFM is challenging because even 

imaging can move the CaCO3 nanoparticles. Therefore, only optical images of the salt patterns 

have been shown of these CaCO3 patterns. However, the nanoparticle resist becomes more stable 

after evaporating gold onto the sample. Therefore, measuring the thickness of the nanoparticle 

resist was done using tapping mode AFM after the gold evaporation. The gold film adds a small 



thickness uniformly over the substrate, therefore the cross-sectional heights measured of the 

nanoparticle films should not be affected by the gold layer over it. Figure 6 shows cross-sectional 

heights of nanoparticle resist films as a function of dilution discussed in Table 1. These cross-

sections are imaged across the boundary between the pattern and the salt resist. 

 

Figure 6: Cross sections of nanoparticle pattern boundaries as a function of dilution of 
nanoparticle stock solution. AFM images of cross sections from three different dilutions (Table 1 
D1, E1, F) are shown on the right after they had been coated with 50 nm of gold with their cross 
sections along the respective dotted lines on the AFM images on the left. 
 

The height profiles of nanoparticle thin films were measured to have thicknesses around ̴ 

2 µm, ̴ 2.7 µm, and ̴ 3.5 µm respectively at 1:9, 1:7, and 1:5 dilutions. Cross sections for surfaces 

with larger amounts of nanoparticles (more concentrated solutions) resulted in films thicker than 

the Z scan range of the microscope and therefore were unable to be measured. These post-

evaporation profiles demonstrate the persistence of the patterns after the gold evaporation process.  

However, to complete the process, the resist film must be removed along with the lift-off of the 

gold outside the patterns.  This is discussed in the next section.  

Nanoparticle resist removal 

 In this work, we investigated two possible ways to remove the nanoparticle resist layer as 

described earlier: (1) by using reactivity of group IIA carbonates with dilute HCl, and (2) utilizing 

the chelating ability of EDTA towards Ca2+ ions.79-80 Although both methods were successful for 



removing nanoparticle films, EDTA removal was chosen to dissolve the nanoparticle resist after 

gold deposition. The reaction of metal cations with EDTA is mild and slow, while acid dissolution 

produced CO2 bubbles that occasionally delaminated some of the gold patterns. This is therefore 

our chosen first step for resist removal.  However, residual particles sometimes remained on the 

surface following the initial EDTA treatment. In such cases, the residual particles were 

subsequently removed using a brief (few seconds) dissolution in dilute HCl. In rare cases where 

some residual particles remained after these two steps, a brief sonication in basic 10% EDTA was 

also used to ensure surfaces were free from nanoparticles. Generally, gold shows stronger adhesion 

to mica substrates, while glass and silica surfaces often require an adhesion layer of Cr or Ti to 

bridge the mismatch between the surface energies of Au and SiO2.84 In this work, we have not 

used an adhesion layer on any of the substrates and the resulting metallic microfeatures withstood 

short sonication times. This indicates that the gold patterns adhere reasonably well on substrates 

tested. Some smaller features (< 5 µm2) were often removed in the resist removal process, 

indicating possible weak adhesion.  The inclusion of evaporation of an adhesion layer before the 

gold evaporation could be used to increase the adhesion, but this has not been explored here.   

Gold Micropattern Characterization  

 Once the nanoparticle resist was removed, the gold micropatterns were characterized using 

optical microscopy and AFM imaging. Optical microscope images (Figure 7a) clearly showed 

nearly the entire resist film, and excess gold metal deposited on top of the resist film, were removed 

upon EDTA, HCl, and sonication treatment. AFM images (Figure 7b) further confirmed that the 

surface was mostly free from the nanoparticle resist. Isolated nanoparticle clusters were seen in 

some of the AFM images, but these imperfections were too small to be seen under the optical 

microscope images. AFM images further revealed that the patterns are smooth and uniform across 



the surface, with some small pinholes in the gold features, possibly resulting from residual 

nanoparticles in the patterning area. The features’ edges were defined in most cases. However, 

there were places with poor definition, especially when the pattern dimensions were 5 µm or less.  

 
 
Figure 7: Optical microscope (a) and AFM images (b) of micropatterns made on a glass substrate 
after gold evaporation and resist removal with respective scalebars. Four features (I) 10×10 µm2, 
(II) 10×15 µm2, (III) 20×30 µm2, and (IV) 50×50 µm2 respectively are shown with their AFM 
images. 
 Patterns smaller than 5×5 µm2 often peeled off during the nanoparticle removal process. 

This is likely due to the smaller contact area of these patterns with the substrate, resulting weaker 

adhesion with the surface. To protect these small metal features, the nanoparticle removal process 

was conducted without sonication. However, this occasionally left residual nanoparticle resist film 

on the surface. Patterns larger than 20×20 µm2 were developed with better edge resolution and 

definition (Figure 7). Cross sections of the gold platforms (Figure S6) measure heights between 

40 – 60 nm, consistent with the expected deposition thicknesses. Furthermore, we successfully 

demonstrated deposition of gold on micropatterns made on glass, SiO2 and mica substrates (Figure 

8), using discussed patterning, evaporating, and nanoparticle removal methodologies. 

 The ultimate resolution in terms of size of features that can be fabricated using this method 

has not been explored in this work.  Features smaller than 5×5 µm2 were more difficult to fabricate, 



and did not appear to adhere well to some substrates.  This could be addressed through the 

incorporation of an adhesion layer in the fabrication process.  This might allow even smaller 

features to remain on the surface.  However, this technique will not likely be able to fabricate 

features smaller than the particle size used in the resist layer.  In these initial experiments, it is 

clear that the particle size was relatively large (see Salt Resist Film Structure Section).  This will 

likely provide a lower limit to the size of features that can be fabricated (unlike other AFM-based 

lithography methods which are tip limited).  It is possible that much smaller CaCO3 particles could 

be fabricated and used as resists, and this should allow the fabrication of nanoscale features if the 

adhesion is addressed. 

 
 
Figure 8: Optical microscope images of gold micropatterns made on (a) glass, (b) silicon, and (c) 
mica surfaces once the nanoparticle resist is completely removed with scalebars of 50 µm. 
Minimum traces of the nanoparticle resist are observed while defined gold features are intact to 
the surface. 
 

Conclusions  

Here, a method for metal microstructure fabrication has been demonstrated in which a thin 

layer of salt acts as a versatile, robust resist layer that can withstand deposition conditions 

unsuitable for other commonly used organic resist materials on a variety of substrates. In this work 

we demonstrated the use of AFM to pattern a salt-based, nanoparticle film that serves as a resist 



layer in order to expose an underlying substrate, and thereby evaporate metal through the patterns 

to fabricate metallic microstructures. In this pilot study, we have synthesized CaCO3 nanoparticles 

and formed uniform thin films of nanoparticles on different surfaces. Nanoparticle coverage and 

patterning parameters were optimized to selectively remove nanoparticles from the surface to 

expose the underlying substrate. Patterns with sharp edges were created using tip velocities ranging 

from 200-300 µm·s-1 and forces between 2500-3500 nN by patterning over the nanoparticle resist 

4-6 times at alternating scan directions (0˚ and 90˚). Once gold was evaporated, and the 

nanoparticle film as well as excess metal were removed from the substrate surface, fabricated metal 

features were imaged using optical microscopy and AFM. Features under 5×5 to 80×80 µm2 were 

successfully fabricated. Furthermore, metal evaporation can potentially be replaced by sputter 

coating, allowing for further flexibility in metals that can be successfully fabricated. Although 

smaller patterns could be more useful for nanoscale applications, such patterns showed poor 

adhesion on to the glass and mica substrates tested but could potentially be improved by using an 

adhesive layer of precursor metal to bridge the surface energy gap. This method of microstructure 

fabrication with precise spatial registry and is expected to find utility in applications including 

biosensing, photonic and plasmonic structures, and electronics.  

Supporting Information 

A description of the procedure for NaCl and BaCO3 resist film formation and fabrication, optical 

and AFM images of NaCl resist films along with patterns created in the NaCl resists.  Particle 

size distributions for the NaCl, optical images of patterns made in CaCO3 with scribes, and AFM 

images and cross-sections of gold patterns created on glass are provided in the SI. 
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