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Abstract 

This thesis focuses on nanomanufacturing processes for the heterogeneous integration 

of nanomaterials and molecules. We demonstrate and discovered a novel gas phase 

method to control material flux at specific points on a surface which is based on the 

interplay of high mobility gas ions and lower mobility nanoparticles and molecules in the 

presence of a patterned substrate. The thesis is divided into two parts describing 

applications of the discovered process for the localized deposition of  

(A) metallic and semiconducting particles producing functional nanostructured 

deposits including multimaterial sensor arrays and nanostructured electrodes for 

photovoltaic applications and, 

(B) molecules for gas sensor application demonstrating improved collection 

efficiencies and sensitivity over previously methods.  

Section (A) begins with the description of an arc discharge based method to produce a 

flux of charged nanoparticles (<5nm particles Au, Ag, Pt, W, TiO2, ZnO and Ge) which 

are characterized using various methods. It then describes a process to locally deposit the 

charged particles into extended two and three dimensional metallic and semiconducting 

nanostructured deposits. The thesis describes the use externally-biased electrodes to 

achieve an electronic shutter to turn ON/OFF the deposition in selected domains. 

Subsequently it explores and describes the use of patterned dielectrics whereby the 

patterned dielectrics are charged to define arrays of electrodynamic lenses. Incorporation 

of these lensing structures was found to enable nanostructured deposits with sub 100nm 

lateral resolution. The utility of the discovered processes are demonstrated in two areas. 

For the first application, semiconducting nanomaterial are sequentially deposited on the 

same substrate to fabricate a multi-material / multi-functional sensor array on a single 

substrate in a single deposition process. The process eliminates critical alignment and 

masking steps and has a higher material efficiency when compared with traditional vapor 

deposition methods. In the second application, we demonstrate the fabrication of 3D 

nanostructured electrodes for photovoltaic application. The second application adjusts the 

material flux in selected domains to identify nanostructures and device metrics in a 

combinatorial way.  
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Section (B) applies the process to the localized collection of airborne molecules. The 

goal was to determine if the process can be scaled to particles with molecular dimensions. 

This turned out to be the case. As an application we demonstrate enhanced collection 

efficiencies of molecular species in gas sensor applications. The research recognizes that 

various nanostructured sensor designs currently aim to achieve or claim single molecular 

detection by a reduction of the active sensor size. However, a reduction of the sensor size 

has the negative effect of reducing the capture probability considering the diffusion based 

analyte transport commonly used. Specifically, we applied the discovered localized 

programmable electrodynamic precipitation concept to collect, spot, and detect airborne 

species in an active-matrix array-like fashion. The method is tested using surface 

enhanced Raman spectroscopy (SERS). The process can produce hybrid molecular arrays 

on a single chip over a broad range of molecular weights including small molecules or 

large macromolecules. From a gas sensor system point of view it was possible to 

improved collection efficiencies and sensitivity over previously method. 
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Chapter I 

Motivation, Background and Project Introductions 

Motivation 

Nanomaterials, the building blocks of future nanotechnological devices, are most 

commonly fabricated using solution chemistry or gas phase chemistry and can provide a 

variety of functions. The use of nanomaterials as building blocks, however, requires 

novel deposition methods to enable the creation of functional devices and systems. The 

primary objective of this thesis is to develop nanomanufacturing processes to synthesize 

and integrate inorganic nanomaterials with control over location, diameter, length, and 

geometrical orientation. Additionally, this thesis also proposes and experimentally 

demonstrates a programmable localized electrodynamic precipitation concept to collect, 

spot, and detect airborne species in an active-matrix array-like fashion. 

General Background 

Inorganic nanomaterials in form of nanoparticles and nanowires have attracted 

attention due to their unusual properties including quantum size effects, high surface area 

to volume ratio, and increased catalytic activity to name a few. These properties have 

influenced almost any research discipline in recent years including the fields of printable 

electronics, optoelectronics, physical sensors, solar cells, biological screening, and 

environmental protection[1-5]. Today there are a host of synthesis techniques available to 

form the desired inorganic nanomaterials which can be grouped into two classes: low 

temperature wet chemical and high temperature gas/vapor phase methods. Gas/vapor 

phase methods such as thermal flow synthesis[6-8], laser ablation[9], sputtering[10], 

plasma induced synthesis[11], and arc discharge[12, 13] can produce various types of 

nanoparticles and nanowires including high temperature and high performance 

semiconductors that are difficult to make using low temperature wet chemical methods. 

Among the high temperature gas phase methods, the atmospheric pressure arc discharge 

method distinguishes itself since the high temperature arc discharge region is surrounded 

by a low temperature deposition region that is compatible with deposition on flexible 
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plastic substrates. Atmospheric pressure operation supports a higher mass flow rate when 

compared to vacuum deposition systems and inexpensive production setups while 

maintaining the ability to produce and deposit a wide selection of materials including 

metals and semiconductors[12, 13] in a single reactor system. 

A challenge today can be found in the design of gas phase systems that combine high 

temperature synthesis with low temperature local area deposition on foreign substrates 

for printable electronics applications. Selected area deposition schemes are well 

established in the liquid phase but remain largely absent in the gas phase. Current direct 

write gas-phase deposition methods use nozzles or aerodynamic streams[14, 15] to 

deposit the materials locally in a serial fashion with 30 µm resolution.  

Selected area deposition has also been reported using pre-patterned surfaces. For 

example, it has been demonstrated that charge patterned insulators can be used to attract a 

limited amount of oppositely charged particles[16, 17] with <100 nm resolution. While 

pre-patterned surfaces provided much higher resolution they remained limited to 2-

dimensional deposits of a few monolayer thicknesses (Figure 1-1). The use of pre-

patterned surfaces had the additional disadvantage that materials could not be altered to 

vary across the substrate. Very high resolution but mono-material and two-dimensional 

prints have been the state of the art using pre-patterned surfaces.  

                                   

 

Fig. 1-1: Selected area deposition using conventional nanoxerography is limited to 

2D prints. It uses trapped charges inside a continuous insulator (red area) which can 

only attract a limited amount of charged material. Particle deposition will eventually 

lead to the screening of the trapped charge which will terminate the deposition. 
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      Section A – Gas Phase Electrodeposition  (Publications 1 and 2)  

of metallic and semiconducting particles producing functional 

two and three dimensional nanostructured deposits and 

applications as multimaterial sensor arrays and nanostructured 

electrodes for photovoltaic applications. 

Introduction (Section A): At the outset of this research we had a number of goals. One 

goal was to find a localized gas phase deposition concept that builds on previous 

knowledge in the research group of Prof. Jacobs who pioneered NanoXerographic 

Printers[2, 16, 18-20]. NanoXerography uses a charged dielectric which attracts 

oppositely charged nanoparticles at a lateral resolution that exceeds conventional 

Xerographic printers by 3 orders of magnitude. While extremely high lateral resolution 

(<100 nm) had already been demonstrated the process had not yet found a widespread 

use. The goal was to build on the basic physical understanding while looking at 

alternative designs and systems that would provide a greater applicability. The following 

challenges and limitations were known:  

1. Prior Nanoxerogaphic methods used a locally charged continuous dielectric which 

could only attract a limit amount of oppositely charged material. 

2. The prints were limited to be unimaterial (monochrome) and it was not possible to 

deposit more than one material type onto desired areas. 

3. The prints were limited to be two-dimensional and an extension into the third 

dimension appeared unattainable.  

4. The range of nanoparticles was fairly limited both in terms of size (>50 nm) and 

type (Ge, Ag, and Au).  

Five years later we have developed a deposition system which eliminated the limitation 

that the deposits could only be a few monolayers thick. We introduced a concept that 

provides localized charge dissipation and replenishing of the charge differentials. We 

extended the process to more materials enabling multi material deposition. The process 

can now alter both the material amount and the material type on the substrate which has 

found an application in the combinatory discovery of nanostructured devices testing 
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various combinations on a single substrate in a single experiment. We have extended the 

process into the third dimension. At present we are able to control the flux of charged 

material to locations with sub 100 nm lateral resolution to form bridges and interconnects 

in selected domains or, in the simplest case, to form straight metallic nanowire arrays 

whose height and density are adjusted to vary across the substrate. We have also 

extended the range of the materials. The dimensions of the primary particles has been 

reduced from 50 nm to molecular (<1 nm) dimensions. The process has little similarities 

with what we used at the outset.  It has grown into a different system. It is no longer 

called Nanoxerography but “Gas Phase Electrodeposition” since it shares more 

commonalities with electrodeposition in the liquid phase. 

Figure 1-2 provides an illustration to introduce the basic features of the “Gas Phase 

Electrodeposition” process that will be further described in detail in the respective 

publications[21-23] and section A of this thesis. In brief the process incorporates (i) 

particle generation, (ii) charging, and (iii) selected area deposition within a single 

compact apparatus. Electrons generated in the plasma region are accelerated by the 

applied electric field to the anode, producing gas ions (G+) through impact ionization. 

The gas ions (G+) move and impact the cathode which leads to cathode erosion. (ii) The 

eroded material (M) leaves the cathode that is surrounded by a positive (G+) space charge 

region and picks up positive charge resulting in the depicted (M+) particle; negative and 

neutral particles will be present as well. (iii) Selected area deposition is possible since all 

charged species are influenced by nearby electrodes. Depicted is the case for a 

negatively-biased (Vd <0) domain. The deposition process should be considered as an 

electrodynamic process since the field distribution evolves over time. Mass and electrical 

mobility of the involved species is important. The depicted gas ions (G+) have a higher 

electrical mobility than the heavier metal particle. On a time scale and in the initial stages 

of the experiments the gas ions (G+) arrive at the sample surface first, which results in 

the depicted sheath of space charge (G+) on the sample surface and alters the potential 

distribution. Under equilibrium conditions a flux of positive material is established which 

flows to the conducting and bare electrode sites. Compared to patterning by traditional 

photolithography, no liftoff is required and less material is lost as a result. 
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Fig. 1-2: Basic concept depicting the production of charged nanomaterials by 

cathode erosion and ionization inside the plasma region whereby material flux is diverted 

towards the biased substrate leading to a measurable substrate current Id; Id reflects the 

rate of charge deposition and dissipation on the substrate. 

Summary of Main Results (Section A): A gas phase deposition system to deposit 

material into addressable areas forming vias, interconnects, patterned multimaterial or 

multilayer films in a programmable fashion is demonstrated. Such a deposition process 

would be important in the context of printable electronics since many functional 

nanomaterials are presently formed in the gas phase. Additionally, this printing concept is 

also extended to a multi material deposition scheme demonstrating three-dimensional 

nanostructured deposits which are applied in the combinatory discovery of 

nanostructured devices. Specifically, we report a multi-material selected area deposition 

process that produces <5 nm nanoparticles of Pt, Ag and W, which are subsequently 

deposited into photoresist openings with sub 100 nm lateral resolutions and aspect ratios 

of 10. We demonstrate multimaterial nanostructures containing sections of Pt, Ag and W, 

whereas individual thickness, density, and height is varied and the sequence of the 

material is switched and selected to be different from one domain to the next. The 

reported gas phase process shares some of the characteristics of electrodeposition in the 

liquid phase. The process allows us to control the flux of charged material to locations 

with 100 nm lateral resolution to form bridges and interconnects in selected domains or, 

in the simplest case, to form straight metallic nanowire arrays whose height and density 

are adjusted to vary across the substrate.  
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This reported process can be applied to the combinatorial screening of various types 

of nanostructured deposits for electronic and optoelectronic device 

applications/discovery. As a first demonstration in this direction we test whether the tool 

can be used to identify/discover electrode designs that improve the carrier extraction 

efficiencies of bulk heterojunction photovoltaic cells. The approach discussed here does 

not use mechanical shutters to turn ON/OFF deposition in certain areas and provides 

programmability with much higher resolution and feature density than prior concepts that 

have been applied to the fields of optoelectronics and photovoltaics[24-27]. We explored 

different interpenetrating electrode designs in particular 3D nanowire-based electrode 

arrays where height and density were adjusted from one domain to the next. The protocol 

varied pitch from 3 µm to 5 µm and height from 500 nm to 900 nm to explore the impact 

on absorption efficiency ( ) and minority carrier extraction efficiency ( ). The 

completed solar cell domains share the same substrate, processing, and testing conditions. 

Short circuit current densities ranged from 7.7 to 12.2 mA/cm
2
. The relative power 

conversion efficiencies (PCE) increased by 47% in domains that carried dense nanowire 

arrays when compared to the flat reference on the same substrate. 

Programmable selected area deposition of dissimilar materials is also used to 

fabricate physical sensor arrays containing light and humidity sensitive areas on the same 

chip. The physics of how the particles are charged in the particular arc discharge system 

prior to deposition on a substrate at room temperature is discussed. It involves diffusional 

charging through a positive space charge region surrounding the electrode that is 

consumed by the process forming charged nanocusters which finally deposit on a low 

temperature substrate. 

 

 

 

 

 

A ED



7 

Section B- Electrostatic Precipitation (Publications 3 and 4) 

of Molecules enabling collection, spotting, and detection of 

airborne species in an active-matrix array like fashion. 

Introduction (Section B): In section A we learned that we could guide nanoparticles 

to precise points in space with very high resolution and collection efficiencies. The 

natural question was if it would be possible to do this with molecules as well which leads 

to section B of the thesis. Section B was not planned at the outset of the research but 

evolved naturally as we gained a deeper understanding of the underlying processes; it 

was curiosity driven. For example, we wanted to know if it is possible to use an 

electrodynamic nanolens to guide the deposition of molecules to precise points in space. 

The problem was that the molecules would be too small to be directly visualized and we 

had to think about advanced sensing means to provide evidence that guided deposition 

would be possible. In the end this turned out to be the case which led to a new application 

where localized molecular collection is used to enhance the sensitive of various gas 

sensors. The research recognizes that various nanostructured sensor designs currently aim 

to achieve or claim single molecular detection by a reduction of the active sensor size. 

However, a reduction of the sensor size has the negative effect of reducing the capture 

probability considering the diffusion based analyte transport commonly used. This is 

where a localized delivery concept could be used to collect, spot, and detect airborne 

species in an active-matrix array like fashion.  

The broader context and background of this research is that the detection of small 

molecules and airborne species at low concentration commonly requires sensing schemes 

where the analytes are absorbed on a surface. The process of absorption and precipitation 

is therefore critical to the detection limit of the analytes. This is true for all established 

gas phase sensing concepts including gas chromatography[28], ion mobility spectrometry 

(IMS)[29, 30], mass spectrometry[31], metal-semiconductor-metal-based sensors[32-34], 

chemical field effect transistors[35], nanocantilever[36], infrared detection[37], and 

surface enhanced Raman spectroscopy (SERS)[38, 39]. Interestingly most of the more 

recently reported sensing schemes aim at increasing the sensitivity to a single molecular 

level[40] and use diffusion as a mechanism for transport which leads to a collection 
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efficiency of the airborne species which is not optimized. In other words, single 

molecular detection sensitivity is important but requires the molecule of interest to reach 

the sensing surface with maybe sub 100 nm in size.  Effective collection on a small 

sensing area is not possible based on diffusion alone and the employment of a directed 

force will be required to solve the problem of transport. Both the thermophoretic and 

Coulomb force can be utilized to transport the analytes from a distance away to the 

sensing surface. At practical temperature gradients the thermophoretic force, however, 

remains low compared to concepts that use electrostatic precipitation[41].  Different from 

prior methods[28-33, 35-39] section B investigates the use of programmable localized 

electrodynamic force fields to collect, spot, and detect airborne species in an active-

matrix array like fashion. The approach presented in section B does not use mechanical 

masks[42, 43] or high-precision contact-printing robots[44, 45] to deliver the analytes to 

desired points and provides programmability with a lateral resolution that is several 

orders of magnitudes higher. Molecules of one type are directed from a space that is 

centimeters away to specific sensing regions and areas with 100 nm control over the 

lateral position and spot size. As an example, in one of the discussed cases we compared 

a diffusion based analyte deliver with an electrodynamic approach that incorporated a 

nanolense design. The nanolens based process was able to detect charged benzenethiol 

molecules at an estimated level of 1.5 ppb (parts per billion) within 10 s; as a comparison, 

to detect uncharged molecules using a standard mechanism of diffusion a concentration 

of 6 ppm (parts per million) is required.  

Summary of Main Results (Section B):  

Publications 3 demonstrate a localized electrodynamic precipitation concept to 

collect, spot, and detect airborne species. Molecules are directed from a space that is 

centimeters away to specific sensing regions and areas with 100 nm control over the 

lateral position and spot size. The detection scheme is demonstrated using a surface-

enhanced Raman spectroscopy (SERS) sensitized nanostructured surface including the 

standardized “Ag film over Nanosphere (AgFON) substrate”[38, 46]. The result is that 

SERS signals is enhanced by a factor of 615 comparing identical sensor surfaces. The 

process is able to detect charged benzenethiol molecules at an estimated level of 1.5 ppb 
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(parts per billion) within 10s; as a comparison, to detect uncharged molecules using a 

standard mechanism of diffusion a concentration of 6 ppm (parts per million) is required. 

Moreover, the reported process is applied to produce hybrid molecular arrays on a single 

chip over a broad range of molecular weights including small molecules such as 

benzenethiol (110.18 Dalton) and 4-fluorobenzenethiol (128.17 Dalton) or large 

macromolecules such anti-mouse IgG proteins (~150k Dalton). 

Publication 4 compares three different analyte delivery concepts (standard diffusion, 

global electrodynamic precipitation, and localized nanolens based precipitation) and three 

different SERS enhancement layers (a flat silver film, a nanolens enabled localized 

deposited film of silver nanoparticles, and the standard AgFON surface layer) on a single 

chip. The nanolens array enables us to funnel and concentrate the airborne analyte 

molecules to discrete sensing points with sub 100 nm lateral resolution. The introduction 

of this concept had the biggest impact in terms of increasing the SERS signal intensity; a 

factor of 633 when compared to a standard mechanism of diffusion was observed.  The 

nanolens array was also used to direct the precipitation of Ag nanoparticles to prepare a 

SERS enhancement layer which performed equally well as the (AgFON) standard. 
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Chapter II 

Introductory Note  

For the Set of Four Articles 

 

The following chapters present four articles that have been published or are in print in 

pair reviewed journals with the exception of article 4 which has been submitted:  

Chapter III (Publication 1, published) addresses semiconductor nanoparticle synthesis 

and integration out of the gas phase.  

Chapter IV (Publication 2, published) addresses arc discharge synthesis and continuous 

metal nanocluster deposition from the gas phase.  

Chapter V (Publication 3, in print) addresses a localized programmable electrodynamic 

precipitation concept to collect, spot, and detect airborne species in an active-matrix array 

like fashion.   

Chapter VI (Publication 4, submitted) addresses a localized programmable 

electrodynamic precipitation concept to collect, spot, and detect airborne species in an 

active-matrix array like fashion adding more domains and a feature of localized 

nanoparticle deposition to enable an in-situ fabrication of the sensor surface.  
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Chapter III 

Mimicking Electrodeposition in the Gas Phase: a 

Programmable Concept for Selected Area Fabrication 

of Multimaterial Nanostructures 

 

Jesse J. Cole*, En-Chiang Lin*, Chad R. Barry, and Heiko O. Jacobs 

* These authors contributed equally to this work. 
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3.1 Introduction 

Modern interest in nanotechnology as a platform for functional systems drives the need 

for techniques to localize deposition of metals, oxides, and semiconducting materials. 

From a synthesis point of view, these materials are commonly formed in the liquid or gas 

phase. One of the most powerful liquid phase techniques remains traditional 

electrodeposition which has several unique characteristics absent from emerging direct 

write[47-49] or transfer techniques[50]. The most important being the ability to locally 

program the deposition of material (ions[51], nanoparticles[52, 53], and nanowires[54]) 

by simply applying a bias to an electrode. This characteristic supports programmable 

selected area deposition for materials and is presently limited to the liquid phase. The 

closest known gas phase extension to electrodeposition are electrostatic precipitators[55] 

which employ electrically biased plates to attract charged particles for filter applications. 

A gas phase deposition system to deposit material into addressable areas forming vias, 

interconnects, patterned multimaterial or multilayer films in a programmable fashion has, 

however, not yet been reported. Such a deposition process would be important in the 

context of printable electronics since many functional nanomaterials are presently formed 

in the gas phase. The present report describes a system working at atmospheric pressure 

to form electrically interconnected nanostructured thin films with 60nm lateral resolution 

and predetermined thickness. The system uses a DC plasma arc discharge between two 

consumable electrodes as a material source. The use of a DC arc discharge between 

consumable electrodes is a known concept to produce charged nanomaterials in large 

quantities; DC arc discharge between graphite electrodes led to the discovery and 

industrial production of fullerenes and carbon nanotubes[56-59] and the concept has also 

been extended to produce GaN[60], Pd[61], and Si[62] clusters and particles to name a 

few. In these earlier systems, particles coated the reactor walls uniformly.  

Here we describe an insitu method which couples the particle source with a localized 

deposition system to mimicking electrodeposition in a gaseous environment. The 

approach uses a patterned substrate to funnel the material to specific locations with 60nm 

standard deviation in positional accuracy and uses an array of electrically biased domains 

to sequentially program the deposition of more than one material type. This is different 

from prior work in the field of gas phase nanoxerography where nanoparticles were 
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deposited onto charged substrate locations using a fixed amount of initial charge inside a 

dielectric[18] or a PN junction[63]. These prior methods do not allow programming. 

Moreover the fixed amount of initial charges limits the quantity of charged material that 

can be attracted before the trapped charges are depleted and screened. In the present case 

the biased electrodes provide a path for charge neutralization and maintain a constant 

potential difference that directs the assembly until the external voltage is turned off. This 

provides control over the amount of material and the type of material that can be 

deposited onto a desired area. As an application programmable selected area deposition 

of dissimilar materials is used to fabricate physical sensor arrays containing light and 

humidity sensitive areas on the same chip. The physics of how the particles are charged 

in the particular arc discharge system prior to deposition on a substrate at room 

temperature is discussed and involves diffusional charging through a positive space 

charge region surrounding the electrode that is consumed by the process forming charged 

nanoclusters which finally deposit on a low temperature substrate. 

 

3.2 Results and Discussion 

 

Figure 3-1. Schematic and photograph of the basic elements of the prototype gas phase 

nanocluster electrodeposition system. (A) An atmospheric pressure DC arc discharge is 

established between two consumable electrodes that are separated by 2 mm. (B and 

zoom) The photograph shows the typical appearance of the arc between silicon 

electrodes where the cathode at the bottom initially sharp is rounded and consumed over 

time. (B inset) The arc is operated within the negative differential resistance regime 

highlighted in the recorded I/V characteristic which is accomplished using a current 
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controlled high voltage source as opposed to the positive differential resistance corona 

discharge region to the left. Produced nanoparticles are collected on a grounded 

substrate outside the plasma region. (C) The grounded conductive substrate can be 

partially shielded using a patterned dielectric to accomplish focused assembly into the 

openings or (D) segmented into separated programmable regions. 

 

Figure 3-1 illustrates the basic elements and dimensions of the apparatus. It uses a 0.1-

100 mA DC plasma arc discharge between two consumable electrodes (left side of A, B) 

to continuously generate nanoparticles and a third sample electrode placed in the region 

outside of the visible plasma volume (aerosol region) to collect 20 nm Au, 15 nm Si, 15 

nm TiO2, 15 nm ZnO, or 10 nm Ge nanoparticles (right side of A, B). Nanoparticle 

collection is discussed later in Figure 3-3 (schematic C) and Figure 3-5 (schematic D). 

Additional details for the apparatus used here are included in the Experimental section. 

The anode (B, top electrode) was given a high positive potential and the cathode (B, 

bottom) was electrically grounded. The upper right inset in Figure 1B shows a typical 

current voltage (I/V) arc characteristic for Si electrodes with 2 mm gap distance. We 

operated the system in the arc regime to the right that is characterized by the negative 

differential resistance as opposed to corona regime to the left. Photographs of the arc (B 

inset) were taken at 10x reduced arc power (1mA, 1kV, and 1W) in order to resolve the 

electrode showing the expected blue-white arc luminescence for atmospheric pressure air 

conditions (21% O2 and 78% N2 by mole) and red-purple arc luminescence (not shown) 

after argon purge (>99.9% Ar). Arc luminescence indicates positive ionization of gas 

species.[64] The process of nanoparticle formation using atmospheric pressure arcs is 

well established and we refer to Smirnov[65] for an introduction. In brief high mobility 

electrons generated by the arc are accelerated by the applied electric field to the anode, 

producing gas ions as they travel. Incident positive gas ions are brought to the cathode 

where they impact the cathode tip surface. Erosion is observed only at the cathode 

because the heavy positive gas ions will release more kinetic energy than the electrons 

when impacting the electrode surface. The erosion process increases with the arc 

current.[66] 
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Figure 3-2. Characterization of nanomaterials produced by atmospheric pressure arc 

discharge. (A) TEM results show that sub-20nm nanoparticles of Au, Si, Ge, TiO2 and 

ZnO were generated, with HRTEM images (A insets) showing fringes for Ge and ZnO 

particles. (B) SAED confirms high particle crystallinity in all cases. (C) EDX results for 

Si and ZnO suggest the nanoparticle material type was related to the arc electrode 

material with a noticeable oxygen presence in its surface sensitive signal. (D) XRD data 

confirms strong unoxidized Si peaks suggesting minimal oxidation of Si nanoparticle 

interiors which contrasts the nearly complete oxidation of Zn into ZnO.  
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Figure 3-2 provides material specific data to represent a few of the nanomaterials that 

are formed as a result of cathode erosion at an input power that was limited to 10W to 

prevent rapid evaporation of the cathodes. The results confirm that DC arc discharge can 

quickly be adapted to produce a variety of materials which are considered important in 

the field of printable electronics. The average particle sizes were found to be 20 nm for 

Au, 15 nm for Si, 10nm for Ge, 15nm for TiO2, and 15nm for ZnO. EDX (Energy 

Dispersive X-ray Spectroscopy) for Si and ZnO nanoparticles shows the presence of 

oxygen in addition to the electrode material. The XRD (X-ray Diffraction) which is 

sensitive to material deeper than the surface shows strong Si peaks and absence of any 

significant SiO2 suggesting that the Si particles have crystalline Si cores with SiO2 

surfaces. This contrasts the case when Zn electrodes where used; here XRD suggests 

nearly complete oxidation forming ZnO in the semiconducting zincite form. 
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Figure 3-3. Process details and hypothesis. (A) Nanomaterials in the arc become 

charged as they leave the positively charged cathode sheath (pink layer) and diffuse 

away through a (B) transitional region entering a cold (C) aerosol region where they are 

collected. (C) The collection of M+ and Ar+ ions is monitored using an electrometer that 

connects the sample to ground recording the steady state neutralization current. (D and 

E) The nanolens effect visible in the overlaid SEM results is explained using high 

mobility Ar+ gas ions which cause the patterned dielectric layer (purple) to float up to 

become positively charged (pink transparent sheath layer). The lower mobility 

nanoparticles (Au shown) deposit into the openings as a result of the established fringing 

field. Continuous nanoparticle deposition develops the pattern into tower like structures. 

1 μm scale bars in (F,G).  



18 

Figure 3-3 depicts the working hypothesis of the deposition process and provides 

details as to why the particles become positively charged supporting collection on 

grounded or negatively biased conducting surfaces. The illustration describes the case for 

metal electrodes (M) exposed to an argon DC arc discharge but can be extended to all the 

other materials and carrier gases that we investigated so far. The illustration is divided 

into three areas: (A) a hot plasma region with free electrons e-, Ar+ ions, and positive 

particles M+ of concentrations ne, ni, and nm which is quasineutral (ne=ni+nm), (B) a 

warm transitional region, and (C) a cold aerosol region where the positive particle/ion 

concentration ni+nm exceeds the free electron concentration ne forming a positively 

charge aerosol (ne<< ni+nm). The cold aerosol region depicts a flux of positive charged 

particle M+ and ions Ar+ which is recorded using the electrometer.  Visual inspection of 

the consumable electrodes show that the nanoparticles originate at the cathode which is 

eroded and consumed over time while the anode remains largely unaffected by the 

process. The nanoparticles diffuse through the transition region and deposit onto 

grounded surfaces causing discoloration visible to the bare eye within a minute. However, 

the nanoparticles will not coat insulating surfaces. This selectivity between conducting 

and insulating surfaces is illustrated in the schematic and Scanning Electron Microscope 

(SEM) micrographs (Figure 3-3D,E,F) where the materials deposit into 300 nm openings 

in a 100 nm thick insulating film of PMMA resist on top of a grounded Si chip forming 

tower-like structures (Figures 3-3E,G) as the deposition continues. During deposition a 

positive net ion current is recorded using the electrometer (Keithley, model 6517A) in the 

range of 0.1 nA – 20 nA where, 5 nA is a typical value. This current is related to the M+ 

deposition rate. For example if we operate the system in the corona discharge regime this 

current drops by 2 orders of magnitudes reflected in a reduced deposition rate. The 

durations to develop the pattern were 2 minutes for (F) and 15 minutes for (G) both using 

5 nA deposition current, yielding an average deposition rate of ~70nm/min.  

We observe positive charging of nanoparticles, which is somewhat counterintuitive 

from a plasma physics standpoint.[67] In plasma surfaces typically acquire a negative 

surface charge since the electron thermal velocity  

                                                            
m

Te3
                                                         (1)                                                                                  
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exceeds the positive gas ion thermal velocity  

                                                                  
M

Ti3
                                                          (2) 

in thermal equilibrium Te = Ti by roughly three orders of magnitude due to the smaller 

electron mass m. However, this negative surface charge is compensated by a sheath of 

positive space charge as illustrated in Figure 3-3A, pink region.[68, 69] Particles that 

originate at the cathode transit through this region and acquire a net positive charge 

(Figure 3-3A, bottom inset) through diffusion charging.[70] Electron impact 

ionization[71] is a second major charging mechanism which may play a role as well 

(Figure 3-3A, top inset). The charged particles will leave the arc vicinity crossing 

isopotential lines (dotted gray lines) driven by thermophoresis diffusion and convection 

to ultimately encounter the sample (Figure 3-3C) where they deposit on grounded or 

negatively biased surfaces.  

Sheaths regions (purple near cathode and green near anode in Figure 5A) are confined 

to distances on the order of the Debye length of the high mobility electrons in the system. 

The anode sheath accumulates a negative space charge dominated by high mobility 

electrons whereas the cathode sheath is depleted of free electrons yielding a positive 

space charge region of primarily Ar+ considering the depicted argon plasma situation. 

We refer to Lichtenberg et al. for detailed calculations of the sheath region at the cathode 

of an arc discharge lamp. The Debye length is  

                                                       
e
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2

0                                                   (3) 

where k is Boltzmann constant (8.62 * 10-5 eV/K) and    is permittivity of free space 

(8.854 * 10-12 F/m), and this electrostatic shielding length depends on the ratio between 

electron temperature Te and electron concentration ne. The range of possible values is 

great: ne = 10E16cm-3, Te = 22000K, rD = 200nm are common for a high 6A 

atmospheric pressure arc whereas ne = 10E8cm-3, Te = 11600K, rD = 0.7mm have been 

discussed for a lower current corona discharge. 
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Figure 3-4. Representative images of nanoparticle deposits limited to Au as a function of 

deposition time increasing from 2 minutes (A,B,C) to 15 minutes (D) to 30 minutes (E,F) 

at constant 10W arc discharge power. Particles deposit into openings in 80nm thin 

PMMA e-beam resist (A,B) or 0.5µm thick Shipley 1805 photoresist (D,E,F) with a 

minimal lateral resolution of 60 nm. Particles do not deposit on the resist and are 

initially direct to the centers of resist openings (G). Scale bars: 100nm for (A inset), 1 μm 

for (B), 1 μm for (C, E insets), and 100 μm for (F).  
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Figure 3-4 depicts this selectivity between conducting and insulating surface showing 

gas-phase plating of <20 nm gold particles forming text, interconnected lines, grids, and 

arrays of vertical deposits on a silicon substrate that was partially shielded using a 80 nm 

thick e-beam patterned PMMA layers (A,B) and 500 nm thick S1805 photoresist 

(C,D,E,F) (details in Experimental section). The text structure (A) and interconnected 

grid (B) were developed in 120 seconds which illustrates that the gold particles can be 

deposited with 60nm lateral resolution without finding any particles on the resist itself. 

This is quite remarkable again showing that the insulting surfaces appear to self-

equilibrate to a sufficiently high potential for the nanoparticle flux to be directed only to 

grounded regions. A focusing effect and a small standard deviation in the location of the 

deposits become apparent using 1 µm circular openings (C,D,E). Here the particles 

initially deposit into an area that is approximately 7 times smaller than the opening but 

spread out over time yielding tower like structures that can be several micrometers tall 

(D). This focusing effect is a function of the deposition rate and needs to be further 

investigated. Higher deposition rates appear to defocus the patterns. Continued deposition 

causes the tops of towers to broaden (E). These towers contain several hundred layers of 

5-20 nm particles. Small 1 µm deposits (A,B) are uniform over large areas while tall 2µm 

deposits (F) begin to show some level of variations over mm sized areas.  

 

Theory 

Initial focusing of deposited nanoparticles (Figure 3-4G) has been observed previously 

when a surface was exposed to ions and a low concentration of nanoparticles.[20] The 

relative precision of focused nanoparticle deposition was found to depend on the insulator 

surface potential.[20] Initial deposition behavior is sufficiently similar to prior work to 

prompt a brief discussion of the deposition physics. Here the observed focusing effect 

and expected precision can be studied by solving Langevin’s equations of motion of 

nanoparticles inside an electric field. To establish an analytical form for the relative 

precision, we considered a single particle at a radial distance r from the center of a 

patterned hole, as illustrated in Figure 3-4G. In this case, the uncertainty acquired in the 

particle trajectory (Δr) due to Brownian motion can be described by the root-mean-square 

displacement or half-width of the Gaussian bell curve  
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                                                             tDr  2                                                         (4) 

where Δt is the time for a particle to deposit, 

                                                             
d

CkT
D

3
                                                              (5) 

is the Stokes-Einstein diffusion coefficient for nanoparticles of diameter d, viscosity η, 

and empirical slip correction factor C. Maximum deviation considering a Newtonian 

trajectory will occur at the center, where the field strength is smaller and where the time 

to deposit will be increased. The electric field along the central particle path,  
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will cause the particle to follow the trajectory with a terminal velocity   
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Substituting Δt = r/vt yields a normalized half-width of the Gaussian bell curve in the 

form of Equation (1): 
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Equation (8) provides a number of important insights into electric-field-directed self-

assembly processes. First, the key measure of the expected focusing will be the potential 

difference between charged and uncharged areas. Values of qΔV larger than kT are 

desired. Second, the relative precision is independent of the size of the pattern and 

therefore scaleable. Third, the precision can be increased by increasing the particle 

charge. 

Following initial focused depositon the process is allowed to continue until deposited 

conductive nanoparticles eventually alter the electric field lines. The towers grow with 

electric field lines pointing towards the tops of the nanoparticle towers which exceed the 

height of the confining charged resist. Due to this increased distance between depositing 

nanoparticle and charged resist, nanoparticle mass transport becomes more poorly 
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focused to the center of the resist openings resulting in mushroom-shaped nanomaterial 

towers. 

 

Figure 3-5 shows a process and results of programmable deposition of three different 

materials Au, ZnO, and Ge using sequentially biased electrodes, and the concept of 

programmable deposition is applied to produce a multimaterial sensor array with 

humidity and photosensitive regions. The illustrations (A, B and C) depict the concept. 

First gold nanoparticles are plated on a grounded organic conductor P3HT (poly 3-

hexylthiophene) while nearby P3HT lines and glass surfaces  (preparation details in 

Experimental section) electrically float up to a sufficiently high electrical potential 

preventing gold nanoparticle deposition in the surrounding area. Resistance measured for 

the initial P3HT line exceeded 10MΩ. Covering the P3HT line with Au nanoparticles 

reduced the resistance to 2.9kΩ. The Au line was 3 mm long, ~500 nm wide, and plated 

be 1 µm thick. Applying Ohms Law yields a measured resistivity of 4.8*10
-5

 Ω-cm which 

is close to 2.26*10
-6

 Ω-cm (accepted value for Au at 298K). After the Au line deposition 

the arc electrodes were replaced to deposit ZnO onto a separate originally floating P3HT 

line which is now grounded while everything else is left floating (Figure 3-5B). ZnO 

nanoparticles now deposit selectively onto the grounded electrodes as before in the case 

of Au. The ZnO example illustrates what happens after 30 minutes of deposition. The 

films begin to overgrow the grounded region forming roughly a hemi-cylindrical 

structure.  
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Figure 3-5. Concept and results of programmable multi-material (Au, ZnO, Ge) 

deposition forming (A) conducting and (B) semiconducting traces, or (C1) humidity and 

(C2) light sensitive areas. (A,B) Grounded 1 µm wide P3HT lines attract nanoparticles 

forming a continuous interconnected structure as illustrated in the cross-sectional 

(A1,B1) and top-down (A2, B2) SEM images. Au particles pack into denser structures 
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than ZnO and yield smaller line widths for identical deposition time (30min) and arc 

power (10W). (C) Programmable deposition procedure using sequentially grounded 

electrodes applied to form sensing layers where the same electrodes are subsequently 

used for readout. During the first deposition cycle all the electrodes on the left side are 

connected to ground until ZnO forms a merged film on the left side. This is reversed in 

the second cycle to the right until Ge covers the right side of the chip which is visible in 

the darker appearance of Ge under an optical microscope. The two film regions bridge 

the electrodes underneath and yield a characteristic resistance which reduces with 

humidity for ZnO (C1) and illumination for Ge (C2). 1µm scale bars in (A1,B1), 10µm 

scale bars in (A2,B2), and 20 µm scale bar in (C). 

 

This concept of programmable deposition and overgrowth bridging nearby electrodes 

can be used to program the deposition of multimaterial sensor arrays while providing a 

parallel readout on a single chip. The concept is illustrated for ZnO and Ge in Figure 3-

5C which results in a continuous interconnected film of ZnO on the left and Ge on the 

right. The films bridge adjacent conductive lines (preparation details in Experimental 

section) whereby the bridge resistance varies with exposure to light (Ge) and humidity 

(ZnO). The magnitude of the resistance change in Ge due to illumination is attributed to 

long minority carrier lifetimes in the crystalline Ge. The large increase in the conductivity 

for ZnO is likely directly related to the high porosity and large surface area which is 

apparent in the cross-sectional SEM image (3-5B1) discussed before.  

To understand why a uniform deposition is observed and what the potential limitations 

might be the thickness of the space charge sheaths surrounding the sample surface has to 

be considered. These sheaths were depicted in Fig. 3-3D and are analogous to the double 

layers surrounding the surfaces in the liquid phase and thicknesses are on the order of the 

Debye length.[71] Adjacent areas on the sample within the distances of the characteristic 

Debye length will compete to attract nanoparticles which arrive at this boundary layer 

primarily driven by diffusion.[72] As in the liquid phase the Debye radius rD is inversely 

proportional to the square root of the average number concentration n0 of charged 

particles above the sample surface and is given for the gas phase by Equation (9). 
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For Equation (2), k is the Boltzmann constant, ε0 is the free space permittivity, and e is 

the elementary charge. Te and Ti are the electron and ion temperatures which are assumed 

to be at room temperature in the aerosol regime.  The number concentration n0 of charged 

particles that can be supported was estimated using conductivity measurements as 

described in the supplementary information controlling the distance to the arc and the arc 

current. Typical values ranged between 10
9
cm

-3 
to 10

7
cm

-3 
corresponding to a Debye 

length in the range of 50-500µm, respectively. These n0 values are close to previously 

published values of (10
9
cm

-3
) recorded near charging sources in atmospheric pressure 

aerosol.[73] The numbers are in contrast to the situation in standard vacuum deposition 

systems where the Debye length easily exceeds the dimensions of the deposition system 

by orders of magnitudes since the number concentration of gas molecules drops 

proportionally with pressure. At the same time the Debye length remains orders of 

magnitudes larger than the sub micrometer values found in liquid phase. Despite this 

important difference it has become small enough to enable in-situ selected area 

deposition. While adjacent areas on the sample compete for nanoparticles within the 

Debye radius the formation of arbitrary patterns (Figure 3-4) can still be achieved. The 

implication of a sufficiently small Debye length attained at high pressure is that the 

electrostatic deposition behavior becomes decoupled from the source. Less stringent 

requirements for symmetric designs with respect to the particle source are a direct result.  

Figure 3-6 investigates the presence of stray particles testing the deposition on isolated 

lines and interdigitated electrode structures. The dimensions of the patterns are scaled to 

provide a larger field of view showing 15 µm (A) and 80 µm (B) pitched patterns. 

Nanoparticle deposition selectivity is high: even after extended deposition times these 

test structures did not produce an observable amount of stray particles onto the insulating 

surfaces or floating metal lines. The correctly deposited Au was 3µm tall which 

represents at least 100 particle layers. We expect the selectivity of sequential deposition 

steps with multiple material types to be nearly as high as the selectivity of a single step 

since crosstalk between lines appears to be minimal.  
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Figure 3-6. Schematic and results of programmable selected area gas-phase 

electrodeposition after 2 min (A) and 30 min (B) deposition. The pad region in (A, bottom 

inset) shows the level of uniformity transitioning from a large (150x150 µm
2
) single 

domain to spatially separated 5µm wide lines. Deposition occurs only on grounded 

areas; floating conductors and insulating surfaces remain empty. Increasing the size of 

the empty regions from 15 µm (A) to 80 µm (B) maintains this selectivity. The optical 

microscope image (B) depicts a spiral interspaced with 7 empty ones that were left 

floating yielding a single 2 µm wide, 3 µm tall, and 3 mm long Au line.   
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3.3 Conclusion 

Comparable to liquid phase electrodeposition, the reported gas phase analogue can 

deposit material into addressable areas forming vias, interconnects, or patterned 

multimaterial films in a programmable fashion. The process was tested using a limited set 

of technologically relevant functional materials including Au, Si, Ge, TiO2, and ZnO at 

sizes of 20nm and below as confirmed by TEM, SAED, EDX, and XRD. We anticipate 

that the process can be extended to other materials and gas phase systems with some 

alterations. The uniformity on a macroscale is presently limited by diffusion since we use 

a single point source fixed in space. Scaling to larger sample areas would require the use 

of either multiple sources or translational motion analogous to what has been used in 

other gas phase deposition systems. The ability to maintain uniformity when developing 

arbitrary patterns on a nanoscale requires a sufficiently small Debye length which in turn 

favors higher pressure aerosols to provide a high concentration of charged particles/ions 

and deposition rate. The estimated values are sufficient to support selected area 

programmable deposition of a variety of different patterns including text, connected and 

disconnected structures. Operating a system at atmospheric pressure has the advantage of 

simplicity since neither vacuum pumps nor high pressure enclosures are required. 

Pressurized systems, however, would likely further increase the area selective deposition 

rate beyond the current 100 nm/min value. The current area selective rate is in between 

the 10 nm/min rate of non-selective vacuum deposition systems and typical 1 µm/min 

rate of area-selective electroplating methods. Variations in the film thickness, extension 

to large area deposition using multiple spatially separated discharge regions, passivation 

of surface and interface states are important aspects that will require further research and 

new and improved designs.  

A potential future application of the gas phase electrodeposition technique can be found 

in the field of printable electronics. It contrasts the use of solution processable electronic 

inks and inkjet type printing concepts to deposit nanomaterials. Current inkjet based 

deposition systems have low resolution and throughput. The inks require surface 

functionalization to stabilize the particles which often interferes with the desired 

electronic properties. Alternatively the discussed in-situ gas phase synthesis and 

deposition system offers a more parallel route to the formation, deposition and integration 
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of higher performance materials than liquid phase concepts. High temperature processes 

can be used to produce the materials that can then be deposited onto low temperature 

substrates eliminating any extra processing steps or a transition into the liquid phase. As 

such the present technique is highly parallel and does not require the use and alignment 

of scanning nozzles or the formulation of stable liquid particle suspensions. These 

advantages come at the cost of needing pre-patterned substrates to direct the deposition.  
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4.1 Introduction 

Inorganic nanomaterials in the form of nanoparticles and nanowires have attracted 

attention due to their unusual properties including quantum size effects, high surface 

area-to-volume ratio, and increased catalytic activity. These properties have influenced 

almost any research discipline in recent years including the fields of printable electronics, 

optoelectronics, physical sensors, solar cells, biological screening, and environmental 

protection[1-5]. Today there is a host of synthesis techniques available to form the 

desired inorganic nanomaterials which can be grouped into two classes: low temperature 

wet chemical and high temperature gas/vapor phase methods. Gas/vapor phase methods 

such as thermal flow synthesis[6-8], laser ablation[9], sputtering[10], plasma induced 

synthesis[11], and arc discharge[12, 13] can produce nanoparticles and nanowires of 

various types including high temperature and high performance semiconductors that are 

difficult to make using low temperature wet chemical methods. 

A challenge today can be found in the design of gas phase systems that combine high 

temperature synthesis with low temperature local area deposition on foreign substrates 

for printable electronics applications. Selected area deposition schemes are well 

established in the liquid phase but remain largely absent in the gas phase. Current direct 

write gas-phase deposition methods use nozzles, or aerodynamic beams[14, 15] to 

deposit the materials locally in a serial fashion with 30 µm resolution. Selected area 

deposition has also been reported using pre-patterned surfaces. For example, it has been 

demonstrated that charge patterned insulators can be used to attract a limited amount of 

oppositely charged particles[16, 17] with <100 nm resolution. While pre-patterned 

surfaces provided much higher resolution they remained limited to 2 dimensional 

deposits of a few monolayer thicknesses. The use of pre-patterned surfaces had the 

additional disadvantage that materials could not be altered to vary across the substrate. 

Very high resolution but mono-material and two dimensional prints have been the state of 

the art using pre-patterned surfaces.  

Recently Cole et. al.
[21]  

reported a deposition system which eliminated the limitations 

that the deposits can only be a few monolayers thick by introducing a concept that 
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provides localized charge dissipation. This report extends this printing concept to a multi 

material deposition scheme demonstrating three dimensional nanostructured deposits 

which are applied in the combinatory discovery of nanostructured devices. Specifically, 

we report a multi-material selected area deposition process that produces <5 nm 

nanoparticles of Pt, Ag and W which are subsequently deposited into photoresist 

openings with sub 100 nm lateral resolutions and aspect ratios of 10. We demonstrate 

multimaterial nanostructures that contain sections of Pt, Ag and W, whereas individual 

thickness, density, and height is varied and the sequence of the material is switched and 

selected to be different from one domain to the next. The reported gas phase process 

shares some of the characteristics of electrodeposition in the liquid phase. The process 

allows us to control the flux of charged material to locations with 100 nm lateral 

resolution to form bridges and interconnects in selected domains or, in the simplest case, 

to form straight metallic nanowire arrays whose height and density are adjusted to vary 

across the substrate.  

This reported process can be applied to the combinatorial screening of various types of 

nanostructured deposits for electronic and optoelectronic device applications/discovery. 

As a first demonstration in this direction we test whether the tool can be used to 

identify/discover electrode designs that improve the carrier extraction efficiencies of bulk 

heterojunction photovoltaic cells. The approach discussed here does not use mechanical 

shutters to turn ON/OFF deposition in certain areas and provides programmability with 

much higher resolution and feature density than prior concepts that have been applied to 

field of optoelectronics and photovoltaics[24-27]. We explored different interpenetrating 

electrode designs in particular 3D nanowire-based electrode arrays where height and 

density is adjusted from one domain to the next. The protocol varied pitch from 3 µm to 5 

µm and height from 500 nm to 900 nm to explore the impact on absorption efficiency (

) and minority carrier extraction efficiency ( ). The completed solar cell domains 

share the same substrate, processing, and testing conditions. Short circuit current 

densities ranged from 7.7 to 12.2 mA/cm
2
. The relative power conversion efficiencies 

(PCE) increased by 47% in domains that carried dense nanowire arrays when compared 

to the flat reference on the same substrate. 

A ED
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4.2 Results and Discussion 

 

Figure 4-1. Programmable Multimaterial Deposition Process. (a) Schematic depicting a 

plasma region with two sets of consumable Ag and Pt electrodes next to a substrate that 

collects charged nanomaterials using externally-biased electrodes to control the material 

flux and to turn deposition ON/OFF in selected domains. The domains carry a patterned 

photoresist which act as deposition guides that funnel the material into the openings. (b) 

Basic concept depicting that charged nanomaterials are produced by cathode erosion 

and ionization inside the plasma region whereby material flux is diverted towards the 

biased substrate domains leading to a measurable domain current Id; Id reflects the rate 

of charge deposition and dissipation on a selected domain. (c) Relationship between the 

current Id and domain voltage Vd for bipolar (+700, -700V) and unipolar (+1,400V, 0V) 

biased arc discharge electrodes (discussed in text). (d) Photograph with physical 

dimension. 
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Figure 4-1 describes the programmable gas phase nanomaterial electrodeposition 

system where charged material is extracted from the hot plasma region using an 

externally-biased sample that is located in the surrounding low temperature aerosol 

region. The system is similar to the original implementation
[21] 

with the exception that it 

contains multiple metal electrodes Pt, Ag and W (1mm rod diameter, Sigma-Aldrich) of 

the source material instead of a single semiconducting electrode source. The process uses 

a conventional <100W DC arc discharge where a concentrated plasma surrounds the tip 

of the consumable cathode. The sample is located in the surrounding aerosol region and 

carries differently-biased domains to attract charged material of a desired polarity. 

Furthermore, domains are partially screened using a patterned thin layer of Microposit 

S1805 photoresist which provides pores and openings to the underlying conducting and 

externally-biased domains. The resist prevents charge dissipation and the material seeks 

to deposit into the openings. In the illustration domain 1 is activated first for a certain 

deposition time of silver (pink color) and a slightly smaller amount of time in the 

deposition cycle of platinum (orange color) leading to the respective film thicknesses. 

Domain 2 is turned ON in the third deposition cycle to receive a platinum layer (orange) 

as the first layer. No shutters are involved. 

Figure 4-1b depicts the current understanding of the process of (i) particle generation, 

(ii) charging, and (iii) selected area deposition. (i) The process of particle formation 

through cathode erosion using atmospheric pressure arc discharge is well established
[74-

76]
. Electrons generated in the plasma region are accelerated by the applied electric field 

to the anode, producing gas ions (G+) through impact ionization. The gas ions (G+) move 

and impact the cathode which leads to cathode erosion. (ii) The eroded material (M) 

leaves the cathode that is surrounded by a positive (G+) space charge region and picks up 

positive charge resulting in the depicted (M+) particle; negative and neutral particles will 

be present as well. (iii) Selected area deposition is possible since all charged species are 

influenced by nearby electrodes. Depicted is the case for a negatively-biased (Vsub<0) 

domain (Fig. 1b). The deposition process should be considered as an electrodynamic 

process since the field distribution evolves over time. Mass and electrical mobility of the 

involved species is important. The depicted gas ions (G+) have a higher electrical 

mobility than the heavier metal particle. On a time scale and in the initial stages of the 
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experiments the gas ions (G+) arrive at the sample surface first, which results in the 

depicted sheath of space charge (G+) on the sample surface and alters the potential 

distribution. Under equilibrium conditions a flux of positive material is established which 

flows to the conducting and bare electrode sites. The resulting electrical domain current, 

Id is recorded with an electrometer (Keithley, model 6517A).  

Figure 4-1c depicts a graph of the recorded domain current Id as a function of the 

domain voltage Vd which is applied by the electrometer to remove the charged species 

from the gaseous environment. The graph depicts the results of the ionic currents and 

particle flux for two different types of discharges: (i) bipolar (+700V upper electrode, -

700V lower electrode) and (ii) unipolar (+1,400V, 0V). We choose to use the bipolar case 

as it provides better control to turn ON and OFF deposition in certain areas than the 

unipolar scheme that we used initially. The bipolar discharge has the advantage that 

grounded substrate domains Vd= 0V yield zero deposition current which is not the case 

for the unipolar scheme where a positive domain voltage is required to block deposition. 

The dimension of the implementation is shown in the photograph (Fig. 1d). The 

electrodes are enclosed inside an 8,000 cm
3
 plastic polypropylene chamber that allows 

the control of the pressure and gaseous environment. The reported results here focused on 

Pt, Ag and W, which were found not to be as prone to oxidation as previous experiments 

that worked with Si and Ge where specialty gases had to be used. Instead all deposition 

experiments were performed under a relaxed air environment (78% N2 and 21% O2) at 

atmospheric pressure. 
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Figure 4-2. Results of multi-height (500 nm, 1 µm, 2 µm) and multi-material (Ag, Pt, and 

W) towers and bridge arrays. (a) Lines of Ag deposits on doubling the height from one 

line (30s) to the next (60s) with three empty domains in between. Domain pitch is 3 µm. 

Nanolens effect is visible where the material is funneled into the center of the 1 µm wide 

opening. (b) 30s Ag followed by 50s Pt depicting the onset of forking to nearest 

neighbors. (c) 120s W bridging to nearest (3 µm pitch) neighbor instead of farthest (9 µm 

pitch) neighbor. (d) Bilayer bridges containing Pt and Ag as confirmed by EDX with a 

primary particle size that is typically smaller than <5 nm of Ag and <2 nm for Pt as 
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confirmed by TEM. The interface is visible in the backscattered electron microscope 

image to the right. 1 μm scale bars in (a)-(d), 5 nm scale bars in the TEM inserts.  

                                                                                                                                                                                                                                                                                                                                                

Figure 4-2 depicts results of localized deposition of various amounts (500 nm – 2 µm) 

of Ag, Pt, and W where material type, height, and structure is adjusted from one domain 

to the next. Figure 4-2a depicts different amounts of silver that have been deposited onto 

selected domains in a two-step sequence. Selection is done by applying -150 V to 1 µm 

wide conductive copper domains that run underneath the visible 1 µm diameter and 3 µm 

pitched photoresist (Microposit S1805) hole pattern. The deposition times on the left and 

right were 30s and 60s, respectively. The heights were approximately 550 nm and 1100 

nm yielding a deposition rate of 18 nm/s. This rate is a factor of 20-200 higher than what 

is achieved in conventional vacuum thermal or e-beam evaporation systems where 0.1-1 

nm/s is typical. For 1 µm diameter openings, incoming material is funneled into a region 

that is approximately 10 times smaller than the opening itself with a positional accuracy 

of 20-30nm (STD). The positional accuracy is a relative alignment accuracy with respect 

to the given photoresist structure; absolute alignment accuracy remains limited by the 

mask aligner. Resulting deposits grow into well-defined needles/towers with a diameter 

of about 100 nm. The insulating surface cannot dissipate charge and prevents the 

deposition of material, which is visible in the figures; no particles are found on the 

photoresist itself. In fact, the incoming positive material maintains a distance away from 

the photoresist, which requires a potential landscape or potential trough that favors the 

material to follow down a 100 nm thin channel to the center of the photoresist opening in 

the illustrated case. This means that the insulator floats up to a more positive potential in 

the initial stage of the experiments which is maintained under equilibrium conditions and 

is utilized here to form nanolense arrays. Incoming material deposits on top of the 

advancing structures and maintains the cylindrical nanolense symmetry well above the 

surface of the 500 nm deep resist openings before they begin to spread out and change 

shape. Structures maintain the shape if the deposition process is stopped before they grow 

much taller than the photoresist film thickness itself; much taller structures will change 

shape similar to the “mushrooming” effect in electrodeposition in the liquid phase which 

is shown in the supplementary Figure 4-S1.  
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While it is more difficult to predict the shape under prolonged deposition the structures 

remain well defined. This is illustrated in Figure 4-2b where we have selected the 

deposition of two different materials. The structures contain about 500 nm of Ag and 800 

nm of Pt and show the onset of forking to nearest neighbors. Forking to nearest neighbors 

is due to the collective behavior of the underlying electrode, photoresist pattern and 

emerging nanostructures. Both far and near fields need to be considered to understand the 

forking behavior. At a distance that is sufficiently large the underlying negatively-biased 

holes are seen as a negative line, which concentrates incoming material into a 2-

dimensional sheath that is directed towards the surface. In close proximity the 2-D sheath 

separates into isolated flux channels until they reach the surface of the emerging 

nanostructures. 

The separation into isolated flux channels leads to the observed forking and ultimately 

the formation of interconnects between nearest neighbors. This is illustrated in Figure 4-

2c where the concept is used to form interconnects between nearest neighbors using a 

third material, tungsten, and 120s deposition. Figure 4-2d repeats this experiment forming 

a stack of two different materials, 120s of silver and 90s of platinum. These are tilted 

views of the sample. The green and pink colors were added to help distinguish the 

different domains. The interface is well resolved in the backscattered electron image 

(BSE), which is sensitive to the atomic number difference of the materials; those with 

higher atomic numbers (Pt in the shown case) appear brighter. Figure 4-2e contains 

material-specific data of the materials that are formed using the arc discharge process. 

Specifically, we collected some of the material on a copper transmission electron 

microscope (TEM) grid and analyzed the samples in a TEM (Phillips FEI T12). The 

inserted TEM image depicts 5nm silver and 2nm platinum particles. The particles are 

typically smaller than 5 nm and are confirmed to be Ag and Pt using Energy Dispersive 

X-ray Spectroscopy (EDS). The TEM image and EDS for tungsten are included in the 

supplementary section. 
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Figure 4-3. Combinatorial screening of nanostructured Pt nanowire electrodes adjusting 

pitch and height impacting carrier extraction and absorption efficiencies in organic 

P3HT: PCBM bulk heterojunction photovoltaic cells. (a) Schematic using photoresist 

guides to define circular opening using 5 different domains to receive 600, 900, 0, 500 

and 800 nm of Pt; the pitch is 5 µm on the left (a1), (a2) and 3 µm (a3), (a4) on the right; 

(b) Graphical representation of the completed structures depicting nanowire anodes that 

penetrate the organic layer next to the SEM image of the P3HT: PCBM bulk 

heterojunction photovoltaic cell on domain 4; scattering is depicted to take place at the 

embedded Pt nanowires and the conical Al coated top surface. (c), (d) I/V curves and 
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reflectance absorption spectra of the different domains. 5 µm scale bars in (a1)-(a5) and 

the inset of (b).  

Figure 4-3 provides results where the programmable gas phase deposition tool has been 

applied to the general idea of combinatorial screening of nanostructured deposits for 

electronic and optoelectronic device applications. The specific demonstration focuses on 

the identification of nanostructured electrode designs that improve the carrier extraction 

efficiencies of bulk heterojunction photovoltaic cells. The p-n junction where electron-

hole pairs are separated is no longer planar in these devices and the electrical contacts 

and geometry is one of the most critical elements. The use of nanostructured 3D 

electrodes has been reported previously to improve device efficiency
[77]

. However, little 

is known how the density and height variations impact the device performance. The 

current practice of processing separate substrates in different runs often yields 

inconclusive answers. To overcome this challenge of processing different substrates we 

deposited domains of nanowire arrays with different heights and density on a single 

substrate by controlling the bias levels in the different domains. The protocol varied 

nanowire pitch from 3 µm to 5 µm and height from 500 nm to 900 nm from one domain 

to the next. Short circuit current densities (Jsc) ranged from 7.7 to 12.2 mA/cm
2
. The 

power conversion efficiencies (PCE) increased by 47% in domains that carried dense 

nanowire arrays when compared to the flat reference topology on the same substrate.  

Figure 4-3a illustrates the procedure and the results whereby the substrate was divided 

into 5 separate domains. Individual domains were formed using 500 µm wide and 2 cm 

long and 150 nm thick ITO regions that are located underneath a 500 nm thick 

Microposit S1805 photoresist. The resist was patterned to provide 1 µm diameter 

openings to the ITO domains. The pitch was 5 µm on the left (domains 1&2) and 3 µm 

on the right (domains 4&5). Domain 3 served as a reference and was not patterned. We 

first connected domain 1 to the negative bias and grounded the other four ITO domains to 

prevent deposition in undesired areas. We followed the same procedure on domains 2-5. 

The deposition times were 40s, 60s, 0s, 40s, and 60s; deposition material was platinum in 

each case. The SEMs (a1-a5) depict the resulting 80-150 nm diameter deposits whereby 

the height varied from left to right. Specific height values were 600, 900, 0, 500 and 800 

nm. The histogram in supplementary Figure 4-S3 depicts the measured variation in height 
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in domain 5. The standard deviation (STD) was less than 13.1 nm for the 800 nm tall 

structures. The supplementary Figure 4-S4 provides a larger area picture to illustrate the 

uniformity.  

It shows the processing steps and the respective SEMs that are required to complete the 

devices in supplementary Figure 4-S5. The steps are: 1. nanowire deposition using 

photoresist guides and bias control, 2. removal of the photoresist guides using an oxygen 

plasma, 3. spin coating of the electron blocking layer (PEDOT: PSS), active blend layer 

(P3HT: PCBM), and 4. vapor deposition of lithium fluoride (LiF) tunneling layer and 

aluminum top contact. The graphical representation in Figure 4-3b shows the 3 

dimensional cells and its basic operation. The film thickness and energy level diagram of 

the used materials are included in the supplementary Figure 4-S5. The structure is 

illuminated from the bottom and electron hole pairs are produced in the active blend layer 

and separated by the built-in potential between the HOMO of the P3HT donor and the 

LUMO of the PCBM acceptor material
[78]

. Holes are collected by the Pt nanostructures 

and the ITO substrate while electrons are collected at the LiF/Al conical contacts. The 

graphical representation illustrates wide angle photon scattering due to the curvature of 

the top LiF/Al reflective contact and bottom nanowire contact where scattering takes 

place. Wide angle scattering and light trapping is used in the following section to explain 

the observed measurement results.  

Domain Voc [V] Jsc [mA/cm
2
] FF [%] PCE [%] 

Relative PCE 

changes [%] 

No. 1 0.631 8.92 43.9 2.47 9.29 

No. 2 0.627 9.57 43.4 2.61 15.4 

No. 3 0.623 7.76 46.8 2.26 0 

No. 4 0.621 11.88 43.1 3.18 40.7 

No. 5 0.626 12.28 43.4 3.34 47.7 

Table 4-1. Device performance in the respective domains 
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Figure 4-3c depicts the recorded current-voltage characteristics. The calculated device 

parameters are summarized in Table 1. The tabulated fill factor FF represents the ratio 

between the measured maximum output power normalized by the product of recorded 

open circuit voltage Voc and recorded short circuit current Isc.  The active area of each 

domain was 0.02 cm
2
 which was determined using the dimensions of the intersecting 500 

µm wide ITO bottom and 4 mm wide aluminum top contact. Domains with Pt tower 

deposits performed better than the flat reference domain No.3. The relative power 

conversion efficiency was enhanced by 9.29%, 15.4%, 40.7% and 47.7% for domains 1, 

2, 4 and 5, respectively, when compared to the flat reference domain 3. Most notably, the 

nanowire deposits have a strong effect on the recorded short circuit current and almost no 

effect on the open circuit voltage. Dense arrays in domain 4 and 5 produced higher 

currents (11.9-12.3 mA/cm
2
) than the less dense arrays in domain 1 and 2 (8.9-9.6 

mA/cm
2
) or the flat reference (7.8 mA/cm

2
). Increasing the height of the towers from 500 

nm to 900 nm improved the devices as well but at a lesser rate than doubling the density. 

We also tested wires that were >1.5 µm long and found these to work less favorable; this 

was attributed to the onset of shorts since some of the wires had an insufficiently thin 

coating at their top. Five experiments on separate substrates all found domain 5 to have 

the highest performance. Figure 4-3d shows the optical absorption spectra, which suggest 

that the improvement of the device is at least in part due to an increased absorption. The 

spectra were collected from each domain using a reflection fiber optic micro spectrometer 

(Ocean Optics, USB4000 VIS-NIR) with a spot size of 400 µm. For example, at 485 nm 

the relative absorption increased by 15%, 17%, 25% and 26% for domains 1, 2, 4 and 5 

when compared to the flat reference. The absorption spectra of the domains with 

nanostructures are also slightly broader than without. These results are in agreement with 

an earlier study where nanostructured topologies increased light trapping and 

adsorption
[79, 80]

. The increased optical absorption alone (up to 26%), however, is 

insufficient to explain the relative increase in efficiency (up to 48%) for the dense 

nanowire arrays when compared with the flat reference domain. This mismatch can be 

explained by the fact that penetrating 3D electrodes are also known to improve electron-

hole pairs separation and collection
[81]

. Like conventional nanowire-based architectures 
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our 3D nanostructured electrodes shares this general idea and should provide a greater 

degree of freedom for the collection of holes at the Pt towers and electrons at the Al top 

contact. The combination of the two mechanisms -- enhancement of light absorption and 

improvement of carrier collection -- is likely the cause for improvement of the short 

circuit currents in the different domains. Despite the improvements, the reported power 

conversion efficiencies remain lower than the current record 
[82-84]

. Our devices are not 

fabricated under the exclusion of oxygen which is known to limit the efficiency to the 

reported values. For example, domain 5 short circuit current drops by 58% after 10 hours 

of air exposure, which is a common problem for organic thin film solar cells. The 

exposure to air is presently limited to 10 min but is not completely eliminated since the 

characterization and evaporation tool are in physically different locations. The strength of 

the combinatorial approach however remains. It provides many different domains and a 

flat reference on a single substrate, which provides a more reliable comparison since all 

domains are exposed to the same testing and environmental conditions. 

4.3 Conclusion 

In conclusion, the developed process can be used to form charged, <5 nm sized 

particles (silver, tungsten, and platinum) at atmospheric pressure. The material can be 

deposited to form thick 500 nm - 2 µm nanostructured deposits on selected domains. The 

sequence and amount of material can be mixed and matched yielding multi-material 

deposits like bridges, towers, interconnects, and nanowires where height, density, and 

material composition can be adjusted from one domain to the next. We anticipate that the 

process can be extended to other metals as well as semiconductors. Here we used an 

oxygen-containing environment to deposit metallic material that did not oxidize readily. 

To extend the atmospheric pressure process to fabricate non-oxidized semiconducting 

nanostructured deposits is likely going to require a transition to an oxygen-free 

environment. Little is known about atmospheric pressure deposition systems, which 

appear to have many distinguishing features when compared to vacuum vapor phase 

deposition systems. This study reveals that the deposition rate can be at least a factor of 

10 higher. The material can be deposited onto desired locations with a minimal lateral 

resolution of 50-100 nm and a positional accuracy of 20-30nm (STD). No liftoff is 
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required and less material is lost as a result. The overall cost to build this system is less 

than $1,000 since it operates at atmospheric pressure. The point source used, however, 

has some limitation with respect to uniformity if one considers larger (>1 cm
2
) samples. 

This could be overcome by extending the process to tip arrays or orbiting substrates 

which has not yet been tested. Instead, we decided to apply the method to identify, in a 

combinatorial way, 3D nanostructured electrode designs that improve light scattering, 

absorption, and minority carrier extraction of 3D bulk heterojunction photovoltaic cells. 

Photovoltaic cells from domains with long and dense interpenetrating nanowire arrays 

improve the relative power conversion efficiency by 47% when compared to flat domains 

on the same substrate. We have not yet tested multiple parameters at a time but it should 

be possible to test other designs where the material is varied from one domain to the next, 

or where structures are formed that do not simply change the pitch or height. While the 

interpretation of the results would be more involved such an approach could lead to the 

discovery of new higher performance architectures. 

4.4 Supplemental Informaion 

Figure 4-S1. SEM of localized Pt deposits after (a) 40s, 

(b) 60s, and (c) 120s deposition time. 1 μm scale bars in 

(a-c) and 500 nm scale bars in the insets. 

Figure 4-S1 shows scanning electron microscope 

images of electrically controlled localized Pt deposits 

after (a) 40s, (b) 60s, and (c) 120s deposition time. The 

deposits are formed using an array of 1 μm wide and 500 

nm deep holes in a Microposit S1805 photoresist which 

acts as a guide before the material reaches the biased 

ITO domain that is used to control the material flux. The 

material is funneled into a location which is roughly 10x 

smaller than the 1 μm wide opening itself leading to a 

diameter of 110 nm. The diameter of the nanowires 

begins to increase as they grow much taller than the 

photoresist guides themselves.  For example after 
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deposition for 120s the structures have grown 1.5 µm tall which is 3 times the thickness 

of the 500 nm thin photoresist and the onset of broadening (mushrooming) becomes 

visible. As a design rule, structures will lack broadened tops if the deposition process is 

stopped before the towers significantly exceed the height of the photoresist film thickness 

itself.  

The deposits shown in the manuscript are 

made out of very small, typically < 5 nm Pt, 

Ag and W single crystal particles, which 

were confirmed by analyzing the deposits 

using high resolution transmission electron 

microscopy (TEM) and energy dispersive x-

ray spectroscopy (EDS). For completeness 

the data for tungsten is shown in Figure 4-

S2.  Platinum and silver were discussed in 

the main body. 

 

Figure 4-S3 shows the histogram with the 

measured variation in height in domain 5. The 

standard deviation (STD) was less than 13.1 nm 

for the 800 nm tall structures. 

 

Figure 4-S3. histogram of height that centers 

around 806 nm.  

 

 

 

 

 

 

 

 

 Figure 4-S2. TEM and EDS data of tungsten particles. 5 

nm scale bar. 
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Figure 4-S4 provides a larger area view of 

deposits after (a) deposition of Pt nanowires, (b) 

removal of photoresist guides, and (c) deposition 

of the thin film stack that is required to complete 

the solar cells. The completed device in (c) depicts 

about 1,000 deposition sites. Out of the 1,000 

deposition sites, 5-6 sites are slightly elevated, and 

1 site shows a defect where one of the 100 nm in 

diameter and 800nm tall nanowires is missing 

likely because it failed to withstand the spin 

coating step.  

 

 

 

 

 

 

Figure 4-S4. Large area views used to analyze 

defect rates after (a) deposition of Pt nanowires, 

(b) removal of photoresist guides, and (c) 

deposition of the thin film stack. 5 μm scale bars. 

 

 

Figure 4-S5 provides the photovoltaic cell processing steps, the final photovoltaic cells 

on 5 different domains and the energy level diagram. Figure 4-S5(a) shows the 

processing steps, the respective SEMs that are required to complete the devices. The 

steps are: 1. nanowire deposition using photoresist guides and bias control, 2. removal of 

the photoresist guides using an oxygen plasma, 3. spin coating of the electron blocking 

layer (PEDOT: PSS), active blend layer (P3HT: PCBM), and 4. vapor deposition of 

lithium fluoride (LiF) tunneling layer and aluminum top contact. Figure 4-S5(a1-a5) 
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showed the SEM images of the completed photovoltaic cells on five different domains 

and also depicted the respective short circuit current density for each domains. The 

energy level diagram and film thickness are illustrated in Figure 4-S5(b). 

 

Figure 4-S5. (a) Processing steps to complete the photovoltaic cells leading to the 

recorded short circuit current densities that improve for long and dense nanowire arrays. 

(a1-a5) The SEM images of complete photovoltaic cells in domain 1 to 5. (b) the energy 

level diagram and film thickness. 1 µm scale bars in (a). 300 nm scale bars in insets of 

(a). 5 µm scale bars in (a1-a5). 300 nm scale bars in insets of (a1)-(a5)  
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5.1 Introduction 

Detection of chemical agents in the gas phase has attracted much attention due to the 

applications and potential for explosives detection and environmental monitoring[34, 41, 

85, 86]. The detection of small molecules and airborne species at low concentration 

commonly requires sensing schemes where the analytes are absorbed on a surface. The 

process of absorption and precipitation is therefore critical to the detection limit of the 

analytes. This is true for all established gas phase sensing concepts including gas 

chromatography[28], ion mobility spectrometry (IMS)[29, 30], mass spectrometry[31], 

metal-semiconductor-metal-based sensors[32-34], chemical field effect transistors[35], 

nanocantilever[36], infrared detection[37], and surfaced-enhanced Raman spectroscopy 

(SERS)[38, 39]. Interestingly most of the more recently reported sensing schemes aim at 

increasing the sensitivity to a single molecular level[40] and use diffusion as a 

mechanism for transport which leads to a collection efficiency of the airborne species 

which is not optimized. Schedin et al.[40] as an example, reported the detection of a 

single molecule from a carrier gas at a concentration of 1 ppm. The experiments used a 

micrometer-sized graphene sensor. The authors concluded that “Large arrays of such 

sensors would increase the catchment area[87], allowing higher sensitivity for short-time 

exposures and the detection of active (toxic) gases in as minute concentrations as 

practically desirable.” In other words, it becomes increasingly difficult to detect and 

capture molecules on the basis of diffusion in cases where the active sensing area is 

reduced unless the question of localized delivery is addressed. Effective collection on a 

small sensing area is not possible based on diffusion alone and the employment of a 

directed force will be required to solve the problem of transport. Both the thermophoretic 

and Coulomb force can be utilized to transport the analytes from a distance away to the 

sensing surface. At practical temperature gradients the thermophoretic force, however, 

remains low compared to concepts that use electrostatic precipitation[41].  Different from 

prior methods[28-33, 35-39] this article reports and applies a programmable localized 

electrodynamic precipitation concept to collect, spot, and detect airborne species in an 

active-matrix array like fashion. The approach discussed here does not use mechanical 

masks[42, 43] or high-precision contact-printing robots[44, 45] to deliver the analytes to 

desired points and provides programmability with a lateral resolution that is several 



50 

orders of magnitudes higher. Molecules of one type are directed from a space that is 

centimeters away to specific sensing regions and areas with 100 nm control over the 

lateral position and spot size. The detection scheme is demonstrated using a surface-

enhanced Raman spectroscopy (SERS) sensitized nanostructured surface. It employs the 

standardized “Ag film over Nanosphere (AgFON) substrate”[38, 46] and compares the 

results with and without programmable localized electrodynamic precipitation and finds 

that SERS signals is enhanced by a factor of 615 comparing identical sensor surfaces. 

The process is able to detect charged benzenethiol molecules at an estimated level of 1.5 

ppb (parts per billion) within 10 s; as a comparison, to detect uncharged molecules using 

a standard mechanism of diffusion a concentration of 6 ppm (parts per million) is 

required. The reported process is applied to produce hybrid molecular arrays on a single 

chip over a broad range of molecular weights including small molecules such as 

benzenethiol (110.18 Dalton) and 4-fluorobenzenethiol (128.17 Dalton) or large 

macromolecules such anti-mouse IgG proteins (~150k Dalton). 
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5.2 Results and Discussion 

 

Figure 5-1 | Advanced collection, spotting and detection of airborne species for gas 

sensor applications comparing (a) diffusion, (b) a biased planar plate, (c) an 

electrodynamic nanolens enabled spotting concept, and (d) a programmable nanolens 

array. (a, b)  Depict a nanostructured substrate commonly used in SERS called Ag film 

over nanospheres (AgFON) which uses Ag coated SiO2 beads[38, 46]; in (a) collection is 
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driven by diffusion, in (b) collection is driven by basic electrostatic precipitation through 

application of a bias voltage where Id reflects the rate of charge dissipation. (c) The 

concept of electrostatic precipitation is enhanced using an electrodynamic nanolens 

approach; a nanolens is formed using a patterned photoresist layer (PR) to funnel, 

concentrate, and spot the molecules at predetermined locations while preventing 

deposition on the positively charged resist. (d) The concept is further enhanced using 

electrically separated domains to receive different analytes at different times; domains 

are programmed by applying an external bias voltage. Inserts in (c) and (d) depict SEM 

and optical microscope images of the corresponding test structures and dimensions that 

were used. 

Figure 5-1 depicts the investigated design elements and test structures which were 

evaluated to spot and collect airborne species on a nanostructured SERS gas sensor 

substrate. Figure 5-1a and b contrasts the state of the art diffusion based delivery concept 

with basic electrostatic precipitation where an external bias and charged molecules are 

tested to increase the collection efficiency.  Figure 5-1c adds an additional design element 

-- a charged photoresist layer with a circular opening; the goal of this structure is to form 

an electrodynamic nanolens to funnel and concentrate the airborne species at a 

predetermined location on the nanostructured sensor surface. The use of a gas phase 

nanolens focusing effect has been reported recently in the context of inorganic 

nanoparticles[21-23, 88] which contained several 100,000 atoms which contrasts the 

small molecules tested here which contain less than 20 atoms. The general idea of a 

nanolens is to use a charged resist, which influences the trajectory of charged material. 

The resist is insulation and blocks charge dissipation. The opening to the conductor 

provides the only location where a charged material flux can be established under steady 

state conditions. Figure 5-1d depicts an additional modification to achieve 

programmability of more than one analyte. The approach uses electrically separated 

metallic domains (yellow cap layers) underneath the nanolens array.  

The fabrication of the depicted test structures is detailed in the method section. In short, 

we used a Langmuir-Blodgett method[89] to apply a closely packed layer of silica 

spheres, 200 nm in diameter, over extended areas on the glass surface. Next, e-beam 
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evaporation is used to coat the top with 20 nm and 180 nm of chromium and silver, 

respectively. This yields the SERS sensing surface commonly known in the literature as 

AgFON standard. The silver film provides a conductive layer. This conductive layer 

allows for the application of an external bias voltage, which is used to evaluate if a field 

driven approach can increase the collection efficiency of charge molecules when 

compared to prior concepts[38, 39] where the rate of absorption was driven by diffusion 

and the substrate was left floating.  Prior methods were able to detect benzenethiols at a 

concentration of 6 ppm in 1s. The second modification (Fig. 1c) adds the depicted 500 

nm thick spin coated photoresist layer whereby a 1 µm in diameter and 3 µm pitched hole 

pattern is defined by photolithography. The final SERS gas sensor substrate (Fig. 1d) is 

composed of two silver domains instead of one. The two domains are separated using a 

50 µm wide region of uncoated silica spheres which was masked by placing a capillary 

onto the surface prior metallization. All other parameters were left the same. The 

deposition on the individual domains is controlled using external bias voltages in the 

range of -50V to -200V whereby the electrometers records the deposition current in the 

range of 1 nA to 5 nA. The flux is recorded using electrometers (Keithley 6517A) marked 

with the letter “A”. Domains are turned ON and OFF sequentially for selected periods of 

time (10 seconds to 1 minutes) to collect molecular ions including benzenethiol (BT
+
) 

and 4-fluorobenzenethiol (4-FBT
+
) on domain 1 and 2, respectively. We choose these 

two molecules since they have a well-characterized and known Raman scattering 

signal[38, 90]. The process is, however, not limited to these types of molecules or 

molecular weights. Results for anti-mouse IgG proteins (Sigma-Aldrich, F-0257) will be 

presented as well.   
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 Figure 5-2 | Electrospray testing environment depicting electrospray ionization to 

produce a flux of neutral and charged analytes   where (a) benzenethiol (BT) ions shown 

in light blue are selected to deposit on domain 1 in step 1 and (b) fluorobenzenethiol (4-

FBT) ions shown in light green are selected to deposit on domain 2 in step 2. Circular 1 

µm in diameter openings in the positively charged photoresist layer (red) act as a 

nanolens array which concentrate the two analytes in predetermined sensing spots. The 

+ sign on the red layer represents primary ionized carrier gas molecules.  Switches 

marked as “open” and “close” are used to attract the analyte to the respective domains.  
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Figure 5-2 depicts the details of the testing environment where the analytes are 

evaporated and charged using an electrospray ionization standard and where 

programmable analyte collection is achieved using biased domain electrodes. 

Electrospray ionization is chosen since it provides a controlled environment to produce 

airborne analytes of almost any type and concentration. Electrospray ionization systems 

are used in mass spectroscopy in the fields of chemical-warfare agent detection[91] and 

proteomics[92]. They require exceptionally small amounts of diluted analytes. For 

example at a common flow rate, only 50 nL is drawn through the capillary per minute. 

For a review, we refer to Cloupeau and Prunet-Foch[93] and Ganan-Calvo et al.[94].  In 

brief, we constructed a system based on a commercially available electrospray ionization 

system (TSI Inc., Model 3480). It consists of a high-voltage source, pressure regulator, 

pressure chamber, capillary, and electrospray chamber. The pressure chambers house a 

centrifuge vial, a high-voltage platinum electrode, and a fused silica capillary which 

carries the solution out into the electrospray chamber using 1.25 atm pressure. A positive 

electrospray voltage is increased until the extruded liquid (50 nL/min) forms a cone 

shape, known as cone-jet mode[95], which leads to rapid evaporation in close proximity 

to the orifice and an aerosol containing charged molecules (light green for 4-

fluorobenzenethiol, and light blue for benzenethiol). 

Figure 5-2a depicts the first analyte collection sequence where benzenethiol ions (BT
+
) 

are collected on domain 1 which is turned ON by applying a negative voltage Vd= -100 V 

to the domain electrode. Domain 2 is switched into a floating state whereby the domain 

electrode is disconnected to prevent dissipation of charge which in turn blocks the 

collection on domain 2.  The following conditions were used to prepare the depicted 

ionized aerosol containing charged benzenethiols. The starting point is a benzenethiol 

solution (liquid density=1.073 g/mL, molecular weight=110 g/mol) which is diluted in a 

1:1 volume ratio with ethanol; second the solution is sprayed at a rate of 50 nL/min which 

translates to 2.43×10
-7

 NA benzenethiol molecules per minute where NA is Avogadro’s 

constant; third it is mixed with 1L/min nitrogen carrier gas at 1.25 atm adding 4.1×10
-2

 

NA nitrogen molecules/min to the mixture; at this stage the analyte is diluted down to 5.9 

ppm. In positive ion mode the process produces in addition to neutral molecules, 

positively charged molecules[96]. Of importance are benzenethiol ions (C6H5SH2
+
), 4-
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fluorobenzenethiol (C6H5FSH
+
), solvent ions (C2H5OH2

+
), and nitrogen ions (N2

+
). 

Figure 5-2b illustrates a second analyte collection sequence where fluorobenzenethiol (4-

FBT
+
) is collected on domain 2 and where domain 1 is left floating. The preparation 

approach for 4-fluorothiophenol (4-FBT) followed the same procedure as described 

before in the case of benzenethiol. The illustration in Figure 5-2 underrepresents the 

amount of neutral species for clarity. However, it is important to mention that most gas 

molecules are neutral and that the fraction of charged material is small. For example, a 

typical electrospray current is 100 nA which is measured using the ampere meter marked 

with the letter “A” that is connected to the platinum electrode that is immersed in the vial; 

100nA electrospray current translates into an ion current flux of 6.23×10
-11

 

NA elementary charges per minute. This ion flux is three orders of magnitudes smaller 

than the previously calculated 2.43×10
-7

 NA benzenethiol molecules and nine orders of 

magnitudes smaller than 4.1×10
-2

 NA nitrogen gas molecules contained in 1L/min carrier 

gas. In other words the gas mixture is composed of both charged (<1.5 ppb) and neutral 

benzenethiol (<5.9 ppm) molecules. The gas mixture exits the enclosed system through a 

0.5 mm in diameter orifice and expands until it reaches the substrate, which is placed 5 

cm away. The ppb and ppm estimates are upper limits and the actual concentration of 

charged and neutral molecules is smaller due to downstream mixture and charge 

exchange processes which will be discussed further in the discussion section.    
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Figure 5-3 | Schematics and experimental results comparing analyte collection based 

on diffusion (LEFT), a biased plate (CENTER), and a nanolens based  collection 

concept (RIGHT) using a constant 30s long exposure to a gas mixture containing both 

charged and neutral benzenethiols. The biasing conditions depicted in (a) lead to (b) the 

recorded scanning confocal Raman intensity map of the characteristic Raman peak at 

1,075 cm
-1

  and (c) corresponding spectra where the signal intensity for the biased 

substrates improves by a factor of 615.  

Figure 5-3 compares the recorded SERS signals using the floating, biased plate, and 

biased nanolens collection approach after the test substrates were exposed for 30 s. The 

gas mixture exiting the electrospray system containing both charged (<1.5 ppb) and 

neutral benzenethiol (<5.9 ppm) molecules in nitrogen. All SERS spectra in Figure 5-3c 
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were recorded under identical exposure and recording conditions which is important as 

this allows a relative comparison of the signal intensity for a sensor system with and 

without charge directed collection. For a standard SERS substrate hotspots are randomly 

located on the surface (Figure 5-3b) and it is hard to point out where the molecule is. The 

nanolens based collection approach eliminates this uncertainty since molecules are 

collected at predetermined points (Figure 5-3c). This helps in the data collection. In the 

particular case all SERS spectra were recorded as an average over the indicated white 

dashed areas; no voltage is applied during the recording of the SERS data. The spectrum 

for the unbiased case shows a weak signal and the detection of the uncharged 

benzenethiol is difficult at 6 ppm in our system; the characteristic peak at 1,075 cm
-1

 is 

recorded with 0.4 counts per unit area (inset of Figure 5-3c) which means very few 

benzenethiol molecules are collected on this substrate. The signal increases to 103 counts 

per unit area for the biased AgFON substrate and 246 counts per unit area for the biased 

AgFON substrate with integrated nanolens array which represents a factor of 615 

comparing the biased nanolens array with the unbiased AgFON standard. We repeated 

this experiment five times using separate substrates. The nanolens-based collection 

region produced the highest counts in each case; the intensity factor varied by 6% (STD) 

between experiments. The recorded increase of 615 is even more impressive if one 

considers that it is caused by 3,900 times fewer charged analyte molecules (1.5 ppb) than 

neutral ones (5.9 ppm). In other words trace amounts of charged molecules at a 

concentration of 1.5 ppb (parts per billion) lead to 246 counts per unit area while 5.9 ppm 

(parts per million) of neutral particles contribute to 0.4 counts which means that the 

capture efficiencies of charged molecules is 2.4×10
6
 times larger than neutral ones. The 

six orders of magnitude higher capture efficiencies of charged molecules when compared 

to neutral one is an important metric since it provides a route to higher sensitivity in any 

gas sensor application that presently uses diffusion as a mechanism of transport. Adding 

additional system components to charge the analyte to assist collection should yield 

similar gains.  
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Figure 5-4 | SERS images (a) and spectra (b) for the localized nanolens enabled 

collection approach testing different collection times: 10 s (LEFT, green line), 20 s 

(CENTER, blue line), and 60 s (RIGHT, red line).    

Figure 5-4a,b depict the Raman microscopy intensity map at 1,075 cm
-1

 Raman shift and 

spectra for the nanolens enabled collection approach as a function of collection time. The 

nanolens approach supports a more automated image processing which enables the 

elimination of the searching and hand picking of hotspots which is a common practice in 

SERS related measurements. Instead, we used a standard array of detection windows 

outlined with the dashed lines and averaging over these areas to record the spectra. The 

characteristic peaks at 1,001 cm
-1

, 1,075 cm
-1

, and 1,573 cm
-1

 begin to emerge after a 10 s 

long exposure to charged benzenethiols. For short periods of time the signal increases 

roughly linear with exposure time and begins to level off after 60 seconds. For example, 

counts at the 1,001 cm
-1

 Raman shift are 170 (1x), 320 (1.9x), 540 (3.2x) for 10s, 20s, 

60s, respectively. This non-linear behavior and saturation for prolonged capture times can 

be explained by excessive packing of molecules which are not as tightly coupled to the 

plasmonic surface[97]. For the same reason the signal-to-noise-ratio increases at first 

with exposure time before it levels off. 
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Figure 5-5 | Schematics and experiment results to spot and detect different molecules 

on a single substrate using programmable domain electrodes. (a) Schematic details the 

collection and SERS based detection of benzenethiols on the left and 4-

fluorobenzenethiols on the right. (b) Associated confocal Raman microscope intensity 

maps at wavenumbers 1,001 cm
-1

 and 1,075 cm
-1

 next to the (c) corresponding SERS 

spectra. (d) The fluorescent microscopy image shows the green fluorescence of large 

macromolecular anti-mouse IgG proteins which are funneled into the photoresist hole 

pattern.  
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Figure 5-5 illustrates experimental results where programmable domain electrodes are 

used to spot different molecules with different molecular weights, specifically 

benzenethiol (110.18 Dalton), 4-fluorobenzenethiol (128.17 Dalton), and anti-mouse IgG 

(~150k Dalton). The small molecules displayed characteristic Raman peaks which enable 

the recognition in the anticipated domains. As an example, domain 1 shows the presence 

of a peak at 1,001 cm
-1

 which is known to be a dominant peek for the benzenethiol which 

is not the case in 4-fluorobenzenethiol in domain 2. Both molecules share a peak at 1,075 

cm
-1

 which represents a stretching mode of the aromatic ring. We would like to note that 

the intensity of the SERS signal depends on both the analyte amount and the localized 

plasmonic resonance. Plasmon resonances will only occur in the Ag layer and not on the 

photoresist surface. In other words, the absence of a SERS signal on the photoresist 

surface is not sufficient to conclude that there are no molecules on the photoresist.  The 

previously presented increases in signal counts by a factor of 615 (Figure 5-3) comparing 

the biased nanolens array with an unbiased surface can, however, only be explained by an 

increased localized collection process.  To further validate that material is only collected 

in the opening we decided to use a fluorescence-based detection scheme and a much 

larger molecule in hope to image the location [98] using fluorescence  microscopy. 

Specifically we tested anti-mouse IgG which is tagged with conventional fluorescence 

markers (fluorescein isothiocyanate, green). Figure 5-5d depicts the results. The 

fluorescence based detection scheme decouples the detection mechanism from the 

plasmon resonant Ag layer. The intensity of the green fluorescence on the Ag surface and 

absence of fluorescence on the photoresist surface can now be used as a measure of the 

selectivity with which the localized analyte delivery takes place. No detectable quantities 

of the IgG molecules are found on the photoresist and collection is observed only in the 

center of the opening. Moreover, because IgG is three orders of magnitudes larger than 

the thiol molecules in this study it was possible to resolve the location of physical analyte 

collection by SEM. The molecules are confined to a 200 nm in diameter region which is 

smaller than the 1 µm in diameter opening. 
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5.3 Conclusion 

Various nanostructured sensors currently aim to claim single molecular detection by a 

reduction of the active sensor size. An equally important challenge, however, can be 

found in the question “whether the analyte will find the nanometer sized surface”. The 

reduction in the size of the active sensor will ultimately require research on methods 

which enable localized delivery. The reported electrodynamic collection concept is a first 

step in this direction. The process can be applied to small and large molecules of almost 

any type as long as they can be charged. The use of electrodynamic forces benefits from 

unique scaling laws which can be both long range using parallel plates and highly 

localized with sub 100 nm confinement using simple patterned insulating resists that can 

be charged to guide the analyte to specific locations. This is our view which is not 

possible with any other method. While the collection and spotting were demonstrated 

using surface-enhanced Raman spectroscopy and fluorescence based markers the 

localized gas phase analyte deliver method should be applicable to other sensing 

concepts. The relative sensitivity increases in the case of the SERS sensor was 615 

comparing the biased nanolens array with the unbiased AgFON standard. The value has 

not be optimized and is based on the 1 µm in diameter and 3 µm pitched hole pattern 

shown in Figure 5-1; higher values can be anticipated but would require optimization of 

the opening size, pitch, domain size, and domain potential. Most interesting, however, is 

the fact that the gas mixture contained far less charged (<1.5 ppb) analyte molecules than 

neutral ones (<5.9 ppm); in other words the inability to detect the neutral molecules 

despite the fact the concentration was 4 orders of magnitude larger than the charge 

molecules motivates the anticipated gains of incorporating advanced charging concepts 

from a sensor system point of view. Many gas sensor systems currently use diffusion as 

the only mechanism of transport and dramatic improvements can be anticipated 

incorporating various forms of localized delivery which would impact environmental 

monitoring systems or the detection of chemical or biological warfare agents. The 

reported process can also be used as a programmable selected area deposition or surface 

treatment method with molecular ions. The sequence and amount can be mixed and 

matched with a lateral resolution that is several orders of magnitudes higher than what is 

possible using existing methods that are based on mechanical shutters or high-precision 
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contact-printing robots. The ability to fabricate hybrid molecular arrays with control over 

material sequence, composition, and lateral distribution on a single substrate within a 

single process could potentially be used in other applications which include, proteomics 

and cell research, pharmaceutical screening processes, panel immunoassays, and 

molecular electronics[44, 45, 99]. 
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6.1 Introduction 

Detection of airborne species has attracted much attention due to the applications and 

potential for explosives detection and environmental monitoring[34, 41, 85, 86]. The 

detection of chemical agents commonly requires sensing schemes where the analytes are 

absorbed on a surface. The process of transport, absorption and precipitation is therefore 

critical to the detection limit of the analytes. This is true for all established gas phase 

sensing concepts including gas chromatography[28], ion mobility spectrometry (IMS)[29, 

30], mass spectrometry[31], metal-semiconductor-metal-based sensors[32-34], chemical 

field effect transistors[35], nanocantilever[36], infrared detection[37], and surface-

enhanced Raman spectroscopy (SERS)[38, 39].  

Recently Schedin et al. reported gas molecule detection with a sensitivity down to a 

single molecular level[40] and used diffusion as a mechanism for transport. While the 

results are impressive the use of diffusion may not be the best approach since it leads to a 

collection efficiency of the airborne species which is not optimized. In other words, 

single molecular detection sensitivity is important but requires the molecule of interest to 

reach the sensing surface with maybe sub 100 nm in size. Effective collection on a small 

sensing area is not possible based on diffusion alone and the employment of a directed 

force will be required to solve the problem of transport.    

This transport problem could be addressed for example using thermophoretic and 

Coulomb forces to transport the analytes from a distance away to the sensing surface. At 

practical temperature gradients the thermophoretic force, however, remains low 

compared to concepts that use electrostatic precipitation[41]. Different from prior 

methods[28-33, 35-39] this article reports and applies a localized electrodynamic 

precipitation concept to collect, spot, and detect airborne species. Molecules are directed 

from a space that is centimeters away to specific sensing regions and areas with 100 nm 

control over the lateral position and spot size. The detection scheme is demonstrated 

using a surface-enhanced Raman spectroscopy (SERS) sensitized nanostructured surface 

including the standardized “Ag film over Nanosphere (AgFON) substrate”[38, 46].  In 

total this study compares three different analyte delivery concepts (standard diffusion, 

global electrodynamic precipitation, and localized nanolens based precipitation) and three 

different SERS enhancement layers (a flat silver film, a nanolens enabled localized 
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deposited film of silver nanoparticles, and the standard AgFON surface layer). The 

electrodynamic nanolens array reported here is a new design element. The nanolens array 

enables us to funnel and concentrate the airborne analyte molecules to discrete sensing 

points with sub 100 nm lateral resolution. The introduction of this concept had the 

biggest impact in terms of increasing the SERS signal intensity; a factor of 633 when 

compared to a standard mechanism of diffusion was observed.  The nanolens array was 

also used to direct the precipitation of Ag nanoparticles to prepare a SERS enhancement 

layer which performed equally well as the (AgFON) standard.  

 

6.2 Results and Discussion 

 

Figure 6-1. | Methods and test samples employed to evaluate and demonstrate 

advanced collection, spotting, and detection of airborne species testing three different 

delivery mechanisms (a, b, c) and three different SERS nanostructured surface layer 

designs (c, d, e) on a single substrate. (a) Schematic depicting that a portion of the 

analytes attach to the Ag coated SERS surface on the basis of diffusion (domain 1). (b) A 



67 

fraction of the anayte is charged but are captured in greater numbers through 

application of a bias to the conducting AgFON domain (domain 2). (c) A nanolens array 

composed of 1 μm in diameter openings inside a 500 nm thick positively charged resist is 

used to funnel the charged analyte to predetermined locations leading to a locally 

enhanced concentration (domain 3). The AgFON standard composed of Ag coated 200 

nm in diameter closed packed silica beads was used in domain 1-3. (d) The same 

nanolens based collection is maintained but the AgFON sensor surface is replaced with 

localized aggregated (5-10 nm) Ag particles forming a 250 nm think deposit on a biased 

flat silver layer (domain 4), and (e) a biased flat silver domain provides a reference 

(domain 5). The SEM micrographs depict the actual structure that were used in the 

experiments. (f) Testing environment depicting electrospray ionization to produce a flux 

of neutral and charged analytes of known concentration. 

Figure 6-1 details the delivery methods and test structures employed to evaluate and 

demonstrate advanced collection, spotting, and detection of airborne species testing three 

different delivery mechanisms (a, b, c) and three different SERS nanostructured surface 

layer designs (c, d, e). Domain 1 depicts the conventional concept of diffusion-based 

collection utilizing a conducting AgFON “SERS standard” sensor surface. This 

represents the state of the art and experimental approach that is commonly used. Airborne 

analyte molecules such as the depicted benzenethiols molecules attach to the surface over 

time on the basis of diffusion. However, aerosols always contain a fraction of charged 

species. While this fraction is commonly at least of factor of 1000 smaller than neutral 

particles it might be possible to manipulate these far fewer molecules more effectively 

which is explored in this study through the application of an external potential to 

electrically separated domain electrodes labeled as domain 2-5.  Domains 3-5 also use the 

application of an external bias voltage but add a localized electrodynamic collection 

approach whereby a nanolens is formed using a patterned positively charged photoresist 

layer (PR) to funnel, concentrate, and spot charged molecules to predetermined locations. 

The general idea of a nanolens is to use a charged resist, which influences the trajectory 

of charged material. The resist is insulation and blocks charge dissipation. The opening to 

the biased domain electrode provides the only location where a charged material flux can 

be established under steady state conditions. This approach is a novel design element 
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since it achieves localized collection of charged analyte molecules at a higher level of 

concentration than otherwise possible. While domains 3-5 use the same nanolens directed 

collection approach the SERS sensor surfaces is adjusted to be different: (c) depicts the 

AgFON “SERS standard” composed of Ag coated 200 nm in diameter closed packed 

silica beads, (d) a SERS surface layer composed of localized aggregated (2-5 nm) Ag 

particles forming a 250 nm thick deposit, and (e) a SERS reference layer composed of a 

bare and flat 150 nm thick silver surface which provides another reference. The inserted 

SEM micrographs next to the schematics show the actual dimensions of the fabricated 

test structures.  

To test this substrate and collection concepts we used a commercially available 

electrospray system (TSI Inc., Model 3480) which is capable of preparing various 

aerosols containing a known composition of charged and neutral analyte molecules (Fig. 

1f) .  In brief the system consists of a high-voltage source, pressure regulator, pressure 

chamber, capillary, and electrospray chamber. The pressure chambers house a centrifuge 

vial, a high-voltage platinum electrode, and a fused silica capillary which carries the 

solution out into the electrospray chamber using 1.25 ATM pressure. The following 

conditions were used. A positive electrospray voltage is increased until the extruded 

liquid (50 nL/min) forms a cone shape, known as cone-jet mode[95], which leads to rapid 

evaporation in close proximity to the orifice and an aerosol containing charged molecules 

(used light blue for benzenethiol in Figure 6-1). In positive ion mode the process 

produces in addition to neutral molecules, positively charged molecules[96]. Of 

importance in our experiment are benzenethiol ions (C6H5SH2
+
), solvent ions 

(C2H5OH2
+
), and nitrogen ions (N2

+
).   

In the experiments we used a benzenethiol solution (liquid density=1.073 g/mL, 

molecular weight=110 g/mol) which is diluted in a 1:1 volume ratio with ethanol; second 

the solution is sprayed at a rate of 50 nL/min which translates to 2.43*10
-7

 

NA benzenethiol molecules per minute where NA is Avogadro’s constant; third it is mixed 

with 1L/min nitrogen carrier gas at 1.25 ATM adding 4.1*10
-2

 NA nitrogen 

molecules/min to the mixture; at this stage the analyte is diluted down to 5.9 ppm. 

Charging occurs as a result of the electrospray process and the amount of charge can 
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calculated directly from the electrospray current. All experiments were conducted using a 

typical electrospray current of 100 nA which represents an ion current flux of 6.23*10
-11

 

NA elementary charges per minute. In relative terms these numbers translate to a gas 

mixture which is composed of approximately 1.5 ppb charged molecules (calculated 

using 6.23*10
-11

 NA charged molecules in 4.1*10
-2

 NA nitrogen molecules) and 5.9 ppm 

neutral benzenethiol molecules (calculated using 2.43*10
-7

 NA benzenethiol molecules in 

4.1*10
-2

 NA nitrogen molecules). The given values are upper limits since it does not 

include downstream mixture and charge exchange reactions before the mixture reaches 

the substrate that is placed 5 cm away from the nozzle.  

The guided nanolens assisted deposition process depicted in (Fig. 1c-e) should be 

considered as an electrodynamic process since the field distribution evolves over time. In 

the initial stages of the experiment ions respond to the external bias voltage. The smallest 

ions N2
+
 have the highest mobility and arrive first at the sample surface. This transient 

response results in a sheath of space charge on the sample surface depicted as ”+” on the 

red colored photoresist layer which alters the potential distribution. The potential 

distribution equilibrates and leads to a potential funnel where the analyte deposits in the 

center of the opening. Steady state charge dissipation can only occur in the opening and 

leads to a measurable flux of positive gas ions which includes the targeted molecules 

under a negative substrate bias of -100 V and this flux can directly be recorded using 

electrometers (Keithley 6517A) marked with the letter “A”. 
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Figure 6-2. | Schematics and micrographs detailing the fabrication of a programmable 

SERS substrate for advanced collection, spotting and detection of airborne species. (a) 

200 nm silica nanospheres are locally assembled on a glass slide to form a closely 

packed layer of nanospheres. (b,c)  20 nm chromium and 150 nm silver film are 

evaporated on substrates and partially masked using 100 μm in diameter capillaries. (d) 

Photolithography is used to prepare 1 μm in diameter holes on top of domain 3-5. (e) 

Gas phase electrodeposition[21-23] is used to selectively deposit localized aggregated 

(2-10 nm) Ag particles in the openings on domain 4. Inserts in (d, e) depict SEM images 

and optical microscope images of the corresponding test structures and dimensions that 

were used.  
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 A goal was to prepare a single substrate with different domains and reference structures 

to aid in the comparative study of the design elements and to help get conclusive results. 

Figure 6-2 depicts fabrication details of the investigated designs. The supplemental 

information section provides additional information on the materials. The preparation 

followed these steps: Glass slides were pretreated in piranha etches at 120 ℃ for 30 min 

and treated in 5:1:1 ratio of H2O:NH4OH:H2O2 for 30min to make the surface 

hydrophilic. Monodisperse silica nanospheres (200 nm in diameter)  were assembled into 

a closely packed layer onto a portion of the substrate through drop coating using 4% 

silica spheres by weight in water further diluted in ethanol (1:1 volume ratio) to aid in the 

spreading (Fig. 2a). We used 20 nm and 150 nm e-beam coated chromium and silver, 

respectively, and hand placed 100 m in diameter capillaries to fabricate 5 electrically 

isolated domains on a single substrate (Fig. 2b,c). The depicted metal coated silica 

spheres are known in the literature as “AgFON SERS standard”[38, 46]. The silver film 

provides a conductive layer. This conductive layer allows for the application of an 

external bias voltage, which is used to evaluate if a field driven approach can increase the 

collection efficiency of charge molecules when compared to prior concepts  where the 

rate of absorption was driven by diffusion and where the substrate was left floating[38, 

39].  Domains 3-5 were further modified through integration of a photoresist based 

nanolens array (Fig. 2d) using a 500 nm thick spin coated photoresist layer (Microposit 

S1805) which was patterned using photolithography to define a 1 µm in diameter and 3 

µm pitched hole pattern. The SEM image depicts the actual test structure and dimensions 

that were used.  

The last step applies a thin layer of silver nanoparticles to domain 4 (Fig. 2e). The 

modification of domain 4 is not a standard vapor phase coating process since it applies 

the nanoparticles only to a selected domain. This particular process has only been 

reported recently in the literature[21-23]. It was referred to as gas-phase electrodeposition 

since it used charged nanoparticles in a carrier gas that can be applied locally through 

application of an external bias voltage[21-23]. The referenced results motivated this 

research since it reported surprisingly high deposition rates despite the fact that only a 

small fraction of particles were charged which at first seemed a contradiction. Anyway, 

here it is used to locally deposit (2-10 nm) Ag particles on domain 4 through application 
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of a negative bias voltage of 150 V yielding a 200 nm thick aggregated layer of Ag 

nanoparticles in 60 seconds at 100 °C only on the biased domain. The supplemental 

section provides a TEM microscope image which reveals the size of the primary 

particles. The origin of the charged particles is a confined “DC arc discharge based 

plasma” which uses two consumable electrodes.  Experimentally we used the following 

conditions: 0.5 mm spaced silver electrodes, a discharge current of 100 mA in air at 

1ATM, and a distance of 2 mm to the nearby substrate. The actual appearance of the 

localized nanoparticles is shown in the SEM (insert) whereby the optical microscope 

images provides an overview of the corresponding test structures with the relevant 

dimensions of domain 3 and 4. 
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 Figure 6-3 | Schematics (a), with corresponding scanning confocal Raman microscopy 

intensity map (b), and spectra (c), comparing different delivery methods and SERS 

sensor designs on a single substrate which is exposed to a gas mixture containing both 

charged (<1.5 ppb) and neutral benzenethiols (<5.9 ppm) for 20s. The results represent 

standard diffusion (Domain 1), a biased region (Domain 2), a nanolens enabled 

molecular spotting approach integrated on top of: a AgFON SERS standard layer 

(Domain 3), a localized Ag nanoparticle layer (Domain 4), and a flat silver film (Domain 

5).  
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Figure 6-3 compares the recorded SERS signals testing a 20s long exposure to the gas 

mixture containing charged (<1.5 ppb) and neutral benzenethiol (<5.9 ppm) molecules in 

nitrogen. The actual biasing conditions are depicted in Figure 6-3a. The resulting 

intensity map (Fig. 3b) of the Raman peak at 1,075 cm
-1

 and the SERS spectra (Fig. 3c) 

were recorded using identical recording conditions. The spectrum for the unbiased case 

shows a weak signal and the detection of the uncharged benzenethiol was difficult at 

6ppm; the characteristic peak at 1,075 cm
-1

 is recorded with 0.3 counts per unit area 

which means very few benzenethiol molecules are collected on this substrate. The signal 

increases to 103 counts per unit area for the biased AgFON substrate and 190 counts per 

unit area for the biased AgFON substrate with integrated nanolens array which represents 

a factor of 633 comparing the biased nanolens array with the unbiased AgFON standard. 

The result is particular intriguing if one considers that we had at least 3 orders of 

magnitudes less charged benzenethiols (<1.5 ppb) in the gas mixture than neutral ones 

(<5.9 ppm). Or in other words trace amounts of molecules at a concentration of 1.5 ppb 

can be detected in 20s as long as they are charged which is not possible using a standard 

mechanism of diffusion where a concentration of 6 ppm is required to get above the noise 

level of the instrument. The intensity increase by a factor of 633 in combination with the 

fact that less than 1 out 3900 analyte molecules is likely going to be charged can further 

be used to provide a rough estimate for the capture efficiencies; specifically, the two 

numbers suggest that the capture efficiency of charged molecules may be 6 orders 

(considering 633* 3900) of magnitudes higher than neutral ones in the current design.  

Domain 3-5 in Figure 6-3 compares the three different SERS sensor designs.  Domain 4 

introduces a SERS layer which is composed of localized aggregated Ag nanoparticles. 

Considering this layer we found no noticeable difference considering the peak intensity at 

1,075 cm
-1

 yielding 191 counts which is almost identical to the value recorded using the 

nanolens enhanced delivery on the AgFON SERS surface layer (Domain 3).  Domain 5 

was used as a reference which was composed of a flat silver film underneath the nanolens 

array. The flat silver reference electrode showed almost no (0.2 counts) detectable peaks 

confirming the absence of surface enhanced plasmonic resonances in this film. 

Considering this set of results we conclude that the loosely aggregated Ag nanoparticle 

(Domain 4) is equally well suited as an enhancement layer as the AgFON standard 
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(Domain 3). The advantage of the loosely aggregated Ag nanoparticle (Domain 4) is that 

it can be deposited into desired locations and that it may enable multiplexing of various 

materials in further studies. 

Overall the nanolens approach has the advantage that it supports a more automated 

analysis since it eliminates the searching and hand picking of hotspots which is a 

common practice in SERS related measurements. Instead, we used a standard array of 

detection windows outlined with the dashed lines to overcome the problems associated 

with the handpicking of hotspots. 

6.3 Conclusion 

Various nanostructured sensors currently aim to claim single molecular detection 

by a reduction of the active sensor size. An equally important challenge, however, can be 

found in the question “whether the analyte will find the nanometer sized surface”. The 

reduction in the size of the active sensor will ultimately require research on methods 

which enable localized delivery. The reported electrodynamic collection concept is a first 

step in this direction. The process can be applied to small molecules of almost any type as 

long as they can be charged. The use of electrodynamic forces benefits from unique 

scaling laws which can be both long range using parallel plates and highly localized with 

sub 100 nm confinement using simple patterned insulating resists that can be charged to 

guide the analyte to specific locations. This is not possible with any other method. While 

the collection and spotting is demonstrated using surface-enhanced Raman spectroscopy 

the localized gas phase analyte delivery method should be applicable to other sensing 

concepts. The relative sensitivity increases in the case of the SERS sensor was 633 

comparing the biased nanolens array with the unbiased AgFON standard. This value has 

not be optimized and is based on the 1 µm in diameter and 3 µm pitched hole pattern; 

higher values can be anticipated but would require optimization of the opening size, pitch, 

domain size, and domain potential. Most interesting, however, is the fact that the gas 

mixture contained far less charged (<1.5 ppb) analyte molecules than neutral ones (<5.9 

ppm); in other words the inability to detect the neutral molecules despite the fact the 

concentration was 4 orders of magnitude larger than the charge molecules motivates the 

anticipated gains of incorporating advanced charging concepts from a sensor system 
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point of view. Many gas sensor systems currently use diffusion as the only mechanism of 

transport and dramatic improvements can be anticipated incorporating various forms of 

localized delivery which would impact environmental monitoring systems or the 

detection of chemical or biological warfare agents. One of the reported SERS domains 

was functionalized using Ag nanoparticles which assembled at precise locations in the 

photoresist openings on the basis of programmable localized precipitation. This type of 

localized functionalization provides an alternative to the AgFON standard. It also 

illustrates that the process is not only applicable to molecules. Considering the present 

results further it is possible to envision a multiplexed sensing platform where analytes or 

nanoparticles of different types are localized in an active matrix like fashion. 
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Chapter VII 

Conclusion and Outlook 

Section 1: In summary, the single reactor system that has been developed and applied 

in this study can be used to form charged, <10 nm sized particles (silver, tungsten, and 

platinum) at atmospheric pressure whereby the material can be deposited to form thick 

500 nm - 2 µm deposits on selected surface areas with sub 100 nm lateral resolution in a 

programmable fashion. The sequence and amount of material that is extracted from the 

gas phase can be mixed and matched to produce multi-material deposits in desired areas 

on a single substrate as programmed using the external electrodes. We anticipate that the 

process can be extended to other metals as well as semiconductors. Little is known about 

atmospheric pressure deposition systems which appear to have many distinguishing 

features when compared to vacuum vapor phase deposition systems. This study reveals 

that the deposition rate can be at least a factor of 10 higher. The material can be deposited 

onto desired locations. No lift off is required and less material is lost. The used point 

source, however, has some limitation with respect to uniformity if one considers larger 

(>1 cm
2
) samples which could be overcome by extending the process to tip arrays or 

orbiting substrates which has not yet been tested. Instead we decided to apply the method 

to identify in a combinatorial way 3D nanostructured electrode designs that improve light 

scattering, absorption, and minority carrier extraction of 3D bulk heterojunction 

photovoltaic cells. Photovoltaic cells from domains with long and dense tower arrays 

improve the relative power conversion efficiency by 47% when compared to flat domains 

on the same substrate. We have not yet changed more than a single parameter but it 

should be possible to test other designs where the material is varied from one domain to 

the next, or where structures are formed that do not simply change the pitch or height. 

While the interpretation of the results would be more involved than what is reported here 

for the nanowire based domain architecture such an approach could lead to the discovery 

of new designs. 

Section 2: Various nanostructured sensors currently aim to claim single molecular 

detection by a reduction of the active sensor size. An equally important challenge, 

however, can be found in the question “whether the analyte will find the nanometer sized 
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surface”. The reduction in the size of the active sensor will ultimately require research on 

methods which enable localized delivery. The reported electrodynamic collection concept 

is a first step in this direction. The process can be applied to small and large molecules of 

almost any type as long as they can be charged. The use of electrodynamic forces benefits 

from unique scaling laws which can be both long range using parallel plates and highly 

localized with sub 100 nm confinement using simple patterned insulating resists that can 

be charged to guide the analyte to specific locations. This is our view which is not 

possible with any other method. While the collection and spotting were demonstrated 

using surface-enhanced Raman spectroscopy and fluorescence based markers the 

localized gas phase analyte deliver method should be applicable to other sensing concepts. 

The relative sensitivity increases in the case of the SERS sensor was 615 comparing the 

biased nanolens array with the unbiased AgFON standard. The value has not be 

optimized and is based on the 1 µm in diameter and 3 µm pitched hole pattern shown in 

Figure 1; higher values can be anticipated but would require optimization of the opening 

size, pitch, domain size, and domain potential. Most interesting, however, is the fact that 

the gas mixture contained far less charged (<1.5 ppb) analyte molecules than neutral ones 

(<5.9 ppm); in other words the inability to detect the neutral molecules despite the fact 

the concentration was 4 orders of magnitude larger than the charge molecules motivates 

the anticipated gains of incorporating advanced charging concepts from a sensor system 

point of view. Many gas sensor systems currently use diffusion as the only mechanism of 

transport and dramatic improvements can be anticipated incorporating various forms of 

localized delivery which would impact environmental monitoring systems or the 

detection of chemical or biological warfare agents. The reported process can also be used 

as a programmable selected area deposition or surface treatment method with molecular 

ions. The sequence and amount can be mixed and matched with a lateral resolution that is 

several orders of magnitudes higher than what is possible using existing methods that are 

based on mechanical shutters or high-precision contact-printing robots. The ability to 

fabricate hybrid molecular arrays with control over material sequence, composition, and 

lateral distribution on a single substrate within a single process could potentially be used 

in other applications which include, proteomics and cell research, pharmaceutical 

screening processes, panel immunoassays, and molecular electronics[44, 45, 99]. 
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