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ABSTRACT 

A novel, scalable method is presented for depositing 

ultra-thin micro/nano-coatings to 20 nm, or particles 

<< 100 nm as closely packed monolayers, in ambient 

conditions and in a roll-to-roll manner at > 2m/min. 

A lab bench process tool based on this technique was 

built, is shown, and applied to the challenge of 

depositing Graphene layers as the Hall Effect sense 

element for MxRAM devices: here a novel, Magnetic 

Graphene-sense Random Access Memory 

(MGRAM) device. Current deposition technologies 

are briefly reviewed as incapable of depositing the 

needed layers, a challenge identical as with TCO in 

attempting to spread graphene, CNTs or conductive 

nanowires as ultra-thin layers over large areas. The 

demonstrated method is described, a fluid dynamical 

way of automatically forming LB films in which 

particles are made to self-assemble on the surface of 

a moving carrier fluid, forming a bi-layer, and can 

then be smoothly transferred onto a passing web 

(substrate). The technique avoids the problematic 

evaporation (drying) steps otherwise used by other 

ambient processes to reduce a deposited film to 

desired thinness or to form a monolayer. 

 

 

1 INTRODUCTION 

We sought to develop a novel non volatile memory 

device  “MxRAM” (Magnetic Random Access 

Memory) for defense and commercial applications 

using a ferro-magnetic solid state, non-volatile (NV) 

memory device in concert with a Hall Effect sense 

element.  Several Hall Effect materials have been 

evaluated including gold and carbon layers all 

requiring a vacuum sputter or chemical vapor 

deposition [1].  Single layer and multi layer Graphene  

have been theorized to have nearly perfect Hall Effect 

response to a magnetic field due to its superior 

electron mobility, leading to lower sense, or read, 

sample current and to a less intense remnant 

magnetic storage bit field.  But key to 

manufacturability of such devices in any scale is the 

ability to deposit Graphene layers cost effectively, 

ideally monolayers over a large substrate area, and 

ideally in a web processing paradigm in ambient 

conditions. This is the same as the TCO challenge in 

attempting to spread Graphene, CNTs, conductive 

metal nanowires or other nanoparticles as ultra-thin 

layers over a large area.  

 

Working with Advanced Photon Sciences, we 

developed an effective, commercially scalable 

method of depositing such ultra-thin, micro/nano-

coatings << 1 µm thick (e.g. <20 nm), or particles 

<<100 nm as a monolayer, at Roll-to-Roll rates >2 

meter/min in room ambient conditions with a high 

degree of control over uniformity and thickness.  We 

developed and made a bench top tool based on this 

method and applied it to the challenge of depositing 

Graphene nano-platelets to form an array of highly 

conductive Hall Effect sensor elements. 

 

2 METHODS 

The VersufleX VfX-100 coating system shown in 

Figure 1 employs a method similar in nature to a 

conventional Langmuir-Blodgett (L-B) coating 

process where materials of interest are treated 

chemically to form thin films by means of casting 

and flowing across a confined pool of liquid.   

 
Figure 1  VfX-100 Monolayer Coating System. 

 

In an L-B process however, the film is compacted 

using an external “mechanical” compaction force 

such as a moving damn where as the VfX-100 uses a 

continuous gentle compacting force by means of 

flowing a thin layer of fluid under the desired film 

towards the final substrate.   The process is depicted 

in Figure 2.  Material is introduced into the system 

and cast forward in a first in - first out order, and is 

constructed as the same rate of transfer to the final 

substrate. 
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Figure 2  VfX-100 Process Flow Outline 

 

The flow of the carrier fluid causes a controllable 

lateral pressure on the top layer which assembles 

what is floating into a tight configuration, shown in  

Figure 3, on the surface of the ramp, dictated by the 

physics of the particles and fluids involved. The 

assembled layer is then smoothly transferred onto a 

passing substrate over a capillary bridge formed 

along the lip of the lower pond.  

 

 

Figure 3  Continuous lateral compaction of the 

monolayer as it is formed and transferred. 

  

Before the system can be used to formulate uniform 

coatings, the material must be prepared and 

understood for the desired final production 

requirements.  For microelectronics, continuous 

conductive layers were the successful and defining 

metric. To achieve this result we determined a 

solvent system that is effective in producing a high 

concentration of graphene compatible with our 

continuous type coating process. We surmise the 

graphene consisted of multiple layers exfoliated from 

larger graphene pieces we had from XG Sciences, but 

were not able to precisely ascertain the morphology 

of the finished coatings.  

 

An important constraint of the coating process is that 

the solvent used should be miscible with water. A 

review of recent literature pointed to numerous 

solvents that were found to be effective in exfoliating 

single later graphene from graphite chunks, the most 

effective being N-Methyl-2-pyrolidone (NMP), N,N-

dimethyl formamide (DMF), dimethylsulfoxide 

(DMSO) and pyridine[2].  Each of these solvents is 

fully miscible with water at room temperature.   

 

 
 

 
Figure 4  Graphene exfoliation rates. 

 

The basic program for solvent exfoliation is to 

prepare graphite (or alternative graphene source) 

solutions with each solvent at predetermined 

concentrations. These solutions are then sonicated 

and centrifuged prior to use in the coating system. 

Solvent exfoliation results from a combination of 

sonic energy and solvation energy. Raw graphite, in 

simplest terms, is a large multi-layer stack of 

graphene sheets.  The sheets are attracted to each 

other through a mixing of each layer’s delocalized pi-

electrons [3].  

 

The energy of this attraction is much less than that of 

a typical covalent bond.  Under sonic irradiation, 

there is sufficient mechanical energy to create partial, 

short-term localized separations of graphene layers.  

These exposed layers then interact with the solvent, 

where a suitable solvent will interact favorably with 

the graphene pi-electron system and remain bonded 

to the sheet preferentially over recombination of 

adjacent graphene layer. Typical sonication and 

solvent interaction times to produce single and lower 

number layer graphene is 10 to 100 hour range. 

Concentrations up to 10 ppm graphene have been 

achieved that contain 12% single layer graphene.  

Multiple graphene layers in solution can be separated 

using centrifugation.  (Note: Solvent exfoliation has 

also successfully prepared single of layers of 

inorganic analogs of graphite/graphene, including 

layered materials such as MoS2, WS2 and MoSe2.) 

Web handling 
unit 

Cartridge   
Unit 
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Our sample material is defined as 25, 750, and 

graphite. One gram of the 25 material is estimated to 

cover 25 m
2
 ; one gram of the 750 material covers 

750 m
2
; and graphite is semiconductor research grade 

bulk graphite flakes which closely resemble graphite 

powder lubricant.  The mixtures 25 and 750 are pre-

exfoliated graphene, which are then combined into 

nano platelets with thicknesses of ~15nm.  The 

material is stored in a sealed container with a 

desiccant, however the strong attractive forces causes 

the material to agglomerate, thus the reason for re-

exfoliation before processing.  

 

3 EXPERIMENTS 

 

To effectively evaluate the above mentioned 

materials, we began by developing solutions 

containing saturated mixtures of 3 each type and then 

tested these materials for compatibility, efficiency, 

(quantity of film generating material vs. loss into the 

carrier fluid), and then measured for coating rates and 

performance.  The steps can be summarized as; 

 

a. Creation of saturated solutions of the sample 

materials.  

b. Process experimentation to determine 

system carrier flow rates, compaction force, 

and material dispense rates.  

c. Monolayer coating of Graphene flakes and 

platelets upon a wafer substrate. 

d. Validation of coating. 

e. Metal bonding to electrically contact 

Graphene. 

f. Summarize and report. 

 

The appearance of the three materials is quite 

different: 25 resembles black toner for a laser jet 

printer, 750 like mm sized fluffy charcoal, and the 

graphite is a small shiny flake.  Bulk stock of the 

material was mixed at 0.6g to 50ml of solution and 

then sonicated for 24 hours.  

 

The VfX-100 was configured to run small sample 

plates in order to evaluate the characteristics and 

quality of the coating process.   

 

We started with the NMP samples to initiate the 

process adjustment.  Each of the three materials was 

spun in the centrifuge to drive any colloidal 

suspended material to the bottom of the sample, we 

then pulled the “clearest” of the material into a 

syringe for precise 0.1ml/minute dispense rates.  

 

 
Figure 5 Coating system configured for Graphene 

work and close up of cartridge 

 

The samples were coated by means of conveying the 

tests substrates to the edge of the cartridge where a 

monolayer of compacted material is pressured 

towards the substrate.  A water bridge facilitates the 

transition to the substrate as the medium is scanned 

upwards past the compacted material.  Water is 

transferred as well, and evaporates through the 

coating layer and further aids in a vacuum like 

attachment of the material to the substrate.   

 

4 RESULTS 

 

The image below Figure 6 shows the first results of 

the coating experiment.   

 

 
Figure 6 Quartz wafer with first try coating 

 

As seen in the first coated wafer, there is a great deal 

of non-uniformity in the coating.  It should also be 

noted that even mono-layers of graphene can be 

observed by eye [4].  The irregular, non continuous 

coating is typical until the process parameters and 

conditions become tested and optimized.  Further, 

this process, as a continuous process, reaches steady 

state when run over time, and the material in feed and 

out feed are adjusted to match.  The test we ran 
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included short runs with different materials, so it was 

no surprise that we observed these rough looking 

samples.  The underlying success with this milestone 

is that the graphene material tested is absolutely 

compatible with this process and single and multi 

layer coatings were observed.  As trials continued, 

we were able to increase the amount of material 

presented to the substrate and obtained coatings 

approaching the desired metric of uniformly 

conductive continuous films.  The image below, 

Figure 7, shows a tightly compacted area of graphene 

platelets.  Underlying the graphene platelets in this 

image is our gold test structure.  This sample 

validated the capability of the system and produced 

continuity across the entire field.   

 

 
 

Figure 7  Tightly Compacted Graphene Platelets 

Over a Silicon Test Substrate 

 

 

5 CONCLUSIONS 

 

Alternate commercial processes such as Slot Die, 

Extrusion, Spin and Spray Coating cannot deposit 

particles and polymers in a tightly packed and 

ordered “true monolayer” creating a “Gap” in 

deposition process technology between vacuum and 

traditional high volume, ambient coating methods.  

The unique capabilities of the VersufleX system 

allow for highly efficient, conformal coatings at 

atmospheric and room temperature conditions on 

continuous roll to roll fashion R2R or upon rigid 

substrates.   

 

Our (patented) process is different: a fluid dynamical 

way of automatically forming Langmuir Blodgett 

films in which a material (or particulates) in colloidal 

suspension can be made to self-assemble into a 

densely packed layer on the surface of a carrier liquid 

by causing the liquid to flow, forming a moving bi-

layer: 

 

The technique can produce monolayers of particles 

down to 5 nm or up to 100 µm with <0.1% out-of-

plane, or ultra-thin polymer films < 20 nm with 

variation in uniformity <5% in a R2R process at 2 

m/min.  

 

The system has been proven to be compatible with 

many materials of interest such as graphene and 

nano-wires and promises to satisfy larger commercial 

style coating requirements. 
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