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Image Analysis 

Each image was analyzed using the cell counter tool in the ImageJ image-processing program. 
The number of cells in each of the five images of a sample was averaged for each sample, and 
then those three values were averaged to give the total average number of cells in each 
experimental group. The total percentage of both live and dead cells was then found for each 
experimental group.

III. Results and Discussion 

Experiment 1 

Samples were tested in 0.7812, 1.5625, 3.125, 6.25, 12.5, 18.75, and 25 mM Ca2+ in mDMEM. 
As seen in Figure 1 below, the samples at very low and very high concentrations of calcium were 
unable to maintain viability. This is to be expected as cells need a certain amount of calcium to 
live, but they also should not have too much. The samples that were exposed to the middle range 
of calcium concentrations maintained viability fairly well, increasing in viability in most cases. 

Figure 1: Viability of cells exposed to increasing concentrations of calcium 

Additional samples were tested in 0, 15.75, 31.25, 62.5, 93.75, and 125 µg/mL pAsp in 
mDMEM. As shown in Figue 2 below, the samples in pAsp maintained viability very well, with 
the exception of the 62.5 µg/mL sample. Since this concentration is the typical concentration 
used when attempting to produce intrafibrillar mineralization, we decided to perform a second 
experiment to ensure our findings were accurate. 
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Figure 2: Viability of cells exposed to increasing concentrations of pAsp 

Of particular interest in this experiment was the variance in cell morphology. In the samples 
that were exposed to the pAsp, we observed cell spreading. In some cases, particularly at higher 
pAsp concentrations, the spreading was extreme. While some cell spreading we observed in a 
portion of the calcium samples (Figure 3a), it was minimal in comparison to the pAsp samples 
(Figure 3b). 

(a)       (b) 

Figure 3: (a) Image of 6.25 mM calcium sample at Day 8 (b) Image of 62.5 µg/mL pAsp sample  
at Day 11 

 

Experiment 2 

In the second experiment performed, we expanded the parameters. Five gels were made with 
different working solutions: one with DMEM, one with DPBS, one with APBS0, one with
APBS2, and one with APBS4 (the three APBS solutions were modified PBS solutions created 
for this experiment). Each APBS gel was created with a standard 10.906 mM phosphate 
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concentration (assuming 10 mM for buffering and 0.906 mM found in DMEM) to match the 1.8 
mM calcium concentration (found in DMEM) that the mDMEM contains. The APBS2 and 
APBS4 gels had an additional phosphate concentration that was paired with a corresponding 
mDMEM calcium concentration that would give the 1 to 1.67 ratio of phosphate to calcium that 
is in hydroxyapatite (HA) found in bone. The APBS solution phosphate concentrations are given 
in Table 1.  

Table 1: Phosphate concentrations found in the modified PBS gels and the calcium  
concentrations of the mDMEM with which the gels were paired. 

Gel Type [PO4
3-] (mM) [Ca2+] (mM)

APBS0 10.906 1.8

APBS2 12.906 5.14

APBS4 14.906 8.48

The control groups were the DMEM, DPBS, and APBS0 gels all cultured in FCC DMEM media. 
The calcium groups were the APBS0, APBS2, and APBS4 gels cultured in mDMEM, some with 
additional mineralizing solution. The pAsp groups were the DPBS and APBS0 gels, cultured in 
FCC DMEM media and the mDMEM media respectively, exposed to both 62.5 and 125 µg/mL 
pAsp. In general, the control groups maintained viability well (Figure 4, underlined in blue). The 
APBS0 and APBS2 groups in particular had extremely good viability at Day 11. The pAsp 
groups demonstrated excellent viability (Figure 4, underlined in red), with the exception of the 
125 µg/mL pAsp in FCC DMEM media. However, at Day 11, this gel had an abnormal 
appearance, and it was difficult to see the cells. As a result, the accuracy of this count is 
somewhat questionable, and therefore could explain this discrepancy.  

Figure 4: Viability of cells from Experiment 2 
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As in Experiment 1, we noted that the cells exposed to pAsp underwent extreme cell 
spreading. While some of the other experimental groups exhibited cell spreading (Figure 5b), it 
was again the pAsp groups that demonstrated this spreading at an extraordinary level (Figure 5a).  

(a)       (b) 

Figure 5: (a) Image of ABS0/62.5 µg/mL pAsp in mDMEM sample at Day 11 (b) Image of  
PBS2/5.14 mM calcium in mDMEM sample at Day 11 

Experiment 3 

The third and final experiment was a truncated form of the second with fewer experimental 
groups over a shorter period of time. DMEM gel samples cultured I FCC DMEM media and 
APBS0 gel samples cultured in mDMEM media were exposed to 0, 62.5 and 125 µg/ML pAsp. 
As demonstrated in Figure 6 below, all three samples cultured in FCC DMEM media showed 
excellent cell viability on Day 5, increasing in each group. The three samples cultured in 
mDMEM media showed a substantial drop in cell viability from Day 1 to Day 5. However, 
because the control group exhibited the same drop that the pAsp samples did, we believe that the 
drop in viability was likely due to a bad batch of mDMEM as opposed to the pAsp.  

Figure 6: Viability of cells from Experiment 3 
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Scanning Transmission Electron Microscopy (STEM) is widely used to study materials down to 

the atomic scale. The microscope uses electrons in order to image the sample, in contrast to 

regular microscopes that image using light. Cryo-STEM keeps the temperature of the sample 

being imaged approximate to the temperature of liquid nitrogen. Under a normal STEM, aqueous 

samples, such as biological samples, would be evaporated due to the vacuum in the STEM. 

Using a cryo-STEM allows for biological samples to be frozen into a solid, and thus makes the 

imaging of these samples possible. In order to be able to image a sample under the microscope, 

the thickness of the sample must be less than a few hundred nanometers. Creating a sample that 

meets this restriction is made possible by various methods, one employing the use of a Cryo-

Ultramicrometer. Using the micrometer allows for ribbons to be cut from a larger sample, which 

are then attached to a normal STEM grid, and are ready to be loaded onto the cryo-STEM. Using 

a cryo-Ultramicrotome, a gold nanoparticle solution was created and imaged using a STEM.  

I. Introduction

In the recent decades, the world has 

become obsessed with the methods 

for the creation and storage of 

energy. The main point of interest 

lies in fuel cell technology, which is 

currently in its early years of 

implementation. Although fuel cells 

have been in use for decades, their 

maximum potential has yet to be 

discovered. Fuel cells come in a 

variety of forms, the most common 

being an alkaline fuel cell. A 

significant advantage of alkaline fuel 

cells (AFCs) over their acidic 

counterparts is greatly improved 

oxygen reduction kinetics as well as 

better fuel oxidation kinetics1. All 

fuel cells are composed of an anode, 

a cathode, and an electrolyte 

material. The electrolyte material 

serves as a catalyst for a reaction to 

take place between the fuel and 

oxygen, which will chemically react 

to form water, causing for electrons 

to be released. These electrons travel 

through the fuel cell and stored in 

batteries as energy. The energy can 

then be used to power equipment, 

such as vehicles. Currently, fuel cells 

are too inefficient and costly to be 

used commercially. There 

inefficiency is due to the electrolyte 

material, which can be either a liquid 

or polymer membrane, for it requires 

for fuel to be above certain purity, 

and is currently too fragile to last for 
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lengthy periods of time. An alkali 

fuel cell is able to use hydrogen as its 

fuel, but the hydrogen would have to 

have a purity of over 90%. The 

electrolyte material will only allow 

for high purity hydrogen to pass 

through it, anything else will be 

either kept out, or stuck inside the 

electrolyte, building up over time 

until the electrolyte is too clogged to 

function. Finding methods in which 

to increase the efficiency of a fuel 

cell is a hot topic at the moment, due 

to the high interest in the world for 

more efficient automobiles. A 

polymer electrolyte being a material, 

its properties can be studied through 

a normal scanning transmission 

electron microscope with ease, but 

the chemical reactions occurring 

inside of it would evaporate. Using a 

cryo-scanning transmission electron 

microscope, both the polymer and 

chemical reactions, can be imaged 

through the microscope, allowing 

researchers a better understanding of 

what occurs during the chemical 

reaction. In order to be able to image 

it in an STEM, the polymer must 

first be plunged frozen, allowing for 

the chemicals inside of it to be 

vitreous. A liquid being vitreous 

refers that it is frozen in a manner 

that leaves it with a glass like 

surface, and allows for electrons to 

pass through it with ease. After it has 

been plunge frozen, the sample can 

then be trimmed and cut into ribbons 

by a cryo-Ultramicrometer, which 

will keep the sample at low 

temperatures. These ribbons can then 

be mounted on to a STEM grid, and 

loaded into the cryo-STEM, allowing 

for the imaging of a polymer 

electrolyte and its chemical 

reactions. 

II. An Explanation for the Cryo-

Ultramicrotome 

The microtome used is the Leica EM 

FC7, capable of temperatures as low 

as 93 kelvin. A normal microtome 

remains at room temperature and is 

only capable of cutting normal 

polymers. A cryo-Ultramicrotome is 

able to keep constant low 

temperatures to allow for aqueous 

samples to be frozen and cut. These 

low temperatures are made possible 

by a liquid nitrogen dewar that is 

attached to the machine, which 

continuously pumps liquid nitrogen 

into the cutting chamber. The cutting 

chamber in the microtome is reached 

by an opening located on the top of 

the machine, and contains the sample 

holder and knifes that are used in the 

trimming and cutting process. A

microtome may sound complex, but 

the idea behind it is quite simple. In 

short, the sample holder will oscillate 

up and down while continuously 

advancing forward. The knife placed 

below the sample will then cut pieces 

from the sample, and stack the pieces 

over each other, creating a ribbon. 

While the process seems simple, the 

real difficulty lies in the preparation 

of the sample, and determining the 
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cutting speed used. Operators of the 

microtome are not only able to 

control the temperature of the 

machine, but as well as the speed of 

the cutting and how much is cut 

away from the sample after each 

oscillation. These three factors make 

the cutting of the sample possible, as 

well as complex. Some samples may 

melt if the temperature is not low 

enough, crack if the speed is too 

slow or too fast, and shatter if the 

feed is too large. Because of this, a 

microtomist may spend several days 

perfecting the method in which to cut 

each new sample, since all samples 

will have different properties.   

III. Preparing a sample 

The choosing of the sample is also 

critical; a sample that crystallizes 

when frozen is almost guaranteed to 

crack during the trimming process. A 

vitreous sample, or one that is see 

through when frozen, is the most 

ideal.  

Achieving a vitreous sample can be 

done through several methods, but 

the simplest method would arguably 

be plunge freezing. Plunge freezing 

involves the plunging of an aqueous 

sample into a cryo-liquid, such as 

liquid nitrogen. The quick plunging 

of the sample should cause for an 

immediate freezing of the sample, 

avoiding the formation of the 

crystals which form when the sample 

is frozen slowly.  Our own plunge 

freezing was done by using a 100nm 

thick TEM grid, placing a 

175microliter drop of sample on to 

it, and plunge freezing into slushed 

nitrogen. Slushed nitrogen forms 

when liquid nitrogen is placed into a 

vacuum, lowering the temperature of 

the nitrogen to below its boiling 

point, causing it to form into a snow 

like substance. Taking the slushed 

nitrogen from the vacuum will 

dissolve the snow, but the liquid 

nitrogen that remains will not begin 

to boil until after a few minutes, it is 

then that you plunge the sample. 

Transporting the plunged sample to 

the microtome will require the use of 

liquid nitrogen, since the sample 

cannot be exposed to room 

temperature at any moment.  

Once a sample is achieved from the 

plunging, the sample must then be 

loaded onto the microtome. This is 

done through an aluminum pin, 

which has a flat head and fits into a 

small hole in the oscillating part of 

the machine. The flat head is where 

the sample must be set on with the 

use of cryoglue. Cryoglue can be 

created using a mixture of 2:3 

Ethanol-Isopropanol2.This specific 

cryoglue is aqueous down to a 

temperature of 134 kelvin and does 

not turn solid until 114 kelvin. 

Precooling the pin with cryoglue on 

top of it is critical, if the pin were to 

be room temperature when the 

sample is placed on top of it, it 

would melt the sample. The pin 

should be placed inside the cutting 
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chamber, along with a large drop of 

cryoglue, and precooled to a 

temperature of 134 kelvin. This 

temperature will allow for the 

cryoglue to remain aqueous, making 

it possible for the sample to be 

placed over the pin. The TEM grid 

with vitreous sample will need to be 

embedded in the cryoglue, causing 

for the sample to be buried in 

cryoglue. Once this has been 

achieved, the temperature can be 

lowered to 114 kelvin, solidifying 

the cryoglue around the sample.  

As the temperature in the chamber 

nears 114 kelvin, a pair of lab 

forceps should be precooled close to 

the temperature of the cutting 

chamber. The forceps will be used to 

move the aluminum pin from the 

precooling position, and into the 

oscillating sample holder. Once the 

sample has been placed securely 

inside the sample holder, and 

tightened into place, it is ready to 

undergo trimming.  

IV. Trimming of the Sample 

Before begging the trimming 

process, the knives required must be 

placed. For trimming, a glass knife is 

used, which can be created using a 

Leica Glass Knife Maker and a glass 

slab. Using the knife maker will 

produce two knives, but for some 

samples, four knives may be 

required. A glass knife is set onto a 

knife holder and precooled, since a 

warm knife will melt the sample. 

Once has reached the correct 

temperature, the knife holder must be 

moved to a position close to the 

sample, placing it at a point where 

the sample is only a few hundreds of 

nanometers away from the knife. 

Being able to align the sample and 

knife correctly may take some 

practice, new operators should 

expect to ram the knife into the 

sample a few times. But once the 

sample is in position, the process 

turns into an automatic procedure, 

since the operator will use the 

microtome controls to trim the 

sample.  

The goal of trimming is to cut the 

sample, creative a small nub in the 

sample. The nub is a cube with a 

height of 100 nanometers, along with 

width and length of the same figure. 

Due to the sample being buried in 

the cryoglue, the operator must cut 

into the cryoglue, pausing only once 

the sample is uncovered. By burying 

the sample in cryoglue, the sample is 

less susceptible to cracking and 

shattering. Once the sample has been 

uncovered, the knife may need to be 

replaced, since the cryoglue that has 

been trimmed off may have stuck to 

the edge of the knife. If this is the 

case, the operator must replace the 

knife, wait for the knife to cool 

down, and realign the knife. With the 

sample exposed, the knife must then 

be moved, so only the edge of the 

knife is able to trim the sample. 

Trimming cautiously, a portion of 

the sample should be trimmed by 
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100 nanometers, leaving a section 

without trimming. The first cut being 

completed, the knife should be 

withdrawn, the sample rotated by 

90º, and the steps from the first cut 

repeated. Reaching the third 

trimming cut, the knife should be 

positioned as to allow for 100nm of 

the sample to remain. The fourth 

trimming cut should do the same as 

the third, with the exception of the 

feed being lowered. New operators 

are likely to commit mistakes in the 

fourth cut, resulting in the shattering 

of the already cut sample. If this 

occurs, the trimming would have to 

be redone. Completing the fourth cut 

will leave the operator with a cube 

sized piece of sample protruding 

from the overall sample. This cube is 

optimized for the creation of ribbons, 

and will allow you to begin the 

cutting process. 

V. Cutting the sample

The cutting process requires the use 

of a diamond knife, or a very well 

created glass knife. This process is

straightforward, since the operator 

will align the middle of the knife to 

the sample, and cut at a feed of 

100nm. As the sample is being 

oscillated, small sections of sample 

will be cut from the sample, and 

accumulate into a ribbon on the 

surface of the knife. The operator 

must be careful with his selection of 

speed, since breaking the small piece 

of sample at this stage will require a 

repeat of the trimming. After a long 

enough ribbon has been created, all 

that is left to do is to place it onto a 

100nm thick copper TEM grid. The 

moving of the ribbon to the grid can 

be achieved through different 

methods, such as using an eyelash to 

move the ribbon, or placing a TEM 

at the surface of the knife and 

allowing the ribbon to be made 

already on the grid.  

Once the ribbon is mounted on the 

grid, all that is left to do is attach it 

to the grid. This is necessary due to 

the method of transportation from 

the microtome to the cryo-STEM, 

which will require for the TEM grid 

to be submerged in liquid nitrogen. If 

the ribbon is not attached well, the 

submersion into liquid nitrogen may 

remove the ribbon from on top of the 

grid, and the entire process would 

have to be redone. 

(1) 

VI. Cryo-STEM 

Achieving the attachment of the 

ribbon onto the grid allows for the 
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safe transportation of the new sample 

to the cryo-STEM. Reaching the 

microscope, the operator will need to 

employ the use of a special STEM 

sample holder, which allows for the 

constant cooling of the sample while 

it is inside the microscope. Loading 

the sample onto the microscope, the 

operator has only to search for an 

optimal piece of ribbon. Figure 1

shows several 10nm gold 

nanoparticles, seen as white dots, 

embedded in an optimal ribbon, 

demonstrating that the microtome 

was capable of producing samples 

suitable for imaging in a STEM. 

VII. Conclusion 

In our own search for the ribbon, 

problems arose with the amount of 

ice that had accumulated over the 

TEM grid, which covered some of 

the ribbon, making it impossible to 

image. But a piece was found and 

imaged, leading to the conclusion 

that the cryo-Ultramicrotome was 

ideal for the imaging of vitreous 

fluids. In the end, the complete 

microtome process required eight 

hours to be completed, but after 

further practice, the process can be 

achieved in a matter of minutes. The 

lengthy process is due to the 

exchanging of several glass knives, 

as well as the amount of time the 

operator waited for the tools to be 

precooled. Overall, the microtome 

requires great patience to use, since 

they may need to create several 

samples for imaging.  

With this new method of creating 

fuel cell samples for STEM imaging, 

it is possible to broaden the study of 

fuel cell chemical reactions, and find 

methods in which to optimize fuel 

cell catalysts. 
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Germanium nanoparticles have high potential to be used in lithium ion batteries because 

germanium has a higher capacity than the graphite used in today’s batteries. Germanium 

nanoparticles can be easily applied to the anodes of batteries with Electrophorectic Deposition 

(EPD). The EPD process requires only one device and it is easy to scale up making it good for 

mass production. EPD depends heavily on the solvent and the structure of the nanoparticles used. 

Changing either of these properties can affect the nanoparticle deposition. Not much research has 

been done using EPD to apply germanium nanoparticles and we investigate how using different 

solvent solutions like hexane and chloroform/acetonitrile affect deposition. We also observe how 

nanoparticles can vary between batches. Finally, we show that nanoparticle’s shapes and solvents 

affect the amount of nanoparticles deposited on copper plates.

I. Introduction

Lithium ion batteries are becoming more 

ubiquitous as they are utilized in laptops, 

cell phones and other electronic devices. 

Commercial lithium ion batteries have 

graphite anodes which has a theoretical 

capacity of 372 mAh/g. Compared to 

graphite, germanium has a higher theoretical 

capacity of about 1600 mAh/g.[1,2] The 

current drawbacks for germanium as an 

anode material are its high cost and poor 

cyclability. Repeated cycling causes lattice 

strain due to the volume change associated 

with lithium going in and out of the lattice.[2]

When the germanium lattice breaks, layers 

becomes cracked and loses connectivity. 

This process is known as pulverization.[2]

EPD is a method which applies 

germanium easily to a surface using electric 

fields.[3] The process for EPD is simple since

it requires only electrodes, organic solvent, 

and a power source.  This simplicity makes 

the process cost effective and easy to scale 

up.[3] Deposition can also be controlled by

changing the voltage, concentration and time 

that the substrate is exposed to an electric 

field.[3]

Another benefit of EPD is that 

nanoparticles can be applied to the surfaces 

without any binders or conductive additives,

which makes the process simpler and uses 

less material.[3]  EPD has been previously 

used in our lab to improve battery 

performance and we expect similar success 

for the EPD process for germanium.[4] By 

excluding the binder additive we can explore 

pulverization without confounding variables. 

The solvent that EPD takes place in is 

important to consider because the solvent 

can transfer charges to the nanoparticles 

which affects their electronic mobility and 

the homogeneity of nanoparticle solution.

Not much research has been done to find out 

how to apply consistent layers of germanium 
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nanoparticles or how germanium behaves in 

different solvents for EPD. 

The solvents that were tested are 1) 

hexane and 2) 8:1 ratio of 

chloroform:acetonitrile. Hexane is a non-

polar solvent which should allow 

germanium to express inherent positive 

charge. In contrast chloroform/ acetonitrile 

are polar solvents and their polarity would 

affect whether germanium is deposited on 

the cathode or anode.  

II. Experimental 

a. Preparation of nanoparticles 

Nanoparticles were prepared by the heat 

up method presented by Vaughn et al.[5]   

Oleylamine and oleic acid were 

degassed with nitrogen. In the nitrogen 

glove box, 0.060g of GeI4 was added to a

50mL 3-neck flask. In the fume hood 10mL 

of oleylamine and 0.75 mL of oleic acid 

were added to the flask and the solution was 

sonicated to dissolution. 1mL of HMDS was 

then added to the solution. The 3-neck flask 

was set up with a condenser, thermometer 

and a rubber septum. The flask was heated 

to 278oC at a rate of 2oC/ min while stirring.

The solution was kept at 278oC until a dark 

brown/ red was observed. The solution was

then aged for 20 minutes and later cooled to 

room temperature. The resulting 

nanoparticle solution was washed in ethanol 

and hexane twice.   

b. Preparation of EPD 

Each of the bare copper plates is rinsed 

in acetone and then hexane. Then, the plates 

are weighed 20 times and averaged. 

The set up for EPD is shown in Figure 1.  

Figure 1: EPD set up. Two electrodes connected to a 

power source submerged in a germanium 

nanoparticle solution. 

The two stainless steel electrodes are 

attached to a voltage source. Copper 

collector plates are attached to the substrate 

with a small square of a tape. The two 

electrodes are separated by 2 cm with the 

copper plates facing each other. The 

electrodes are then submerged in the 

solution. 

The EPD solution is germanium 

nanoparticles in a solvent of either 9mL of 

hexane or 8mL chloroform/ 1mL acetonitrile 

solution. Before being added to the solvent, 

the germanium nanoparticles are dissolved 

in hexane to a concentration of 5mg/mL and 

either 0.1mL or 0.2 mL of the germanium 

solution was added to the EPD solution. 

A DC voltage of 600 volts was applied 

to the electrodes for 12 minutes. After 12 

minutes, the substrates were removed from 

the solution and the voltage source was

turned off to avoid the solvent accidentally 

damaging the EPD coating. The backside of 

the copper plate was cleaned with a cotton 

swab dipped in hexane and dried with a 

kimtech wipe to remove any tape residue 

from the EPD process.  
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Table 1: Average deposition in chloroform 

and acetonitrile with 0.5 mg of Ge

Cathode Anode

3.35a -.120mg .0796mg

3.35b - .0149mg

3.35b +wash - .0315mg

 

Table 2: Average deposition in hexane on the cathode

0.5mg Ge 1.0mg Ge

3.34a - .0770mg

3.35a .0116mg .0178mg

3.35b .0848mg .450mg

3.35b + wash .0095mg -

 

III. Results 

a. Comparison of hexane and 

acetonitrile/chloroform  

In hexane, the nanoparticles go to the 

cathode. Thus, the amounts deposited on the 

anode would be nearly zero and are not 

reported in Tables 1 or 2.

When the solvent was chloroform/ 

acetonitrile solution, the nanoparticles 

favored the anode. For chloroform/

acetonitrile solution, when a plate was 

placed on the cathode, there would always 

be a reduction in the plates mass instead of 

increase. This happens because of a redox 

reaction between the copper and the water in 

the solution where copper gets oxidized and 

water becomes reduced.  

Cu(s) → Cu
2+ + 2e-

2H2O + 2e-
→ 2OH

- +H2(g) 

Despite the solution being chloroform/ 

acetonitrile, there are normally small traces 

of water in the solution. This redox reaction 

does not happen in hexane, because hexane 

does not have any free electrons to conduct 

the charge required to sustain the redox 

reaction.  

c. Comparison of concentrations 

Theoretically, deposition follows Hamaker’s 

equation [5]

Where C is the nanoparticle concentration, 

dV/dn is the electric field, dt is the 

deposition time, ds is the surface area, and s 

is a constant.[5] Deposition is a balance 

between these variables, but concentration C 

is one of the most important values, because 

below a critical concentration, there will be 

no linear EPD deposition no matter how 

much voltage or deposition time change.[5]

For both hexane and chloroform/ 

acetonitrile, even though the concentration is 

doubled, the deposition does not double like 

in Hamaker’s equation. This may be caused 

by the nanoparticles not being completely 

monodispersed. Nanoparticles of different 

sizes could deposit at different rates,

because the larger the particle the stronger 

the surface charge has to be to EPD which 

may have caused the deviation from 

Hamaker’s equation.
[3]  However, we do not 

have enough data to confirm this because of 
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Figure 2: TEM images of nanoparticles: a) 3.34a, b) 3.35a c) 3.35b and d) 3.35b+ wash

 

the limited supply of nanoparticles in each 

batch. 

Another possibility is that the 

germanium concentration was not above the 

critical concentration, and doubling the 

concentration would not scale the deposition 

linearly. 

d. Comparison of Nanoparticles 

An essential factor for EPD is the 

nanoparticles themselves. For EPD to get a 

good deposition, particles have to be on the 

range of micrometers or smaller so they can 

be evenly dispersed in the solution instead at 

the bottom of a solution. Having 

monodisperse nanoparticles is also 

necessary for even deposition, because 

larger particles will settle out causing a 

gradient in deposition. Larger particles could 

also introduce the problem of crack 

formation on the deposited film.   

The average deposition amounts varied 

depending on which germanium 

nanoparticle solution was used, as shown in 

Tables 1 and 2.  This does suggest that the 

deposition depends on the nanoparticle 

structure.  

Figure 2 shows the TEM images of the 

nanoparticles. 3.34a has grains that range 

greatly in size and are not monodispersed. 

3.35a does not show individual 

nanoparticles. 3.36a has nanoparticles that 

are close to the same size. 3.36b+wash 

shows nanoparticles, but they appear to be 

melded together. 

Our initial hypothesis is that the better 

our nanoparticles appeared, the better they 

would deposit because smaller nanoparticles 

could pack more easily together and are less 

likely to form cracks. This is case for EPD 

in hexane, where 3.35b got the highest 

deposition while 3.35a got the lowest 

deposition in Table 2. However, for 

chloroform/ acetonitrile solution, the results 

were reversed and 3.35a got the highest 

deposition while 3.35b got the lowest 

deposition. 

Though there is no reason explaining 

26



why solvent affects deposition of differently 

shaped nanoparticles but one possible 

explanation may be in the ligands on the 

nanoparticle. The interactions between the 

solvent and the ligands on the nanoparticle 

do affect the nanoparticle’s solubility which 

affects deposition. 

When the germanium nanoparticle 

solution is in hexane, the more ligands that 

are adsorbed to the surface, the more soluble 

the germanium nanoparticles would be in 

hexane. In contrast, when the solvent is 

chloroform/acetonitrile, the germanium 

becomes more soluble with less ligands.

This trend can be seen in comparing 3.35b 

with 3.35b+ wash. 3.35b+ wash has an extra 

rinse in ethanol to remove ligands. In hexane 

3.35b had a higher deposition of .848 mg as 

compared to 3.35b+wash’s deposition of 

.0095mg. For chloroform/acetonitrile, 

3.35b+wash had a higher deposition of 

.0315mg while 3.35b has a deposition of 

.0149mg. These results indicate that 

nanoparticles deposit better in hexane when 

there are more ligands on the particle. The 

results also show that nanoparticles with less 

ligands deposit better in chloroform/ 

acetonitrile. 

IV. Conclusion 

The use of polar vs non polar solvents 

does affect deposition though it is unclear 

why. Hexane causes deposition on the 

cathode while chloroform/acetonitrile causes 

deposition on the anode.  

The structure of nanoparticles and the 

ligands impacts EPD deposition. As seen in 

Tables 2, hexane prefers to deposit 

nanoparticles the have more ligands 

adsorbed on the surface. Table 1 shows that 

chloroform/ acetonitrile prefers to deposit 

nanoparticles with less ligands. 

More data is needed to confirm these 

initial results. The problem with these 

experiments is that germanium nanoparticle 

production varies in quality and quantity. 

This leads to some nanoparticle batches 

getting more tests and more accurate data 

than other batches.  

We now know that chloroform/ 

acetonitrile have potential to do an unwanted 

redox reaction with copper. Since hexane 

does not allow redox reactions, our EPD 

trials in the future will be with hexane.  

We also observed that better deposition 

happens in hexane when nanoparticles have 

more ligands. This inspired future projects 

about putting different types of ligands on 

nanoparticles to create better depositions.   

In working with hexane we could save 

time by not working with bad nanoparticles 

like 3.35a, because Table 2 already reveals 

that bad nanoparticles do not deposit well.  

More work needs to be done to get the 

nanoparticles look as similar as possible. We 

also need to do more work on getting even, 

reproducible EPD depositions. Once we are 

learn how to make uniform depositions, we 

can tune the process to investigate what 

amount of germanium makes the best anode 

for a lithium ion battery.  
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Abstract 

Mechanophore covalently linked poly(dimethyl)siloxane (PDMS) was 
synthesized through vinyl-terminated spiropyran (SP) and mechanical tests were 
performed under uniaxial extension and compression. Incorporation of the force-
sensitive mechanophore, SP allows us to observe how it activates in response to 
PDMS networks. A silica filled commercialized Sylgard 184 was used as a base 
material and DCM or xylene was added as plasticizers for specimens containing 
spiropyran. Uniaxial extension samples shows a vivid color change and gradual 
increase in in-situ fluorescence intensity, demonstrating the conversion from 
spiropyran to merocyanineunder extension. In the case of uniaxial compression 
fluorescence intensity also increases initally, but became saturated at around 60% 
strain. To understand silica filler effect on force transmission, unfilled PDMS was 
synthesized with SP through a hydrosilylation reaction. The spiropyran was force-
activated as in filled-PDMS, but the sample failed at 40% strain before significant 
fluorescence was observed.  

I. Introduction 

As the need for stronger and smarter materials has increased the area of research called 
mechanochemistry has gained significant attention. Mechanochemistry can be defined as the 
study of force induced chemical reactions.1  These chemical reactions may be utilized in areas of 
catalysis, supramolecular synthesis, regioselective and solvent free synthesis, and as a molecular 
level probe.1,2  At the forefront of mechanochemical research is the mechanophore, a molecule 
that reacts to external stimuli such as mechanical force.  Mechanophores can be incorporated into 
a bulk polymer as a stress detector,3 thus increasing the reliability of engineering materials.  
Many force reactive mechanophores have been shown to exhibit useful optical properties when 
local force is induced.3 In particular, one mechanophore stands out as being reliable at detecting 
mechanical deformations in polymeric materials.   

Spiropyran has been the subject of many studies when incorporated as a crosslink within 
polymeric materials.4,5  As reported in previous studies, when subjected to mechanical force 
spiropyran undergoes 6Π-electrocylcic ring opening to produce the colorful molecule 
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merocyanine6 (Scheme 1). The product merocyanine is produced through mechanical activation, 
UV radiation and heat.  The reversible reaction occurs with exposure to white light over time.  At 
the core of spiropyran is a spiro bond consisting of a C-N bond and C-O bond.  Through the 
software simulations Steered Molecular Dynamics (SMD), Density functional theory (DFT), and 
Constrained Optimization (COGEF) the rupture of the C-O induces a ring arrangement to 
produce merocyanine.4 Besides color change, merocyanine has reported to be fluorescent with a 
excitation range of 550-590nm and an emission centered at 610nm.5

Scheme 1: Due to an external force or UV radiation, Spiropyran rearranges into the colorful 
Merocyanine.  This process is reversible with exposure to visible light.

Polydimethylsiloxane (PDMS) is an organic polymer which exhibits great mechanical 
strength, stretchability, and transparency for an elastomer.  PDMS is widely used in microfluid 
devices7, cosmetics, soft lithography8, and even silly putty.  PDMS can be easily modified 
through additives that act as a plasticizer, making it more flexible and ductile.  The 
commercialized PDMS Sylgard 184 contains silica filler to enhance its mechanical properties.  
While making the polymer very practical, the chemical structure becomes complicated and 
uncertain due to the presence of the filler. 

Various modified PDMS networks were tested with and without the mechanophore 
spiropyran.  Sylgard 184 was used as a base material to which the solvents dichloromethane 
(DCM) and xylene were added as plasticizers while incorporating spiropyran  into the material.  
Like Sylgard 184, a unfilled PDMS was synthesized through a hydrosilylation catalyzed 
crosslinking reaction11 with and without spiropyran.  The objective of this research was to 
observe how spiropyran activates in modified PDMS networks.  

II. Methods 

Three different types of PDMS networks were tested with spiropyran.  The first network was 
the commercially available Sylgard 184.  Sylgard 184 is the basic PDMS polymer but with 
industrial additives to increase its ultimate strength, making it overall more glassy.  It comes with 
two parts, a base agent containing the PDMS backbone and a curing agent which contains the 
PDMS crosslink and hydrosilylation catalyst.  According to Dow Corning, the recommended 
ratio between base and curing agent is a 10:1 weight ratio.  The spiropyran used in this project 
was a bis(methyl methacrylate) functionalized spiropyran. 

A. Materials 
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Sylgard 184 base and cure kit was purchased from Dow Corning.  Vinyl terminated 
poly(dimethyl)siloxane with an average molecular weight of 25,000 and viscosity of 850-1150 
cSt, poly(methylhydro)siloxane of an average molecular weight of 1700-3200, and xylenes of 
ACS reagent, ≥98.5% xylenes + etylbenzene basis was purchased from Sigma Aldrich.  

Methylene chloride (DCM) HPLC grade was purchased from Fisher Scientific. 

B. Spiropyran-DCM-Sylgard 184 

0.05 wt % (2.4mg) spiropyran was dissolved in 5 wt % (0.316g) dichloromethane (DCM).
This solution produced a rich and vibrant magenta color from the open ring form merocyanine.  
Once the mixture was homogenous, 10 parts (4.37g) of Base was mixed with 1 part (0.437g) 
Cure.  The total mixture was stirred at room temperature for 30 minutes.  During stirring the 
solution turned from light purple to pale yellow.  The homogenous solution was then dessicated 
under vacuum for 1.5 hours.  This step is to ensure the evaporation and separation of DCM from 
the PDMS-Spiropyran mixture.  The resulting viscous pale yellow liquid was then poured into a 
3-D printed dogbone molds and placed in a 65˚C oven for 4-5 hours.  The specimens were then 
transferred to an 80˚C oven for 8-12 hours until fully cured. Cylindrical samples were obtained 
using the same synthesis by pouring the uncured product into test tubes.  

C. Spiropyran-Xylene-Sylgard 184 

Because Sylgard 184 polymer is a substantially strong rubber, a xylene additive was mixed 
into the Sylgard-Spiropyran mixture.  Following the methods from a group at Duke University,9

0.4 wt % (14.7mg) of spiropyran was dissolved in 10 wt % (0.365g) xylenes and vortex mixed 
until the spiropyran was fully dissolved.  This yielded a greenish-blue solution, which was then 
mixed with 10 parts (3.32g) Base and vortexed.  1 part (0332g) of Curing agent was added to the 
pinkish mixture and vortexed again until complete homogeneity.  The mixture was then 
dessicated under vacuum for approximately 30 minutes to remove any bubbles, placed in molds 
and transferred to a 65˚C vacuum oven for 16-18 hours until fully cured. Cylindrical samples 
were obtained then same way as the Spiropyran-Sylgard 184 specimens.   

D. Spiropyran-PDMS 

The third PDMS network tested was mixture of α,ω-divinyl-polydimethylsiloxane and 
polymethylhydrosiloxane (PMHS).  This reaction was carried out through hydrosilylation by the 
catalyst chloroplatinic acid, H2PtCl6.  The Pt(IV) complex has been documented to be effective 
at activating Si-H bonds across alkenes.10  With a calculated PHR of 200:1, we decided to use a 
5% PHR, making it a 10:1 ratio.  A 0.05 wt % (1.9mg) of Spiropyran was dissolved in 5 wt% 
(0.19g) of DCM.  10 parts (3.66g) of divinyl functionalized PDMS, 1 part (0.366g) of PMHS, 
and 30μL of an 8 wt% of H2PtCl6 solution was added and mixed for 6-8 hours at room 
temperature.  The pale yellow mixture was then dessicated to remove excess DCM for 1.5 hours; 
poured into McLube 1711L coated molds, and placed in a 65˚C oven.  After 4-5 hours the molds 
were then transferred to an 80˚C oven for 8-12 hours until cured fully.   

E. Mechanical Testing and Optical Measurements 

Uniaxial tensile and compressive loading was performed with a Zwick/Roell Z010 at a strain 
rate of 5×10-3s-1.  A  532nm laser with an intensity of 8mW was directed towards specimens 
undergoing mechanical testing.  If merocyanine was present the laser caused fluorescence, which 
was collected through a 570nm filter coupled with a Qimaging EXi Blue CCD camera. Intensity 
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was then measured through the program ImageJ by tracing the center of mass with respect to 
time to obtain an area of interest’s mean intensity. Normalized Intensity was found by 
measuring the maximm intensity of a UV activated specimen and comparing the mechanically 
activated intensities through the equation: 

III. Results and Discussion 

The mechanophore spiropyran was incorporated as a crosslinking agent to induce selective 
covalent bond scission in three PDMS networks.  Spiropyran allows for the detection of the 
detection was damage through rupturing a C-O bond, undergoing a 6Π-electrocylcic ring, 
reducing the HOMO-LUMO gap producing a longer emission wavelength into the visible 
spectrum.  Dogbone shaped specimens were made for the three PDMS networks and Sylgard 184 
and PDMS without spiropyran as controls.  Figure 1a demonstrates the Stress vs. Strain curve of 
the three Sylgard 184 specimens.  The control showed to be the most brittle of the three.  The 
PDMS (DCM) and PDMS (Xylene) specimens proved to be more rubbery which is supported by 
Void Theory and Free Volume Theory.  By implementing the solvents DCM and xylene, we 
increased the free space between polymer stands in PDMS.   

 

Figure 1 a) Stress vs. Strain curves for the three Sylgard 184 samples.  By adding Spiropyran, 
DCM, and xylene the mechanical properties became more viscoelastic. b) Normalized Intensity 

vs. Strain curve of the three Slygard 184 network 

Because of the increased mobility between PDMS strands caused by DCM and xylene it is 
now possible to analyzed the activation of Spiropyran as a function of mobility.  Figure 1b

denotes that normalized intensity vs. engineering strain plot.  As strain increases in both the 
PDMS (DCM) and PDMS (Xylene) specimens the normalized intensity of fluorescence 
increases while the Control remains relatively 0.  Also observed in Figure 1b is the initial 

0 

1 

2 

3 

4 

5 

6 

0 50 100 150 

E
n

g
in

e
e

ri
n

g
 S

tr
e

ss
 [

M
P

a
] 

Engineering Strain [%] 

PDMS (Xylene) PDMS (DCM) Sylgard 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0 25 50 75 100 125 150 

N
o

rm
a

li
ze

d
 I

n
te

n
si

ty
 

Engineering Strain [%] 

PDMS (Xylene) PDMS (DCM) Sylgard 

39



0 

0.05 

0.1 

0.15 

0.2 

0.25 

0 2 4 6 8 10 12 

N
o

rm
a

li
ze

d
 I

n
te

n
si

ty
 

True Stress [MPa] 
PDMS (Xylene) PDMS (DCM) Control 

decrease in normalized intensity.  It is believed that this was due to thinning of the specimen, 
reducing the concentration of merocyanine while at the same time the local forces within the 
polymer not being great enough to activate more merocyanine.  Comparing PDMS (DCM) to 
PDMS (Xylene) shows that the PDMS (DCM) yields a higher normalized intensity.  When 
coupled with the adjacent Figure 1a it’s worth noting that PDMS (Xylene) experiences less 

stress and more strain compared to PDMS (DCM).  Therefore; it’s plausible to deduce that 

activating Spiropyran in a PDMS network is a stress/force driven reaction. This is also 
demonstrated by graphing the normalized  intensity as a function of true stress.     

Figure 2 True stress vs. 
normalized intensity.  As true 
stress increases the 
normalized intensity 
increases leading to the 
assumption that intensity is a 
function of stress. 

During mechanical loading the conversion from spiropyran and merocyanine is a colored 
reaction.  Spiropyran is a yellowish orange color and merocyanine is a deep magenta.  Figure 3 

shows all specimens types testing and how they changed color initially, mechachanically 
activated, and UV activated spiropyran.  The first row contains the Sylgard samples without 
spiropyran, where no color change is seen.  The last row contains the PDMS with spiropyran 
specimens.  No color change is seen.  There are several ideas as to why the color does not 
change.  The PDMS specimen contains a naturally dark color that could inhibit fluorescence or 
the specimen may not be able to experience the necessary stress and strain needed to activate 
spiropyran. 
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Figure 3 The color change seen from specimens initially, after mechanical loading, and after 
UV radiation.   

The same experiment was conducted with unaxial compressive loading where specimens 
were cylindrical shaped with a diameter to height ratio of 1:1.  Figure 4 shows the stress vs. 
strain curve and normalized intensity vs. strain curve.  The plasticizing effects that the solvents 
DCM and xylene are again evident in the stress strain curve, Figure 4a.  Both the PDMS (DCM) 
and PDMS (Xylene) specimens experienced greater strains at a lower stress compared to 
Sylgard. Similarly as stress and strain increases the normalized intensity increases, Figure 4b.
However, at a strain of approximately 60% the PDMS (Xylene) specimens decrease in intensity.  
This implies that any merocyanine present would be converted into spiropyran leaving it 
colorless.  Contrarily, the specimens were deep blue indicating an increase in the presence of 
merocyanine.  The decrease in intensity is a reoccurring phenomenon seen in compression 
samples.  This artifact could be due to the experimental setup or natural surface properties.  It 
requires further investigation. 
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Figure 4 Uniaxial compression data a) The stress vs. strain curve of the three Sylgard 184 
specimens. b) Normalized Intensity vs. strain curve of the three Sylgard 184 specimens. 

When normalized intensity is graphed as a function of true stress in Figure 5 a similar curve 
is produced.  The PDMS (Xylene) specimens experienced a dramatic decrease in intensity as 
stress increased.  The saturation effect is seen in the PDMS (DCM) curve at about 20 MPa.  It’s 

unusual that these curves formed when compared to the unaxial extension specimens Figure 2.  
The curves are understandable and predicted in uniaxial extension, but for uniaxial compression 
unique graphs emerge creating ambiguity.  Further testing is needed.                                                                         

Figure 5 Uniaxial 
compression. Normalized 
intensity as a function of 
true stress for the three 
Sylgard 184 specimens. 
Unusual phenomena occur 
when compared to the 
curves for uniaxial 
extension. 

  

As mentioned earlier, Sylgard 184 is a commercially available PDMS which contains many 
silica fillers to enhance its mechanical properties.  The addition of filler adds ambiguity when 
one wishes to analyze or model how macroscopic force is transmitted to local force where 
spiropyran is especially useful.  To overcome this, an unfilled PDMS was used with spiropyran 
as a molecular level probe.  Figure 6a demonstrates the reproducibility of a stress/strain curve 
between the unfilled PDMS with and without spiropyran.  The decrease in mechanical properties 
is evident when compared to the Sylgard curve in Figure 1a.  Sylgard 184’s measured stress 

reached 5 MPa and a maximum strain of approximately 100% where the unfilled PDMS had a 
significantly less stress and strain of 0.25 MPa and 43% respectively.  Figure 6b shows the 
change in normalized intensity as strain is increased.  The intensity of the PDMS-SP specimen 
did increase in intensity, however the curve is inconsistent and is not a significant increase when 
compared to the PDMS curve.   
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Figure 6 Unfilled PDMS specimens under uniaxial extension a) Stress vs.strain curve b) 

Normalized intensity vs. strain curve 

The lack of increase in fluorescence of the unfilled PDMS samples with spiropyran could be 
due to a number of reasons. Because of the dark colored chloroplatinic acid catalyst used for 
hydrosilylation, the PDMS is characteristic of a naturally dark yellow/brown color.  As a result, 
the natural color of the PDMS could prevent the escape of light from the fluorescent 
merocyanine.  When exposed to UV light, the PDMS-SP samples increased in fluorescence 
slightly by approximately 50.  This implies that the chemical identity of spiropyran has changed 
possibly due to the catalyst used.  The absence of fluorescence increase as stress and stress 
increase leads to the assumption that the polymer may not be mechanically strong enough to 
enable activation of spiropyran.    

IV. Conclusion 

The mechanophore spiropyran was successfully crosslinked into various PDMS networks 
and molded into uniaxial extension dogbone shaped specimens and cylindrical uniaxial 
compression specimens. A silica filled commercially available Sylgard 184 was used as a base 
polymer to which DCM and Xylene was added as plasticizers to specimens containing 
spiropyran.  This enabled observation of how spiropyran is activated with differing PDMS 
networks.  Uniaxial extension specimens PDMS (Xylene) and PDMS (DCM) increased in 
merocyanine fluorescence as stress and strain increased while the Sylgard 184 specimen without 
spiropyran flat lined at a relative 0 normalized intensity.  Uniaxial compression specimens 
exhibited unusual behavior in the PDMS (Xylene) samples where normalized intensity peaks at 
60% strain then decreased to 0, this artifact may be due experimental setup or surface properties.  
Unfilled PDMS specimens with and without spiropyran was tested with uniaxial extension.  The 
mechanical strength was significantly less compared to the silica filled Sylgard 184.  As strain 
increased, normalized intensity increased in the PDMS-SP sample, but was too inconsistent and 
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not a significant increase when compared to the PDMS sample.  As a whole, color change by 
mechanically activating spiropyran to merocyanine was observed in PDMS (Xylene) and PDMS 
(DCM)  uniaxial extension and compression specimens. 

V. Future Work 

To further the investigation of the mechanophore spiropyran in PDMS networks, there are 
many areas to investigate and improve.  The role that transition glass temperature has on the 
activation of spiropyran has yet to be investigating in depth.  By adding the plasticizers such as 
DCM and xylene to the Sylgard 184, the viscoelasticity increased enabling the material to 
experience more strain at a lower stress.  By monitoring the change in Tg and the activation of 
spiropyran a study can be conducted in determing how much stress and strain is necessary to 
activate spiropyran in foreign polymers.   

The decrease in intensity seen in the PDMS (Xylene) and saturation of intensity of the PDMS 
(DCM) specimen in Figure 5 is puzzling and interesting.  By investigating the causes of these 
phenomena one may be able to construct a more realistic and expected increase in fluorescence 
intensity as stress and strain increase.  As mentioned before, this property may be due to the 
experimental setup or surface property.   

Unfilled PDMS containing spiropyran may yield many processing results as to understanding 
the exact mechanochemical pathway in spiropyran’s activation.  Modeling this phenomenon 

would become extremely less complicated compared to the unpredictable structure of Sylgard 
184.  However, results here are subpar.  To improve the probability of obtaining better results a 
stronger more transparent material is needed.  This can be accomplished by using shorter less 
heavy chains of vinyl terminated PDMS and PMHS.  This would reduce the free space between 
the polymer strands increasing the mechanical properties.  The use of an ideal hydrosilylation 
catalyst is also recommended, ideal meaning a catalyst that is not in solution and can be removed 
from the bulk polymer.  If the catalyst cannot be removed, the catalyst must not affect the optical 
characteristics of the polymer (e.i. transparency).   
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 In 2006 T. Alan et al.
1 noted that silicon nanobeams exhibited a decrease in strength upon 

the oxidation of their (111) planar surface. An understanding of this phenomenon is necessary to 
current research on nanoscale systems such as MEMS devices and three dimensional integrated 
circuits. The rate of oxide growth on this planar surface is an important piece of information 
needed to better understand this decrease in strength. Here, silicon samples were allowed to 
oxidize in a variety of environments. Using angle resolved X-ray  photoelectron spectroscopy 
and the quantitative analysis software QUASES-ARXPS the samples were measured at regular 
intervals during the oxidation process to determine a rate of oxide growth. Samples oxidized as 
expected. For the two of the oxidation environments and for early data points in the third, 
unrealistically thin native oxide thicknesses are computed by QUASES-ARXPS. This arises 
from a lack of complete oxide surface coverage.  

I. Introduction 

 An understanding of the mechanical 
properties of silicon has become vital to the 
development of next generation MEMS 
devices and integrated circuits. These 
devices have adopted complex and delicate 
architectures that rely heavily on a complete 
understanding of the mechanical strengths of 
silicon. T. Alan et al.

1 reported that silicon 
nanobeams exhibited a decrease in strength 
upon the formation of a native oxide on the 
(111) planar surface of the beams. Insight 
into the mechanism of this phenomenon is 
critical to research involving the use of 
nanoscale silicon structures, as well as the 
development and functionality of the 
devices spoken to above.  
 A quantitative description of the changes 
in coverage and thickness of the oxide layer 
over time is a needed piece of information 
for the development of a mechanism. A 
method of using X-ray photoelectron 
spectroscopy (XPS) to measure thick, 
artificially grown silicon dioxide layers on 
crystalline silicon is described by Z. H. Lu et 

al.
2. Their method uses the intensity ratio of 

the Si 2p peak (ISi) and the SiO2 peak (Ioxy)
to determine the thickness of the oxide layer 
(doxy) by the equation 

doxy=λoxy sin α ln[Ioxy/(βISi) + 1] 

where α is the photoelectron takeoff angle, 
λoxy is the silicon dioxide photoelectron 
effective attenuation length and β is defined 
as Ioxy,∞/ISi,∞, which is the ratio of the 
intensity of an infinitely thick oxide layer to 
an infinitely thick silicon layer.   
 An improvement on the above method 
can be made through the use of angle 
resolved X-ray photoelectron spectroscopy 
(ARXPS) in conjunction with the 
quantitative analysis software QUASES-
ARXPS3. This allows the acquisition of 
structural information such as the thickness 
and percent coverage from extremely thin 
native oxide layers.  

II. ARXPS Procedure and 

Parameters

 XPS spectra were taken with a binding 
energy range from 92eV to 112eV as the 
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peaks of interest, the Si 2p peak and the 
SiO2 peak, have characteristic binding 
energies of 99.3eV and 103.3eV, 
respectively4. The incident beam had an 
energy of 50V and was 55° from normal 
with respect to the sample. This angle did 
not change during ARXPS analysis. The 
beam was 1mm in diameter and the spot 
formed a 1mm x 2mm ellipse on the surface 
of the sample. Spectra were taken using the 
above conditions at 0°, 10°, 20°, 30°, 40°, 
50°, and 60° from normal relative to the 
electron detector. The resulting Si 2p and 
SiO2 peaks for each angle and sample were 
integrated to determine their intensities 
relative to one another.  
 Upon the acquisition of the relative 
intensities, the information was input into 
the quantitative analysis software QUASES-
ARXPS which fits a model to the input data. 
The oxidative coverage of the samples was 
assumed to be 100%. The electron mean free 
paths corresponding to the various layers of 
the structure were needed for the QUASES-
ARXPS software to function. The mean free 
paths used were obtained from S. Tanuma et 

al.
5 and are as follows: 

Table I: 

λ(SiO₂) in SiO₂ 7.74Å 

λ(SiO₂) in Si 5.53Å 

λ(Si) in SiO₂ 7.69Å 

λ(Si) in Si 5.27Å 

 The coverage and concentration of each 
layer were held at 100% in the software. The 
thickness was varied to produce the curve 
that best fit the data. The resulting model 
would be representative of the measured 
sample.  

III. Experimental Methods

 Samples were 1cm x 1cm chips cut from 
the same (111) silicon wafer. The samples 
were subjected to the standard RCA clean6: 

Table II: 

10 min at 70°C in 
5 parts DI H₂O 

1 part NH₄OH 

1 part H₂O₂ 

10 min at 70°C in 
5 parts DI H₂O 

1 part HCl 

1 part H₂O₂ 

 The HF dip was excluded from the 
standard RCA clean. Following the two 
steps above, the samples were placed in a 
6:1 H₂O : Buffered Oxide Etch (BOE) 
solution for 30 seconds to strip the surface 
of any silicon dioxide. BOE was used over 
HF as BOE produces a smoother surface7.
 After cleaning, the samples were left to 
naturally oxidize in one of the following 
three environments: 

Table III:

Environment % Relative Humidity 

Atmospheric 60* 

Dry 25 

Wet 100 

*Samples were subjected to normal atmospheric 
humidity fluctuations in an indoor laboratory space.

 Two silicon chips were oxidized in each 
environment. ARXPS analysis of one chip 
from each environment was done after 1, 2, 
and 3 days of exposure. ARXPS analysis 
was performed on the remaining three chips 
after 1, 5, 11, 19, and 33 days of exposure.  
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IV. Experimental Results and 

Discussion

A plot of the oxide thickness as a 
function of time can be seen in Figure I. 
This is the result of an analysis assuming a 
coverage of 100%. As the samples become 
more oxidized, the rate at which the 
oxidation process occurs decreases. 
Unrealistically thin oxide layers were 
measured for the atmospheric and dry 
samples, as well as for the early data points 
of the wet sample. This can be attributed to a 
lack of complete oxide layer coverage on the 
silicon surface. The leveling of the wet 
samples curve over time is indicative of 
oxidative coverage approaching 100%. This 
is in agreement with U. Neuwald et. al.

8

who reported full oxidative coverage in 
approximately 33 days.  

V. Conclusions

 In summary, the rate of native silicon 
dioxide growth on (111) planar silicon was 
measured using an improved technique that 
consisted of angle resolved X-ray 
photoelectron spectroscopy and the software 
QUASES-ARXPS. The exact method is 
outlined in detail for future reference.   

Samples were determined to be oxidizing at 
a rate in agreement with previous research8.
Reported unrealistic thicknesses were likely 
due to the lack of complete oxidative 
coverage at the time of measurement. Once 
a full layer of oxide is achieved, oxide 
thickness will continue to slowly increase 
until an equilibrium thickness is achieved. 
Future work will consist of determining the 
effective thickness of a monolayer of silicon 
dioxide and using this to determine the 
coverage at the data points that output 
unrealistic thicknesses.   
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ABSTRACT:  Titanium dioxide nanorods have been used as a semiconductor electrode for the photooxidation of water 
and sulfite. Upon addition of sodium sulfite, an easily oxidizable scavenger molecule, anomalous current-voltage 
behavior was observed. An extreme enhancement of the current at positive potentials was observed, while the oppo-

site trend occurred at negative potentials. One possible reason for such behavior is due to trace transition metal 

impurities on the surface of the nanorods that act as catalyst sites, which were incorporated into the material during 

the high-temperature molten-flux salt synthesis procedure.  

Introduction

The world’s population is expected to 

reach 8.5 billion people by the year 2030.1  With 

this daunting increase in population the demand 

for energy will increase to 27 TW by the year 

2030.2 Currently 2.4 million pounds of CO2 is re-

leased into the atmosphere every second,3 as the 

energy demand increases the amount of CO2 pol-

lution will be catastrophic. 

One desirable approach to avoid such dis-

astrous effects of increasing atmospheric CO2 on 

the environment is to use clean energy resources 

such as wind, geothermal or solar. Of these possi-

ble renewable energy sources, solar energy has 

the potential to meet the ~27 TW global energy 

demand. In fact, there is enough solar energy 

striking the Earth’s surface in one hour to account 

for the amount of energy consumed globally in 

one year4! Harnessing this energy would allow for 

a theoretical yield of 60 TW2.  

Currently the only commercially available 

solar energy conversion technique is photovolta-

ics, a process involving solar energy conversion to 

electricity. Although this approach is promising, 

there is no way to account for the diurnal nature 

of the sun; no electricity is generated at night. 

Thus, an attractive strategy would convert solar 

energy to a chemical fuel that could be used on-

demand. 

To achieve this goal, many researchers are 

pursuing photoelectrochemical solar energy con-

version to hydrogen. Fujishima and Honda were 

the first to demonstrate this approach by studying 

photo-assisted water splitting on TiO2 elec-

trodes.5,6 In this strategy, photons from the sun 

are used to split water molecules on the surface 

of a semiconductor to produce hydrogen and ox-

ygen. The hydrogen can be stored and used when 

appropriate in fuel cells, expelling the only bio 

product, water. Although tremendous research 

has been focused on this goal, several challenges 

still remain. In order to realize wide-scale com-

mercialization of solar water splitting cells, a low-

cost, earth-abundant, highly efficient and chemi-

cally stable semiconducting material must be dis-

covered. 

Since Fujishima and Honda’s discovery, 

many advancements have been made towards 

harnessing chemical energy from splitting water. 

Current research has focused on the surface ki-

netics between the electrode and electrolyte. 

Chow et al. recently reported on the photooxida-

tion of water on bare and catalyst-modified bis-

muth vanadate (BiVO4). 7 On the bare BiVO4 sur-

face, water oxidation proceeded slowly compared 

to the oxidation of sulfite. However, when an oxy-

gen evolution catalyst was coated on the surface 

of BiVO4, the photocurrent greatly increased and 
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almost reached the photocurrent observed for 

sulfite oxidation. They concluded that in the pres-

ence of surface catalysts, the photocurrent re-

sponse dramatically increased due to an increase 

in surface kinetics.  

Following the strategy of Chow et al, 

herein we studied sulfite oxidation and water oxi-

dation by TiO2 nanorods.   

 

Experimental  

Nanorod Synthesis. All chemicals were 

purchased from Sigma-Aldrich. The synthesis of 

TiO2 nanorods has been previously described in 

detail.8 In a typical synthesis, a mixture of 25 nm 

rutile and anatase nanoparticles (Degussa P25), 

NaCl, and Na2HPO4 in a 1:1:4 by weight ratio. Af-

ter annealing the samples at 850 C for 30 hours, 

each was washed with boiling hydrochloric acid 

three times to remove any remaining salt crystals. 

Electrode preparation. A 4:1 by volume 

ethanol:water solution was then spin casted at 

750 rpm onto an In-doped Tin Oxide (ITO) trans-

parent conducting electrode. The electrode was 

annealed at 450C for 30 min prior to use. 

Photoelectrochemical measurements. All 

measurements were performed in 13 mL of N2-

purged 1 M KCl, pH 8.3 100mM sodium borate 

electrolyte solution. The photoelectrochemical 

measurements were recorded using a CH-

Instruments potentistat and a one compartment 

photoelectrochemical cell. TiO2 nanorod-coated 

ITO, Pt wire and a Ag/AgCl electrode served as the 

working, counter and reference electrodes, re-

spectively. Chopped illumination (100 mHz) from 

a 365 nm UV light source (8mW) was used for 

each measurement unless stated otherwise.  

Various measurements were recorded us-

ing a SRS model 810 lockin amplifier to enhance 

the photocurrent signal. The analog output from 

a CV 27 potentiostat served as the current input 

to the lockin amplifier. All currents were recorded 

using a scan rate of -1 mV/s scanning from 200mV 

to -800mV. Current measurements were reported 

using settings R, 90 degrees out-of-phase Y, and 

modulating sin wave for initial, negative, and 

steady state current in the corresponding order.  

 

Results  

When the TiO2 nanorod covered ITO elec-

trode is subjected to UV light pulses there is an 

initial excitation of an electron from the valence 

band into the conduction band, sending a hole to 

the interface between the electrolyte solution 

and the semiconductor surface. A series of reac-

tions take place at the interface to oxidize water 

at the surface to oxygen (eqns 1-7 below). The 

electrons are collected at the ITO electrode and 

continue through the external circuit creating a 

(photo)current. The electrons finally reach the 

platinum cathode where they reduce water/pro-

tons to hydrogen. Figure 1 demonstrates typical 

photocurrent-time responses for TiO2 nanorods 

as a function of applied bias.  

If photooxidation of water proceeds effi-

ciently on the electrode surface, then the photo-

current is expected to be stable with time (black 

trace, +300 mV). However, at more negative po-

tentials, the photocurrent decays with time. The 

decay of the photocurrent is best understood by 

considering the irreversible elementary steps 

written in eqns 1-7 below. It has been suggested 

and experimental shown that at certain applied 

potentials, one or more of the elementary steps 

does not proceed efficiently and therefore, the 

photocurrent decreases with time. In other 

Figure 1. Photocurrent transient effects demonstrated at various 

Potentials. 
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words, one step acts as a ‘kinetic bottleneck’ that 

limits performance.  

 

 

 

 

 

 

 

 

 

These steps result in the interesting dy-

namics of the photocurrent with modifications in 

the potential as seen in the transient transfor-

mations in Figure 1. Equation (1) demonstrates 

the initial onset of photocurrent when the photo-

electrochemical cell is subjected to UV photons.  

The current immediately begins to 

decay with time as surface intermediates 

are formed in equation (2-5) and begin to 

recombine with electrons found on the sur-

face until reaching a steady state current as 

seen in equation (6). Lastly, when the light 

is turned off, all remaining electrons which 

were not collected by the electrode flow 

back to the interface of the solution, switch-

ing the flow of the current, and resulting in 

a negative spiking current, and recombine 

with any unreacted oxygen or intermediates 

left over which is demonstrated in equation 

(7).9 

These dynamic photocurrent re-

sponses were reconstructed at each poten-

tial to form the current vs voltage plot in Figure 2. 

It is obvious to see the sharp decrease of steady 

state current at approximately -600 mV vs 

Ag/AgCl is commensurate with the maximum of 

the initial and negative current. This qualitatively 

illustrates that there is only excitation and recom-

bination events occurring at potentials more neg-

ative than -550 mV, and overall water oxidation 

does not occur.  

There has been a lot of research done to 

improve the current response by adding a catalyst 

to the surface of the electrode in order to increase 

the rate of water oxidation. Another approach is 

to add an easily oxidizable molecule, which can 

react with holes on the surface and increase the 

flow of electrons to be collected at the electrode. 

This approach is advantageous because without 

modifying the electrode, it is possible to charac-

terize the energy conversion efficiency (albeit to 

an undesired chemical reaction, e.g. sulfite oxida-

tion). 

Previous work by Hamann and co-workers 

demonstrated an increase in steady state current 

by the photooxidation of iron (II) ferrocyanide, a 

common fast one-electron redox couple used in 

electrochemistry. They showed that increasing 

amounts of scavenger lead to a corresponding in-

crease in the steady state photocurrent.10

Figure 2. Reconstructed Current vs Voltage curve for the photooxidation of water 

on TiO2 nanorods. 
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Following this approach, sodium 

sulfite, another common scavenger mol-

ecule, was added to the electrolyte solu-

tion in increasing amounts in an attempt 

to increase the photocurrent response. 

Figure 3 shows the photocurrent re-

sponse as a function of increasing sulfite 

concentration in the electrolyte solution 

at positive and negative bias. Figure 4 

shows a plot of the initial and steady 

state current values as a function of 

added sulfite. At positive bias, the initial 

and steady state photocurrents increase 

with sulfite concentration. However, at 

negative bias, the opposite trend was ob-

served. Furthermore, the full current vs voltage  

 

 

Figure 3. A representative pulse from the photooxidation of water on TiO2 nanorods in the presence of increasing Sodium Sulfite concentra-

tion at 8mW for 100mHz cycles at A.) 200mV and B.) -300mV. 

A. 

A. B. 

B. 

Figure 4. The current response plotted at a function of Sodium Sulfite Concentration for Initial and Steady State Current at A.)200mV and B.) -

300mV. 

Figure 5. Current vs Voltage curve comparing bare TiO2 nanorod oxidation of water to 

1M Sodium Sulfite oxidation. 
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curve in Figure 5 demonstrates the true differ-

ence in bare TiO2 vs the addition of 1M scavenger 

molecule. There is an extreme rise in photocur-

rent at positive potentials, while negative poten-

tials result in little to no photocurrent, and the 

humping region at -600 mV seems to be unaf-

fected.   

 

 

 

Discussion    

These photocurrent results shown in Fig-

ure 6 were previously observed by Rajeshwar and 

co-workers11 on nickel doped TiO2 films. They 

found that in the presence of Ni there is a sharp, 

significant increase in the photocurrent only in 

the positive voltage regime, while the addition of 

sulfite on bare TiO2 increased the photocurrent 

only in the negative voltage region. These results 

imply that there are metallic impurities in the TiO2 

nanorods in this study.  

The synthetic approach previously discov-

ered by Yang and co-workers was also used to pre-

pare nanorods with 2% doping densities of many 

transition metals.5 We believe that the impurities 

from the starting materials, NaCl and sodium 

phosphate, may also introduce trace impurities 

into our bare TiO2 nanorods. The incorporation of 

these transition metal impurities could account 

for the observed behavior described herein. 

 

Conclusion    

Water oxidation can be performed by the 

illumination of TiO2 nanorods with UV light. How-

ever, the reaction requires 4 holes and is often ki-

netically difficult, leading to reduced photocur-

rents. We observed that in the presence of so-

dium sulfite, the photocurrent increased in the 

positive potential regime, but does not improve 

the photocurrent at negative potentials. This 

clearly demonstrates that surface kinetics limits 

the photocurrent efficiency at positive potentials. 

In addition, the results suggest that transition 

metal impurities may be present on the surface of 

the nanorods. 
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Figure 6. Photocurrent-potential profiles under chopped irradi-

ation for A. a neat TiO2 thin film in 0.1 M NaNO3 B. and in 0.1 

M Na2SO3 + 0.1 M NaNO3. Photocurrent-potential profiles un-

der chopped irradiation for C. Ni(0.01)-TiO2 composite film in 

0.1 M NaNO3 D. and in 0.1 M Na2SO3+0.1 M NaNO3.  
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Two-dimensional nanosheets potentially have the capability to be superior in charge 
transportation while exhibiting quantum confinement.  More specifically, lead sulfide 
(PbS) nanosheets are promising materials for solar cell and infrared light-emission 
applications.  We report here the synthesis of PbS nanosheets via a colloidal synthesis 
using lead oleate and bis(trimethylsilyl) sulfide (TMS) as precursors.  The nanosheets 
are formed via oriented attachment of PbS nanoparticles. We have revealed that the 
PbS nanosheets are single crystals, and the thickness of the nanosheets can be tuned 
by the reaction temperature.  With condition optimization, it is plausible that PbS 
nanosheets can be synthesized with controllable thickness and tunable optical proper-
ties, making them attractive for use in solar cell and other applications 

Colloidal nanomaterials have been gain-
ing much attention due to the low cost of their 
production and the simplicity of their pro-
cessing.1,2 Semiconductor nanomaterials ap-
pear promising for integration into electronic
and optoelectronic applications due to their 
size-tunable band gap.3 Semiconductor nano-
particles are usually stabilized using bulky 
hydrocarbons, which inhibit charge transpor-
tation in thin-films made of nanoparticles.4

Recently, much effort has been invested in 
replacing the large, passivating hydrocarbons 
with shorter organic molecules, halides, and 
inorganic molecules to improve charge 
transport in thin films.5-7 Another method for 
producing thin films with good mobile charge 
carrying abilities is using two-dimensional 
nanosheets.  Although nanosheets only expe-
rience quantum confinement in one dimen-
sion, their mobile charge carrying ability is 
far superior to that of nanoparticles.4

Cadmium chalcogenide nanosheets 
with controlled thickness and tunable optical 
properties have been well studied.8,9 Efforts 
have been made to synthesize lead chalco-
genide nanosheets.4,10 Specifically, a colloi-
dal synthesis method has been developed for 
lead sulfide (PbS) nanosheets, but the result-

ant nanosheets lack uniform thickness and 
well-defined optical properties.4,10   

The work described in this paper is fo-
cused on understanding the mechanism of 
PbS nanosheet formation with a goal of de-
veloping a method for synthesizing PbS 
nanosheets with controllable thickness and 
tunable optical properties. Such nanosheets 
are ideal materials for high-tech applications 
such as solar cells and light emitters. 

Weller et al. reported the first synthesis 
of colloidal PbS nanosheets (Science, 2010,

550). The same synthetic recipe has been used 
in a number of follow up works (Klinke et al. 

APL, 2012, 073102; Siebbeles et al. Nature Com-

munications 2014, ASAP). This method uses 
thioacetamide (TAA) as a sulfur source and 
lead oleate (Pb(OA)2) as a lead precursor, 
which is produced by the reaction: 

The acetic acid and H2O produced via (1) are 
removed by vacuum, but there is likely resid-
ual H2O and acetic acid in the reaction solu-
tion. The thickness of the nanosheets is tuna-
ble by using different chlorinated-solvents at 
different reaction temperatures. 

Pb(acetate)2 ·3H2O +  2HOA (oleic acid)                  

Pb(OA)2 +  acetic acid  +3H2O                                       (1)         
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We found that the reproducibility of 
this method, however, is not good in our tests. 
The same synthetic recipe of different batches 
can produce different products of nanosheets 
or nanoplates.  The uncontrollable amount of 
residual acetic acid in the reaction solution 
after vacuuming has a significant effect on the 
reactions.  A reaction with 20 minutes of vac-
uuming produces nanosheet products, while a 
very low yield of nanoplates is obtained from 
a reaction with 60 minutes of vacuuming 
(Figure 1).  Extending the vacuuming time 
also decreases the reactivity of the precursors, 
which is apparent from the color change of 
the reaction solutions. 

A synthesis was then performed with 
lead oxide as the lead salt instead of lead ace-
tate, in which acetic acid was excluded.  Lead 
oleate, the lead precursor for nanosheet for-
mation, was produced via: 

Only a very low yield of nanoplates (Figure 
2A) is harvested in this reaction. Adding a 
small amount of acetic acid (Pb:acetic acid = 
12:1) leads to a faster reaction (based on the 

color change of reaction solutions) that pro-
duces nanosheets (Figure 2B). Further studies
on the effects of acetic acid and temperature 
reveal that the high reactivity of the synthetic 
reactions promotes the formation of 
nanosheets (Figure 2A-D).   If the reactivity is 
high enough, then nanosheets are formed as 
seen in Figure 2B and 2D; when there is low 

reactivity, nanoplates are formed as seen in 
Figure 2A and 2C. 

As an alternative to increasing the re-
activity of the precursors, we used a new sul-
fur source TMS, which is more reactive to-
ward lead salt for the formation of PbS than 
thioacetamide (TAA). Using TMS as a sulfur 
source and PbO as a lead source, PbS 
nanosheets are produced without adding ace-
tic acid at a variety of temperatures (Figure 
3). High Resolution TEM studies (inset of 
Figure 3C) reveal that the surface of 
nanosheet is (100) facet.  Adding acetic acid 
to a PbS nanosheet synthesis that has TMS as 
the sulfur source did not appear to have any 
beneficial effect.   

The chemical yield of nanosheets 
products increased with decreasing reaction 
temperature, with a maximum yield of ap-
proximately 40% in a 70°C synthesis. This 
observation is consistent with the formation 
mechanism of PbS nanosheets reported in lit-
erature. According to Weller’s studies, PbS 

nanosheets are formed through a 2-step path-
way. The first step of the reactions produces 
small PbS nanoparticles, which then attach to 
each other via (110) facets to form 
nanosheets.10  In lower temperature reactions,
the original nanoparticles will have a smaller 
size, making them less stable and more likely 
to have a (110) facet ((110) facets are unsta-

ble and only exist in small size PbS nanopar-

ticles).  These small nanoparticles can attach 
to each other much more easily than the larger 
nanoparticles that are produced in higher re-

PbO +  HOA (oleic acid)               Pb(OA)2 +  H2O     (2)                                                                

 

A B 

Figure 1: TEM images of products of literature synthesis with 20 minutes (A) and 60 minutes (B) 
of vacuuming.  
 57



action temperatures. 
We also expect that the thickness of 

the nanosheets will increase with increasing 
synthetic temperature.  The emission spectra, 
shown in Figure 4A, which display a red shift 
with increasing temperature, are consistent 
with increased thickness of nanosheets.  More 
characterization must be done before we can 
confirm that PbS nanosheet thickness increas-
es with temperature. The absorbance spectra 
of our nanosheet products, shown in Figure 
4B, do not show a clear excitonic peak, which 
we expect due to the quantum confinement of 
the nanosheets.  This may be due to a lack of 
uniform thickness in the nanosheets or due to 
scattering effects. Further studies will be car-
ried out to verify this.  

The thickness of the nanosheets syn-
thesized from a typical synthesis with PbO 
and TMS at 105 °C was measured using 

Atomic Force Microcopy (AFM) to be 4 nm, 
and the surface appears to be relatively uni-
form (Figure 5).  The true thickness of the 
nanosheets should be less than 4 nm due to 
the presence of passivating oleic acid ligands 
on the surface.  Additional AFM studies con-
ducted on nanosheets synthesized using a typ-
ical synthesis at 90 °C and 70 °C will enable 

Figure 2: TEM images of products of temperature and acetic acid concentration variations to the 
synthesis with PbO and TAA.
 

Figure 3: TEM images of products of synthesis with PbO and TMS as (A) 105 °C, (B) 90 °C, (C) 
70 °C.
 

Figure 4: (A) Photoluminescence spectra of PbS 
nanosheets synthesized from PbS nanosheet 
synthesis with PbO and TMS at 90°C and
105°C.  (B) Absorbance spectrum of PbS 
nanosheets from a typical synthesis with PbO 
and TMS at 105°C. 
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us to determine if the thickness of nanosheet 
is tunable by synthetic temperauture, which 
we predicted from the emission spectra (Fig-
ure 4).  

Electron diffraction (ED) studies re-
veal that the PbS nanosheets synthesized us-
ing TMS at 70 °C is single-crystalline. As 
shown in Figure 6A, the ED image of a single 
nanosheet exhibits a clear cubic diffraction 
pattern.  Many nanosheets in low temperature 
syntheses (70 °C and 90 °C, see Figure 3) are 
within aggregated stacks. It is interesting that 
nanosheets within a single stack appear to 
align well based on their electron diffraction 
pattern (Figure 6B).

Conclusions: 
In conclusion, we have elucidated that a small 
amount of residual acetic acid plays an im-

portant role in a previously reported PbS 
nanosheet synthesis recipe,10 and the high re-
activity of the synthetic reactions promotes
the formation of nanosheets. A new method 
has been developed to synthesize PbS 
nanosheets by using a more reactive sulfur 
precursor TMS. The PbS nanosheets synthe-
sized using TMS were found to be single 
crystalline and have a relatively uniform 
thickness.  These studies will contribute to the 
improvement of PbS nanosheets synthesis, 
allowing for PbS nanosheets to be integrated 
into solar cells and light-emitting applica-
tions. 

Experimental: 
General Procedures 

All of the manipulations were carried 
out in a N2 atmosphere by employing standard 
Schlenk line and glove box techniques. 
The conventional transmission electron mi-
croscopy (TEM) images were recorded on an 
FEI Tecnai T12 transmission electron micro-
scope operating at 120 kV. Samples for TEM 
analysis were prepared by putting a drop of 
solution containing nanocrystals on the sur-
face of a copper grid coated with an amor-
phous carbon film. Atomic force microscopy 
(AFM) measurement was conducted on a 
Veeco Dimension 3100 Ambient AFM STM. 
UV-vis absorption data were collected on a 
Shimadzu UV-3101PC spectrometer. The 
photoluminescence spectra of PbS nanocrys-
tals were taken by a home built setup, with an 
Acton spectrometer (SP2300), a Femtowatt 
IR detector and a lock in amplifier (SR830). 
Nanocrystals were excited by a 632nm diode 
laser (CW,20mW/cm2).  

I. Literature synthesis of PbS nanosheets us-
ing lead acetate and thioacetamide 

In a typical synthesis, 860 mg lead ac-
etate trihydrate (Pb(C2H3O2)2·3H2O was 
mixed with 10 mL diphenyl either and 3.5 mL 
oleic acid.  The mixture was heated to 110°C.  
Once all of the Pb(C2H3O2)2·3H2O was dis-

Figure 5: AFM analysis of a single nanosheet syn-
thesized using a typical PbO and TMS synthesis 
at 105°C.

 

 

A 

B 

synthesized 

Figure 6: (A) Corresponding TEM image and 
electron diffraction of a single nanosheet syn-
thesized following a typical procedure with PbO 
and TMS at 70°C.  (B) A TEM image of the sec-
tion of a stack of PbS nanosheet and the corre-
sponding electron diffraction pattern.  
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solved, the mixture was vacuumed for 20 
minutes to remove water and acetic acid.  1 
mL of 1,1,2-tricholoethane was added to the 
solution at 110°C.  The mixture was then 
heated to 130°C and 12 mg of TAA in a 930 
µL of tri-n-octylphosphine (TOP)  and 70 µL 
of dimethylformamide (DMF) was injected.  
After 5 minutes, the reaction solution was 
cooled down slowly to room temperature, and 
the products were separated by centrifuge.  
The nanocrystal products were washed with 
toluene until the supernatant was colorless.  
The final products were redispered in either 
toluene or tetrachloroethylene (TCE). 

II. Synthesis using PbO as lead source and 
TAA as sulfur source 

In a typical synthesis, 506 mg lead ox-
ide (PbO) was mixed with 10 mL diphenyl 
ether and 3.5 mL oleic acid.  This mixture 
was heated under nitrogen at 110°C.  When 
all of PbO was dissolved, the mixture was 
vacuumed for 20 minutes to remove water.  1 
mL of 1,1,2-tricholoethane was added to the 
reaction at 110°C.  The mixture was then 
heated to 130°C and 12 mg of TAA in a 930 
µL of tri-n-octylphosphine (TOP) and 70 µL 
of dimethylformamide (DMF) was injected.  
After 5 minutes, the reaction solution was 
cooled down slowly to room temperature, and 
the products were separated by centrifuge.  
The nanocrystal products were washed with 
toluene until the supernatant was colorless.  
The final products were redispered in either 
toluene or tetrachloroethylene (TCE). 

.
III. Synthesis using PbO as lead source and 
TMS as sulfur source 
 In a typical synthesis, 506 mg PbO 
was dissolved in 10 mL diphenyl ether and 
3.5 mL oleic acid at 110°C under nitrogen.  
The mixture was then vacuumed for 20 
minutes to remove H2O.  The temperature 
was reduced to 105°C and 1 mL of 1,1,2-
tricholoethane was added to the reaction solu-
tion.  34 µL of TMS in 930 µL of tri-n-

octylphosphine  (TOP)  and 70 µL of dime-
thylformamide (DMF) was then injected.  Af-
ter 5 minutes, the reaction was cooled down 
slowly to room temperature.  The product was 
centrifuged, and the nanocrystal products 
were washed with toluene until the superna-
tant was colorless.  The final products were 
dispersed in either toluene or TCE. 
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          When cells are transferred to shaken suspension culture, they may experience a phase of 

slow growth, called the Lag phase. Upon reaching a critical cell density, slow growth is followed 

by a period of exponential growth. The transition from slow to exponential growth is known as the 

lag-log transition. Understanding how cells interact at a low density and why this transition 

occurs, may provide important mechanisms behind modes of proliferation. This understanding 

could lead to advancements in cell biology techniques, population ecology models, and medicine. 

The focus of this paper was on understanding how varying stir rate of suspension culture affects 

this Lag-Log transition and the growth behavior of Dictyostelium discoideum. If the Lag-Log 

transition could be explained by cell-to-cell contact, one would expect the rate at which cells are 

stirred would affect the collisions of cells, hence affect the lag-log transition. Varying stir rates of 

suspension culture resulted in unexpected growth behavior, and no conclusion regarding variation 

in lag-log transition could be conveyed. This resulted in the cell-contact hypothesis to be 

disregarded due to a limited sample size. An unconventional mixing system was used to quantify 

shear forces present in the suspension culture of D. discoideum. The system demonstrated that 

inertial flows provided by orbital shaking are not necessary for the proliferation of D. discoideum. 

A theoretical model was next implemented in attempt to describe the formation and fracture of cell 

aggregates in suspension. Both the formation and fracture of clusters depended on the stir rate.

The cell clustering model could not accurately describe the experimental data obtained. A future, 

improved model may still be able to replicate experimental results. A possibility remains, that 

Dicty is more sensitive to forces than previously understood. 

I. INTRODUCTION 

i. The Lag-Log Transition 

Suspension culture, a cell culture technique 

where cells and cell aggregates are growing in a moving 

liquid medium, provides the benefit of observing 

multicellular growth from a low cell density. Axenic 

strains of D. discoideum, a NIH model organism, 

proliferate in suspension without the necessity of any 

other organisms. In biology literature, cells must adapt to 

the new environment when they are moved to suspension 

culture at low densities.1 Cells may undergo a growth 

phase characterized by little to no growth, called the lag 

phase. The lag phase growth behavior is often observed 

when axenic strains of D. Discoideum, are cultured in 

suspension. 

Upon reaching a critical density, cells will enter 

into a period of exponential growth known as the log 

phase. The familiar lag-log transition has been commonly 

observed in cell culture across a range of fields, but little 

effort has been put into understanding this transition.  

Instances similar lag-log transitions can also be seen in 

population dynamics, tumor growth kinetics.2

Understanding the mechanism behind this transition may 

contribute to problems in these areas. 

Experiments show D. discoideum reaches a

crossover from lag to log growth at a critical cell density 

of 104 cells/ml.3 There is also evidence of great variability 

in this transition: upon observation of many growth 

curves, one will find that D. discoideum may spend an 

extended period of time in the lag phase or experience no 

lag phase growth at all. The transition may be the product 
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of a collective effect. The cells may be able to 

communicate their density through collisions. Another 

possibility is that the time for transition is inherent 

between different groups of cells.  

ii. Cell Contact Theory 

If cells are able to communicate their density 

through collisions, one would expect a change in growth 

behavior when varying the stir rate of suspension. As the 

stir rate increases, the number of cell collisions will also 

increase. If a critical number of collisions characterize a 

cell’s transition from lag to log phase growth, one would 

expect an increasing stir rate would cause the cells to 

enter into the log growth phase sooner (Figure 1).  

Figure 1: Illustration of the cell contact theory. The red

line illustrates the highest stir rate. The green line 

illustrates the slowest. As stir rate increases, the lag-log

transition is expected to occur faster. 

iii. Cell Clustering Theory  

When culturing cells in suspension, it is 

important to consider the formation of biofilms, in which 

a matrix of cells (or microbes) adheres to biological or 

non-biological surfaces. D. discoideum is “sticky” and 

clusters of cells will always exist in suspension. Clusters 

of cells are often observed under an optical microscope. 

Formations of biofilms represent a protective mode of 

growth believed to provide many growth advantages.4 It 

is possible that single cells proliferate at different rates 

than cells which are a part of an aggregate.  

One may realize that stirring acts twofold on the 

formations of these clusters. Stirring can effectively create 

a cluster of cells by bringing together two cells together, 

creating a biofilm. Stirring also effectively destroys 

clusters of cells when shear forces act on a cluster of cells. 

iv. Summary of Purpose 

The main purpose of this paper is to explore the 

lag-log transition seen by D. discoideum when varying the 

stir rate in suspension culture. If this phenomenon could 

be explained through cell-to-cell contact, varying the stir 

rate would affect the number of collisions cells 

experience, hence likewise affect the lag-log transition. 

Cell aggregates present in suspension may also undergo a 

different mode of growth than single, free floating cells. 

Lastly, D. discoideum may “feel” shear forces in 

suspension culture which causes a decreased growth rate 

across all growth phases.  All three thoughts: a cell-to-cell 

contact theory, a cell clustering theory, and D.

discoideum’s innate sensitivity to shear are explored.  

Shaken suspension culture is complicated by 

inertial flow, driven by the momentum of the fluid as it 

flows around the container. Therefore, this system was 

simplified to a shearing system dominated by friction 

flow. Inertial flow was eliminated for two reasons. First, 

the removal of complex inertial forces would simplify the 

type of forces “felt” by the cells, which is preferred when 

designing a system. The second reason was to question 

the necessity of inertial flow when culturing D. 

discoideum. Protocol requires inoculating axenic culture 

at 180 rpm on an orbital shaker.5 Our experimental goal 

was to observe how cells would respond to this novel 

mixing approach. 

II. RESULTS AND DISCUSSION 

i. Variable Stir Rate Experiment 

The stirring in this experiment was characterized by shear 

forces. D. discoideum thrived quite well without the need 

of inertial forces. It is also important to note the crossover 

from lag phase growth to log phase growth. It is 

impossible to determine whether there is a transition for 

the 400 rpm sample; however the 48 rpm and 65 rpm 

samples experienced a transition much earlier than 

expected (Figure 2).  
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Figure 2: The graph displays the growth curves of D.

discoideum at varying shear rates. The circles correspond 

to stir rates of 48 (red), 65 (blue), and 400 rpm (green). A 

significant difference of growth behavior is observed 

between the 48 rpm and 400 rpm sample.  

The experimental transition here can be seen 

between 102 and 103 cells/ml, which diverged from 

previous experimental results of 104 cells/ml. An

insufficient volume of data prevented comment on a 

potential relationship between the variation in the lag-log

transition. The absence of this necessary data required us 

to discount the cell-to-cell contact theory. Another 

significant characteristic of this data was the lack of 

explicit exponential growth in the log phase. The log 

phase growth curve seems to dampen as the forces 

increase. The cells were expected to exhibit purely 

exponential growth in this phase; however the mixing 

forces may be causing stress to the cells. The force “felt” 

by D. discoideum may be slowing the proliferation of the 

cells. Lastly, when compared to previous experiments, the 

log growth phase tails off into the stationary phase sooner 

than expected.  

ii. Cell Clustering Theory - Model 

The unexpected proliferation behavior seen in 

the variable stir rate experiment may still be explained 

through the cell clustering theory. The formation of a 

biofilm can be associated with growth advantage, and this 

led us to the assumption that cells grow better in clusters. 

Here we defined two terms, the growth rate of cells in 

clusters gf, and the growth rate of single cells gs. To 

eliminate the number of independent variables we 

assumed the ratio  

                                          (2.1)
when averaging the growth rates in both the lag and log 

phase of previous experimental data. 

The system designed in the variable stir rate 

experiment, efficiently eliminated complex inertial flow. 

The system was characterized by shear flow, friction 

dominated flow. We could define our simple system 

through a linear shear as a function of radial distance. Our 

system experienced a constant shear force 

                                 (2.1) 

where r is defined as half the length of the stir bar and R

defined as the radius of the container. These two values 

remained constant, and varying the stirring frequency 

determined the amount of shear stress on the system.  

As previously stated, fluid-mechanical forces

impact the collision rate of cells, hence the rate at which 

cells join into aggregates, as well as how quickly cell 

aggregates disperse. This led to the creation of two terms. 

Flocculation rate, υ, was defined as the reversible action 

of aggregate formation directly proportional to the shear  

                                                 (2.2)

stress. The rate at which cells fall out of clusters, β(S), 

was also a function of shear stress.                                                                                       

                                               (2.3) 

Beyond a critical shear force, Sc, cells would 

experience a shear force greater than the potential energy 

of the forces holding them together. Using equation 2.1, 

this critical threshold was assumed exist at 180 rpm 

because this was the suggested protocol for the best 

proliferation of D. discoideum. If the shear force was 

below this critical threshold, β(S) would be turned off. A 

Heaviside function was used to exhibit this behavior. 

The growth rate of single cells is shown                           

(2.4)

and the growth rate of cells in clusters is shown 
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(2.5)  

where Ṅs and Ṅc denote the number of single cells and 

the number of cells in clusters.  We would like the units to 

be in cell density so we divide by the volume of the 

solution of cells 

                           (2.6)

This equation was solved and plotted (Figure 3). 

Figure 3: The red and green solid lines represent the 

modeled theory curves at 48 and 400 rpm. Agreement 

between experiment and theory is not observed. Cluster 

formation seems to dominate the system as stirring 

frequency increases. The rate at which cells are sheared 

apart is not fast enough to combat the speed at which 

clusters are formed. 

IV. MATERIALS AND METHODS 

i. Axenic Cell Culture 

Axenic strain, AX4 of D. discoideum was used in all 

experiments. Three sources of cells had been thawed and 

cultured from frozen stock dating from March 5, 2012,

March 7, 2014, and March 17, 2014. Cells were cultured 

following typical axenic culture protocol.6  

ii. Variable Stir Rate Experiment 

Previous experiments have examined the effects 

of stirring on the growth behavior of D. discoideum.7 The 

goal of this experiment was to obtain as wide of a range 

as possible in hope of elucidating a sudden range of 

interest. The setup of this experiment focused on carefully 

eliminating variables which could cause extrinsic 

fluctuations in the growth of D. discoideum. 

Stirrers were set to a wide range of stirring 

frequencies. No deviations appeared after frequencies 

were set. Temperature was controlled. Prior to the 

experiment, sample tests were conducted using water. A

Fisherbrand® spinbar and a 2 oz. flat bottomed specimen 

vial with a removable (pop-off) plastic cap were used as 

the suspension culture vessel. The axenic strain from 

March 17, 2014 was used in this experiment. This setup 

provided a system dominated by shear flow.  

Sterility preparation took place as follows. All 

vials, caps and stir bars were individually rinsed with 65% 

isopropyl alcohol (IPA). Throughout the entire drying 

process, the UV lights were turned on. Excess liquid was 

dried off stir bars as they were placed into a single dry 

vial. Caps and 2 oz. vials were next dried with 

compressed air. The vials were placed upside down on top 

of the dried caps which sat on a sterilized surface. The 

solution of cells was then added to each vial individually. 

Attention was brought to followed protocol upon 

the discovery of an infection in one of our samples (data 

not shown). This was later improved in three subsequent 

experiments. Any suspected contamination could bring 

about extrinsic variability which would mask the true 

growth behavior of the cells. It was suspected that 

bacteria in the air may be finding its way into the samples. 

In the subsequent experiment protocol flame was waved 

in front of the lip of the container, a common technique 

used in microbiology. This technique created a vacuum 

which attempted to eliminate airborne bacteria and fungal 

spores from entering the container. 

V. CONCLUSION 

A close observation of the growth curves, 

provided by both the experimental and theoretical data, 

rule out mechanisms behind the growth behavior 

observed. Unexpectedly, a variation of the observed lag-

log transition was not observed. Evidence supports neither 

for nor against a variation in the transition; and more data 

is necessary to make further conclusions. From this 

conclusion we sought to determine how strong these shear 

forces were in regards to the organism’s ability to “feel” 

forces. 
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After performing a calculation (not shown) using 

equation 2.1, it appears as though D. discoideum is not 

affected by the shear forces (within the observed 

experimental range) in suspension culture. The minimum 

force “felt” by D. discoideum was experimentally found 

to be between 0.1 Pa and 0.7 Pa.8 This is a factor of three 

less than the calculated shear force of a 1200 rpm sample. 

Another consideration is that D. discoideum is more 

sensitive to forces than previously demonstrated. This 

could potentially agree with the variable stir rate 

experiment; as the log phase growth curve is expected to 

dampen as the forces increase.  

The setup of the variable stir rate experiment 

answers the question of inertial flow in traditional cell 

culture methods. The system demonstrated that inertial 

forces provided by orbital shaking are not necessary for 

the proliferation of D. discoideum. The cells thrived even 

when inertial forces were replaced by shear forces. This 

finding calls us to question the science behind 

conventional protocol.  

 Currently, the theory of cell clustering does not 

accurately describe the experimental data obtained in the

variable stir rate experiment. It has been stated that fluid-

mechanical forces will change the rate of collisions of 

cells, as well as how quickly cell aggregates disperse. The 

created model suggests the clustering of aggregates wins 

out over single cells. The model illustrates that the shear 

rate is simply not fast enough to shear apart clusters. 

However, when observing D. discoideum under an optical 

microscope, one will find that clusters are not as prevalent 

as this model proposes. Although this rough theory does 

not accurately describe the experimental data, a more 

refined theory has the potential to provide further insight 

into the growth behavior of D. discoideum.

VI. FUTURE DIRECTIONS 

Previously we concluded that D. discoideum may be more 

sensitive to forces than previously demonstrated. Further 

experimentation regarding this will help elucidate further 

understanding of growth behavior.   

The model also raises question over the critical 

shear threshold and the amount of energy holding two 

cells together. Further light scattering experiments could 

provide valuable data on cluster formation. Making use of 

mutants and/or chemical compounds which inhibit cluster 

formation are also necessary to expose new ideas 

regarding the energy between two cells, how quickly cell 

aggregates disperse, and how clusters affect the growth 

dynamics of the log phase.  
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Abstract:  

Interest in the field of two-dimensional materials has grown tremendously since the discovery of the 

first 2D material, graphene. In order to study graphene accurately, the transfer process cannot 

contaminate or tear the sample. To come closer to this goal, we worked in collaboration with the Hone 

Group at Columbia University to adapt to our needs a transfer technique that they have recently 

developed. This new technique can transfer graphene grown by chemical vapor deposition. The purpose 

of this technique is to better preserve the quality of the graphene. Using this technique the size and 

number of cracks was greatly reduced as compared to other transfer techniques used. 

 

It has been known that graphene existed since 

it is the building layers that make up graphite. 

The challenge consisted of how to isolate it. In 

the year 2004, when the first isolation of a 

single graphene sheet was performed, it 

opened up a new field of two-dimensional 

materials (1). Graphene, being just one atom 

thick, brings a wide range of opportunities, but 

also its own challenges. The problems result 

from the difficulty of protecting an atom-thick 

material from rupturing and from 

contamination during the transfer process. 

The quality of the graphene sample used for 

experiments impacts the data acquisition 

success ratio. The transfer procedure becomes 

a crucial step in graphene research due to the 

possibility of affecting the subsequent steps. 

Wet transfers are a common technique in 

research, but this type of transfer can cause 

several defects on the graphene. The several 

rinses it undergoes to clean the sample can 

produce enough strain forces that can rupture 

the uniform layer. The graphene is spin-coated 

with a ~100nm layer of polymethyl 

methacrylate (PMMA) that is constantly 

exposed to the air, which can accumulate 

different contamination agents that can impact 

the graphene once it is dissolved. 

A dry transfer technique addresses some of the 

problems found in wet transfers. The new 

technique reduces the rinsing steps to just one, 

minimizing the strain forces. The PMMA 

exposure to the air is limited by being in contact 

with a polydimethylsiloxane (PDMS) layer that 

can block the contaminants. The PDMS will also 

give the sample more structural rigidity 

lowering the probability of cracks occurring. 

Overall, this should give a higher yield rate 

among the fabricated devices. 

Protocol: 

 The dry transfer technique is composed 

of three main elements: graphene on copper 

foil, a polydimethylsiloxane (PDMS) stamp, and 

the target final substrate cleaning and 

adhesion.   
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Graphene sample 

The first step is to grow a large area graphene. 

Chemical vapor deposition is the best process 

to synthesize a good uniform layer growth of 

graphene (2). The graphene has been spin-

coated with a ~100nm layer of PMMA, which 

enhances the graphene by slightly increasing 

the rigidity (3). A complete growth is necessary 

to be able to transfer a constant layer of 

graphene to the final substrate.  Holes in the 

layer may prevent future devices from working 

properly. The copper foil containing the 

graphene should also be as flat as possible to 

prevent cracks from forming before the 

beginning of the transfer process. Throughout 

the process, care should be taken to protect the 

graphene sample from air when the sample is 

not in use. This will reduce the amount of 

contaminants that can affect adhesion during 

the transfer process.  

The PDMS Stamp 

The PDMS stamp will act as the rigid structure 

that will prevent the sample from bending, 

folding, and twisting while moving and rinsing 

the graphene. The stamp consists of a PDMS 

piece larger than the copper sample and the 

glass slide that it will be attached to during the 

etching process for better handling. 

First, clean a glass slide with isopropanol 

alcohol (IPA) and dry it with nitrogen. Cut a 

PDMS piece that is slightly bigger than the area 

of graphene that is going to be transferred. A 

larger piece of PDMS facilitates the process of 

peeling it off from the final substrate later. Next 

step is to carefully adhere the piece of PDMS to 

the glass slide. There should not be any air 

pockets between the glass slide and PDMS 

piece. 

A flat sheet of copper with graphene, PMMA 

side up, should be placed on a clean surface. 

The PDMS should be gently pressed down onto 

the copper, with just enough pressure to cause 

adhesion.  This step has to be done carefully to 

avoid cracking the graphene layer. 

The PDMS stamp should be placed in the 

copper etch until there is no visible traces of 

copper. Afterward, the rinsing of the PDMS 

stamp is performed by placing the stamp in a 

dish filled with DI water, then letting DI water 

run continuously over the stamp for 

approximately 5 - 10 minutes. Finally rinse the 

stamp with IPA and gently use nitrogen to dry it. 

Final Substrate cleaning and adhesion 

The final substrate should be as clean as 

possible for it to have the best adhesion. The 

final substrate is cleaned with acetone, IPA, and 

oxygen plasma, in that particular order. Oxygen 

plasma is the crucial step because it cleans the 

substrate most thoroughly. It should be plasma 

cleaned for more than 5 minutes to get a good, 

clean substrate. Following the cleaning process, 

the PDMS has to be carefully peeled off from 

the glass slide and stamped onto the final 

substrate without forming any air pockets 

inside the seal. To ensure there are no air 

pockets between the graphene and the final 

substrate, place the sandwich on the desiccator 

for 20 minutes. 

Heat the hot plate to 120°C and place the 

sandwich on the hot plate for at least ten 

minutes. A good indicator of when to peel the 

PDMS off of the final substrate is when the 

graphene/PMMA is hard to distinguish. 
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Carefully peel the PDMS off of the final 

substrate from one side to the other. 

Put the final substrate that has graphene spin-

coated with PMMA in Acetone for 6 to 12 hours 

to dissolve the PMMA. The final result should 

be graphene on top of the final substrate. 

Results: 

The dry transfer technique resulted in large 

areas where there is a uniform layer of 

graphene without any holes. Other areas of the 

samples have small holes or ruptures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Cartoon representation of the dry transfer technique explained above 

Figure 1: 
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These areas with no defects were 

commonly found near the middle of the 

samples. However, areas near the edges of the 

sample showed the presence of cracks or small 

holes. The cracks near the edges can be caused 

by the cutting of the copper foil with a razor 

blade. When compared to a wet transfer the 

number of defects has been greatly reduce. 

The PDMS transfer technique is one step closer 

to making wafer size transfers. Since having a 

rigid structure for graphene support makes 

transferring larger areas of graphene more 

practical than other techniques. A wet transfer 

technique has a size limitation due to the 

handling process involved. This PDMS dry 

technique opens doors to future transfer 

methods. The PDMS layer acts as the 

supporting rigid structure that prevents 

graphene from rupturing. This will allow 

researchers to put different layers of materials 

that can substitute the PMMA on the graphene. 

Eliminating the PMMA benefits the whole 

process because it is a difficult material to 

dissolve, and it often leaves residue. A possible 

A. 

B. 

C.

D. 

E. 

F. 

Figure 2: 

Figure 2:  These are all optical images of graphene transferred to their final substrate. The images to the left were transferred using the dry 

transfer process, A) exhibits a defect free uniform layer of graphene, B) minor defects can be seen on the image. Image C. has the highest 

amount of defects from the dry transfer process. To the right there are the images taken from a wet transfer process, D) shows several places 

where contamination exists and several folds. E) It is filled with small cracks on the graphene surface and F) shows the most noticeable folds and 

contamination from the wet transfer technique. 
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substitute can be gold, which has a cleaner 

dissolving process. 

Figure 2 contains optical microscope images of 

graphene once it has been transferred to the 

final substrate. The left images were graphene 

transfers done with the dry transfer technique, 

while to the right were transfers done with a 

wet transfer technique. It is clear that the dry 

transfers’ images have an overall reduced 

number of defects compared to the transfer 

images on the right.  The wet transfer images 

display folds, contamination, and ruptures that 

ultimately affect the quality of the graphene. 

Defects will always exist when using the dry 

transfer technique. The main purpose of this 

dry transfer technique is to reduce those 

defects in a way that can improve the quality of 

the graphene. The fabricated graphene devices’ 

performance is ultimately dependent on the 

quality of the graphene of which they are made.  
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Supplementary: 

PDMS  

The PDMS batch was made using Sylgard® 184 Silicone Elastomer Kit, following the mixing ratio 

suggested by the manufacturer, Dow Corning Corp. The ingredient was then stirred continuously for ~ 

10 minutes to allow for the best possible dilution. The next step is to pour into a glass or plastic petri 

dish the approximate amount that will give a thickness of 1mm when baked. The glass petri dish was 

then put in a desiccator for at least 20 minutes to remove the air pockets from the PDMS. Afterwards, 

the hot plate was heated to 60-80°C, and the glass petri dish was put on top for 6 hours. 
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ABSTRACT:  Domain walls in Permalloy nanowires are a subject of interest in science and technology, but 

repeatably localizing these domain walls can be difficult. This paper describes a method of creating and 

positioning domain walls in a 30×500 nm nanowire. A measurement of anisotropic magnetoresistance 

(AMR) was then made in an attempt to locate the nanowire. However, no AMR signal was seen, sug-

gesting a domain wall was not properly positioned as expected.

1. Introduction

Domain walls, a region of a material where ar-

eas of opposing magnetization meet, have long 

been a subject of interest in physics
1
.  The possi-

bility of domain wall application in dense 

memory storage devices or other electronics has 

increased interest in recent times
2,3

. Much of the 

recent work on domain walls has involved nan-

owires
2,4

. These nanowires are appealing for the 

study of domain walls for several reasons. In thin 

submicron wires composed of soft ferromagnetic 

material such as Ni81Fe19 (permalloy), the mag-

netization is limited mostly to the plane of the 

wire. Nanowires are also well-suited for carrying 

current, and offer the opportunity to study the 

interaction of domain walls with spin current, 

spin waves, and spin torque oscillators. Domain 

walls in these structures typically take on one of 

two geometries: a transverse wall or a vortex 

wall. Transverse walls, which this paper will fo-

cus on, are walls where the magnetization rotates 

transverse to the wire axis in the film plane as it 

connect the two opposing magnetic domains. 

These have been extensively modelled in previ-

ous work
1
.

 An appealing way to study domain walls in 

nanowires is through magnetic microscopy using 

the anomalous Nernst Effect. This has the ad-

vantage of offering a picture of domain wall 

structure, as well as a precise location of the do-

main wall within the wire. The disadvantage is 

that the microscope can only image a very small 

area at once, making an unguided search for do-

main walls time consuming. This paper will de-

scribe a procedure to create and move a domain 

wall to a preselected region, and then verify its 

presence position using electrical measurements. 

These electrical measurements are useful as they 

allow an efficient method of roughly locating a 

domain wall, and are thus complementary to pre-

cise but painstaking microscopy. This paper will 

describe the experimental set up for electrical 

measurements, as well results of initial attempts 

to create and position the domain walls using an 

applied magnetic field and current pulses.

2. Experimental

The experimental set up was designed to ena-

ble measurements of anisotropic magentore-

sistance (AMR) in the sample. AMR is an effect 

in which the angle between the magnetization 

and the current through a wire causes a change in 

resistance, with resistance being lowest when the 

magnetization and current are transverse. The 

resistivity ρ as a function of the angle θ between 

the magnetization is given by equation (1).

             (1)

Equation (1) indicates that the presence of a 

transverse domain wall will cause a small but de-

72



 

tectable drop in resistance. The setup and proce-

dure exploit this fact to detect the presence of a 

domain wall between the electrical contacts.

2.1 Equipment and Setup

The samples used for the experiment were 

500 nm wide and 30 nm thick permalloy nan-

owires. Past work has also demonstrated domain 

walls in wires of this size and material
4
. The 

wires contain a bend with the lower part of the 

wire bent back slightly so that the angle is less 

than 90°. Six copper contacts touch the wire at 

different points, offering the ability to source cur-

rent or measure voltage between different points 

on the wire (See Figure 1).

The necessary contacts, two at the ends for 

sourcing current and two in the middle to meas-

ure voltage, are wire bonded to a chip carrier in 

which the sample sits. The chip carrier is con-

nected to a Keithley 2401 source-meter equipped 

for four wire measurement. The chip carrier is 

positioned at the center of an electromagnet con-

structed by the group.

2.2 Initial AMR Measurements

An AMR measurement to determine ΔR for 

permalloy was performed using a 2 µm permal-

loy wire. The resistance was measured between 

contacts 3 and 4 as shown in Figure 1, and the 

magnetic field was swept from -345 to 300 G. 

The maximum value of resistance occurred at 0 

G and 51.618 +/- .006 Ω. The minimum was 

51.059 +/- .006 Ω at -345 G. As Figure 2 shows, 

the magnetization nears but does not reach full 

saturation transverse to the current direction. 

Nevertheless, a lower bound on ΔR is calculated 

by dividing the difference in the maximum and 

minimum values of resistance and dividing by the 

minimum value. For our Permalloy samples ΔR ≥ 

0.011. 

A simple model of the 500 nm wire was used 

to calculate the expected AMR signal due to the 

domain wall by adding up the expected contribu-

tion to the resistance between the two contacts at 

each point along the wire, and using estimates of 

the domain wall size and geometry. This calcula-

tion suggests that the signal due to a domain wall 

(ΔRDW) should be 7% of ΔR, so ΔRDW ≥ 0.00077, 

or 0.077%.

2.3 Creating a Domain Wall

Creation of the domain wall was accom-

plished using the applied magnetic field. The 500 

nm wire was placed at the center of the electro-

magnet with the main wire axis (part A of the 

wire as shown in Figure 1) along the axis of the 

magnet. The field is then ramped up to over 500 

G, causing the magnetic moments in the wire to 

orient along the field direction. Due to the posi-

tioning of the wire, this causes the magnetization 

to be along the wire axis in part A, but not in part 

B. The field is then brought down to 0, and the 

magnetization will want to align with the wire 

axis
5
 causing the magnetic moments in part B to 

point up the wire towards the bend, and thus op-

pose the magnetization from part A, creating a 

domain wall at the bend.

While this is simple method for creating a 

domain wall, it is problematic because it does so 

Figure 1: 500 nm nanowire with contact pads. Pads 1 and 2 are 

used to source current, while 3 and 4 are used to measure re-

sistance between the part of the wire of interest. 

1 2 

4 3 

Figure 2: AMR measurement for 2 um Permalloy wire showing 

resistance of the sample between contacts 3 and 4 versus a mag-

netic field varied from -345 to 300 G. The resistance change due 

to AMR is > 1% of the total resistance. 
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only at the bend. Studying a domain wall at the 

bend is difficult, because the altered geometry of 

the domain wall is more complicated than it is 

along the a straight region of the wire. Other 

magnetic effects could also change the domain 

wall behavior. Ideally, the domain wall would be 

moved to a location in part A of the wire, necessi-

tating a method of moving the domain wall.

2.4 Pulsed Current for Current-Induced Domain Wall 

motion

Current-induced domain wall motion 

(CIDWM) has been studied often but is still not 

entirely understood
1-3

. As the name suggests, it is 

a phenomena in which a current passing through 

a domain wall causes the domain wall to move, 

due partly to angular momentum transfer from 

conduction electrons to the domain wall
1
. In or-

der to move the domain wall from the bend to 

part A of the wire, CIDWM was used.

A certain threshold current jt is required to 

depin a domain wall once it is formed and cause 

it to propagate. Yang and Erksine at the Universi-

ty of Texas at Austin worked with CIDWM in 

permalloy nanowires 30×500 nm in size as well. 

Their work found the experimental threshold cur-

rent jt = 3.9×10
11

 A/m
2
. However, the domain 

walls they worked with were not created at a 

bend
2
.

2.5 Procedure

First, the domain wall was initialized at 

the bend using the magnetic field ramping as de-

scribed earlier. Current pulses were then sent to 

move the domain wall into part A of the wire.

In order to drive CIDWM, a series of 

current pulses were sent from a Tektronix 3102 

function generator. These pulses were varied in a 

range between 0.1 and 3 s. This was done to iden-

tify the pulse duration necessary for depinning.

After each pulse, we measured the 

resistance between contacts 3 and 4 of the nan-

owire using the Keithley source-meter. The 

source current of 20 µA used is sufficiently small 

to avoid breakdown or drive domain wall motion. 

Each measurement was taken in 0.2 s, after 

which another current pulse was sent across the 

wire. This was repeated was 20 pulses of increas-

ing length. 

3. Results

The measurements were attempted several 

times with several parameter changes. Three at-

tempts are shown in Figures 3-5. Figure 3 shows 

the first attempt, which uses pulses varying from 

0.1 to 1 µs, and with a current density j = 

, 1.0

Ω. Using we expect the drop in 

resistance to be at least .073 Ω. However, the dif-

ference between the maximum and minimum 

values of the resistance is only .014 Ω. This sug-

gests that there was not ever a domain wall 

pulsed between the two contacts.

We also repeated these experiments at differ-

ent values of the pulse current density. Figure 4 

shows the results for a trial run using j = 

. Pulse length was also varied; 

Figure 3 shows pulses varied between 1 and 3 µs. 

However, none of the trials showed a drop in re-

sistance as large as expected from calculations, or 

even larger than the uncertainty in measurement 

from the source meter. This suggests that the at-

tempts to position a domain wall between the 

contacts were unsuccessful.
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Figure 3: Resistance measurement of 500 nm wire after several pulses 

of 3.9×1011 A/m2. The resistance varies by much less than the .07 Ω  

(represented by the arrow)  suggested by the model, suggesting that no 

domain wall is present. 

.07 Ω 
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4. Conclusion

In conclusion, a setup for low noise AMR 

measurements was successfully constructed. This 

allowed for electrical measurements of permalloy 

nanowires to search for domain walls. The at-

tempts to prepare and locate these domain walls 

have so far been unsuccessful.

There are several potential reasons the do-

main wall was not successfully observed. One is 

that the domain wall was never formed in the first 

place. It is possible the magnetic moments in the 

wire did not relax as expected and a domain wall 

at the bend was not formed. This can be checked 

by observing the bend with a magnetic micro-

scope after the magnetic ramping to search for a 

wall. Another possibility is that the wall is 

formed, but that current pulses do not cause the 

wall to propagate as expected around the bend 

due to bend-induced changes in the wall geome-

try. Finally, it is possible that the AMR signal due 

to the domain wall is not actually as large as cal-

culated making the domain wall signal unobserv-

able relative to electrical noise. Using an amplifi-

er or signal averaging could address this issue.

Despite initial lack of success, there are many 

ways to improve or alter the experiment that 

could make it work. Further studies with the mi-

croscope or improved models could suggest 

means of improvement that would make electri-

cal measurement feasible.
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