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1. Introduction 

The scanning electron microscope (SEM) can be used for far more than just  obtaining 

images. It has a long tradition of being used to directly manipulate a sample to create 

various surface structures. The scanning coils within the microscope can be utilized for 

directing the electron beam in a controlled manner rather than simply raster across the 

surface as is used in imaging. By focusing the electron beam on a given area of the sample, it 

can be used to induce various localized changes to the surface of a material with a high 

degree of precision. There are several established techniques by which an electron beam can 

be used to create patterned structures upon a surface, the most common of which is electron 

beam lithography. Electron beam lithography is a multi-step process in which a sacrificial 

polymer layer is first deposited onto the sample that can achieve feature sizes down to ten 

nanometer length scales (Broers et al. 1996; Liu et al. 2002). The electron beam can also be 

used to locally induce or break bonds to pattern nanostructures (Mendes et al. 2004) or 

simply burn material away from selected areas of the sample (Egerton et al. 2004). In 

essentially every case, the electron beam interacts with the surface to locally alter or break 

chemical bonds to form patterned surface structures with very high precision. 

In the present study, we have developed a new method by which the electron beam can be 
used to create patterned surfaces (Kidd et al. 2011). The discovery was quite by accident, 
occurring during some standard studies of layered dichalcogenide crystals. These highly 
two dimensional materials have intriguing electronic and chemical bonding characteristics 
which  have made them of great interest for the study of novel electronic phase transitions 
(Wilson et al. 1975; Sipos et al. 2008) and potential use in a variety of alternative energy 
applications (Whittingham 1976; Kline et al. 1981; Chen et al. 2003). The systems we had 
chosen for study were doped crystals, as doping these materials can be used to induce 
dramatic changes in their electronic and chemical behaviors (Levy 1979; Friend and Yoffe 
1987). The particular sample of interest at the time was CuxTiSe2, owing to a recent 
discovery of a superconducting phase in the system in competition with the charge density 
wave ground state of pure TiSe2 (Morosan et al. 2006).  

The SEM was being used to examine the microstructure of single crystal samples while 

energy dispersive x-ray spectrometry (EDX), via a spectrometer attached to our microscope, 

was used for measuring the chemical composition of the sample. These measurements were 

meant to do nothing more than determine the homogeneity of our samples and how much 

copper was successfully incorporated as a dopant. Interesting anomalies were quickly 
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discovered, however. The samples had an inhomogeneous appearance in the SEM even after 

surface layers were removed, although EDX measurements showed the chemical 

composition was essentially homogenous. The EDX measurements were then taken over 

longer time periods, to try to detect any subtle inhomogeneity in the sample stoichiometry. 

These longer measurements induced further changes in the appearance of the sample, and 

there were signs that the copper concentration might actually be varying with the duration 

of the EDX measurement itself. After some time, we hypothesized that perhaps the samples 

were contaminated in some way, so we attempted to drive off any contamination by heating 

the measured crystals in a vacuum oven. This resulted in the creation of a multitude of sub-

micron and nanoscale copper iodide crystallites upon the sample surface, except for where 

the EDX measurements were performed. In areas of the sample that had been exposed for 

long durations to the electron beam, the surface was unchanged. 

Through further experimentation, the process was refined so that the size and density of the 

crystallites could be controlled by varying exposure dosages and the temperature at which 

samples were heated after exposure. The iodine was found to come from within the sample 

itself. Iodine is used as a catalyst for growing large single crystals of TiSe2 and other 

dichalcogenides, and some remains trapped in various nooks or cracks long after the 

samples are grown. This iodine is then released during heating and draws copper ions from 

within the bulk of the TiSe2 to its surface to react and form the CuI crystallites (Jaegermann 

et al. 1996). The electron beam radiation serves to reduce the amount of copper arriving at 

the surface in the exposed portions of the surface, allowing one to devise a patterned array 

of sub-micron structures. Unlike traditional electron beam lithography, with its required 

sacrificial polymer coating, no intermediate processing is required. The sample is simply 

exposed to the electron beam in a controlled fashion and then reacted with some quantity of 

a halogen gas like iodine in a simple two-step process. This lithographic technique is 

essentially one derived solely from controlling the mobility of the dopant ions stored within 

the sample to reach the surface for reaction. 

2. Experimental methods 

The CuxTiSe2 samples used in this study were synthesized using a technique proven for 
growing large single crystals of pure TiSe2 (Balchin 1976; Kidd et al. 2002).  The basic process is 
to heat the starting elemental powders (Alfa Aesar, >99.5% purity) with iodine as a catalyst in 
a sealed and evacuated silica ampoule. The original intent for these samples was to study the 
superconducting ground state which emerges upon doping with copper (Morosan, 
Zandbergen et al. 2006). In an attempt to dope the samples with a higher concentration of Cu 
than was found in the literature, the copper was included with the initial growth of Ti, Se, and 
I powders in a single step growth process rather than the standard multi-step method of first 
growing TiSe2 powders and then later incorporating the copper dopants.  

To put it mildly, high doping concentrations were not achieved using this modified single-
step method. Instead, the copper reacted strongly with iodine in the growth ampoule to 
form a CuI film which coated the surfaces of very lightly doped TiSe2 (Figure 1). The 
samples had a stoichiometry of Cu0.04TiSe2, with copper concentrations varying by ±0.01 as 
determined by EDX. This was much less than the goal of doping concentrations greater than 
10%, and in fact our samples showed no signs of superconductivity down to 3K. 
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Fig. 1. SEM image of the CuI film coating as a grown CuxTiSe2 single crystal.  Most of the 

surface is covered with a CuI film, which appears much brighter in the SEM image than 

surrounding TiSe2. The lower panel reveals triangular structures typical of the CuI coating. 

The darkened rectangular regions are areas in which higher magnification imaging was 

attempted. The focused beam burned away the CuI to reveal the underlying TiSe2 surface.  

The CuI surface layer was not a completely uniform coating, with portions seemingly 

chipped away during sample handling. It appeared much brighter than uncovered areas, 

and typically was composed of triangular features aligned over a local area of the sample. 

This CuI overlayer was very sensitive to electron beam exposure. High magnification 

imaging would often burn away a portion or all of the CuI layer within less than a minute of 

imaging. Rectangular areas in which the CuI layer was thus burned away can be seen in the 

lower panel of Figure 1. 

The SEM measurements were performed using a TESCAN Vega II microscope with an 

attached Bruker Quantax EDX spectrometer. SEM images and EDX data shown here were 

taken using 20kV beam voltages. The samples were manipulated in air for short periods and 

stored long term in a dry box. The inert TiSe2 crystals showed almost no signs of chemical 

decomposition months after they were grown. To expose clean portions of the samples and 

remove the CuI films, samples were exfoliated with Scotch tape to remove the uppermost 

surface layers. This process had to be repeated several times in some cases, as CuI inclusions 

could be found within some crystals. These inclusions, which were typically very thin CuI 

500 µm

20 µm
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films, grew as the crystals were formed creating weak points within the crystals where 

exfoliation would occur but not provide a clean dichalcogenide surface.  

3. Metastable surface inhomogeneity 

SEM and EDX measurements were performed primarily on exfoliated CuxTiSe2 single 

crystals. Interestingly, even in samples which showed no evidence of CuI via EDX after this 

process, the crystals appeared inhomogeneous in SEM images as in Figure 2. The apparent 

brightness of the surface varied in different locations. This was quite unexpected as pure 

TiSe2 samples never showed any such inhomogeneity, and x-ray diffraction measurements 

indicated the samples were of a single phase. EDX measurements were then taken over 

different sections of the sample to try to correlate the apparent differences in brightness to 

differences in the local chemical composition. According to EDX measurements, the samples 

were essentially homogenous. Furthermore, high magnification SEM measurements did not 

reveal any substantial differences between the brighter and darker areas of the sample.   

 

Fig. 2. SEM image taken from the inhomogeneous appearing surface of a freshly exfoliated 
single crystal of Cu0.04TiSe2. Various areas of the surface appeared more or less bright in the 
SEM. The colored boxes outline two areas exposed to relatively high electron beam radiation 
during long duration EDX measurements. The green square outlines an area from the 
brighter appearing portion of the surface that became darker after exposure. The blue 
square outlines a section from the darker area of the surface that became brighter after 
electron beam exposure.  

To obtain more precise stoichiometry values, EDX measurements were made over longer 
exposure times than usual. Measurements were taken for half an hour or more, in which a 
relatively small portion of the surface was continuously exposed to electron beam radiation.  
While these measurements did not provide any conclusive results regarding the local 

20 µm 
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stoichiometry, they did have a significant impact on the appearance of the sample surface 
(Figure 2). Essentially, long term electron beam exposure caused areas which initially 
appeared brighter to become darker and areas which were initially darker to become 
brighter. 

The process could even be reversed to some extent in that an area could be switched back to 
its original appearance by a second exposure as seen in Figure 3. In this image, the sample 
areas appeared relatively dark until the portion in the upper half of the picture was exposed 
to long term electron beam radiation and became brighter. After this, a smaller portion of 
the sample was re-exposed to the beam. At this time, the brighter section reverted to its 
original appearance and the bottom half of the surface, which was not initially exposed to 
the beam for a long duration, was not changed at all. The edge of this second exposure is 
visible in the image, however. In general, it was often possible to effectively burn away a 
region made brighter by the beam, but we were not able to make a darkened area return to a 
more bright state by a second exposure. 

  

Fig. 3. SEM images of an area exposed to long term electron beam radiation multiple times. 
This area of the sample was originally one of the less bright regions of the surface. After long 
term EDX measurements, the top half of this image became brighter. A second long term EDX 
measurement was taken at the border between the original surface and the brightened area, as 
highlighted by the colored rectangle. Within this region, the area that became brighter in the 
initial exposure reverted to its original darker appearance after the second exposure. 

These results indicate that the apparent brightness of the sample is most likely related to a 
phenomenon confined to the immediate surface of the sample. EDX measurements include 
x-rays generated by inelastically scattered electrons which can easily penetrate several 
hundred nanometers into the sample. Therefore, stoichiometry variations confined to a few 
surface layers are essentially undetectable by EDX. Furthermore, it is obvious that electron 

10 µm 
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beam radiation can alter the apparent brightness of the sample as viewed in the SEM. When 
the beam is focused on a small area of the sample in high magnification measurements, this 
area would receive a relatively high dose of radiation even for short duration 
measurements. Therefore it is not surprising that significant differences could not be found 
when comparing different portions of the sample as the surface is likely changing during the 
measurement process itself.  

These measurements in themselves show that the variation in brightness is a surface 
phenomenon sensitive to electron beam exposure, but do not reveal the source of the surface 
inhomogeneity. The apparent brightness in an SEM image can be influenced by many 
factors. The relative height, density, and conductivity of a given sample region can all play a 
role in determining how bright a particular area appears in an SEM image.  

In this case, it appears that the brightness could be due to local changes in the sample 
density or surface conductivity. Copper ions have significant mobility within the TiSe2 solid 
(Gunst et al. 2000), so that any local heating or other beam interactions could potentially 
cause the copper ions to migrate and/or aggregate to alter the local electron density in 
response to beam exposure. On the other hand, insulating copper iodide films appear not 
only on the surface of as-grown crystals, but could also be found after exfoliations 
interspersed within the crystal bulk. Even though EDX measurements did not detect 
significant iodine levels, the brighter areas could arise from an extremely thin CuI layer.  
This appears to be the more likely explanation. Copper ions assume a positive oxidation 
state as dopants within the layers of TiSe2. If the beam caused them to migrate and cluster 
together in some manner, this would not be a stable configuration as the positive ions would 
repulse each other through Coulomb interactions to return to their equilibrium positions. 
The changes induced by beam exposure were stable for days if not weeks indicating 
equilibrium must be attained soon after the beam exposure is ended.  

If the apparent changes in brightness arise to a thin CuI layer, there must be a source of 

iodine somewhere throughout the sample. In fact, a small concentration of iodine does 

remain interspersed throughout the sample from the growth process, where iodine is used 

to catalyze the growth of large single crystals. Also, iodine was found in significant amounts 

within cracks or at the edges of the crystals. These areas also tended to contain larger 

concentrations of copper, making them a mix of copper iodide and pure iodide in areas of 

the sample less affected by exfoliation. Due to charging effects in these insulating materials, 

the iodine rich particles appear much brighter than the surrounding dichalcogenide surface. 

The presence of microscale iodide crystals was unexpected given the element’s volatility. 
The samples used in this study were grown several weeks prior to the SEM measurements, 
making it likely that any surface iodine should have already sublimated. Therefore, the 
iodine seen here must have been stable while trapped inside various sample defects. This 
iodine would then be exposed after the exfoliation process to become more reactive.  

Assuming the bright areas appear so due to a thin coating of CuI, they would become 
darker as this insulating material is burned away during the electron beam exposure. At the 
same time, the radiation from the electron beam would enhance the mobility of copper ions 
to flow towards the surface through local heating and/or the accumulation of negative 
charge. Another effect of the electron beam exposure would be to volatilize any exposed 
iodine. Any copper ions migrating to the surface would react with this iodine to become 
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trapped as a very thin CuI layer, creating a region appearing more bright after exposure. 
This hypothesis is consistent with the fact that the surface was mostly stabilized within a 
day or so after exfoliation. While it was still possible to burn away brighter regions, it was 
no longer possible to reverse this process or induce darker regions to become bright on the 
aged samples. This is exactly what one would expect as the iodine available for reaction 
immediately after exfoliation would simply sublimate away so that there would be nothing 
left for copper ions to react with to form apparently bright regions as seen by SEM. 

4. Formation of CuI crystals 

The initial EDX measurements indicated that there could be variation in the copper 
concentration related to electron beam exposure, although these variations were not very 
significant given the precision of the measurement. If this were true, it could mean that the 
electron beam exposure could be used to create localized areas of superconductivity within 
the CuxTiSe2 surface and induce interesting interfacial properties between charge density 
wave and superconducting regions of the sample. (Morosan, Zandbergen et al. 2006; Barath 
et al. 2008). To better attain information about the copper distribution, it was deemed 
important to first remove the iodine. Copper reacts strongly with any iodine present in the 
system, making iodine a contaminant that can strongly affect the distribution of the dopant 
copper ions within the TiSe2 layers. Given the volatility of iodine, the decision was made to 
gently heat one of our exfoliated samples in a vacuum oven. For convenience and 
consistency, a sample in which EDX measurements had been performed was chosen. A low 

temperature, only 60°C, was used as this should be sufficient to vaporize any exposed 
iodine and it was not so high as to damage the carbon tape used to mount the sample.  

The results were quite surprising, as seen in Figure 4. Not all of the iodine exposed by 

exfoliation sublimed from the sample during heating. In fact, it appeared as if the majority 

reacted with dopant copper ions to form a surface covered in CuI. That copper and iodine 

reacted was not completely unexpected. Halogen gas exposure has been shown to draw out 

high mobility dopants like copper or silver (Jaegermann, Pettenkofer et al. 1996). However, 

the relatively small amount of iodine seen in our measurements of the exfoliated surface did 

not lead us to expect the near totality with which the surface was covered after heating.  

There are additional oddities concerning the copper iodine reaction of this surface. The region 
shown in Figure 4 is the same area as shown in Figure 3 after heat treatment. The portions of 
the sample that had turned relatively bright after e-beam exposure were almost completely 
free of CuI after heating. Other exposed areas can be seen as rectangular features in the image. 
The smaller region formed by the secondary exposure also had less CuI formation. However, 
some rectangular regions appear to have a more uniform CuI coverage than unexposed areas 
of the sample. These regions received a relatively small dose of electron beam radiation during 
the time in which images were taken, such as that shown in Figure 3. 

The truly novel discovery was that rectangular portions of the surface remained CuI free. 
These rectangular areas could be identified as the regions on the sample which received 
very high electron beam exposure levels during the EDX studies. This discovery led to a 
more systematic series of measurements designed to illuminate whether controlled electron 
beam exposure could be used to create a patterned array of CuI features in a process similar 
to, but simpler than, standard electron beam lithography. 
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Fig. 4. SEM images taken from the area shown in Figure 3 after the sample was heated in a 

vacuum oven at 60°C for 24 hours. Iodine released from the sample during heating reacted 

with copper from within the sample to form CuI crystallites over the majority of the sample 

surface. The formation of CuI was reduced or eliminated in areas of the sample in which 

long term EDX measurements were taken. 

5. Dopant driven lithography 

To determine the effects of electron beam exposure, comparisons were made between a 

series of different exposure levels made upon a single CuxTiSe2 crystal. After the exposures 

were performed, the samples were transferred to the vacuum oven and heated to 

temperatures between 60-100°C.  The iodine exposure levels were varied by including 

various amounts of iodine in the vicinity of the sample when it was loaded into the vacuum 

oven. 

Within a given sample, the results were very consistent. Figure 5 shows SEM images 

taken from a CuxTiSe2 crystal that had been exposed to four different electron radiation 

doses before being heated in a vacuum oven. The surface was exposed to three ring 

patterns with dosages of 2.5, 5, and 10 mC/cm2. Near the center of each ring a small 

circular area was also exposed to a dosage of roughly 50mC/cm2. This surface was 

exfoliated multiple times to attain a mostly homogenous surface to minimize any effects 

from a potential pre-existing CuI film upon the surface. These efforts were successful in 

that no significant changes were induced by the electron beam exposure itself. However, 

the radiation exposure patterns were still easily identifiable after the heat treatment. Even 

at low magnification levels, it can be seen that the CuI coverage is significantly reduced 

by the electron beam exposure. 

100 µm

100 µm
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The influence of the electron beam exposure is more obvious at higher magnification as seen 

in the area exposed with a 5 mC/cm2 dose in Figure 6. After heating, the surface is coated 

with small CuI crystallites, which are reduced in size and density in areas exposed to higher 

levels of electron radiation. Significant changes were difficult to detect in doses less than 

1mC/cm2. 

 

Fig. 5. SEM images before and after an irradiated sample was heated to 60°C in a vacuum 
oven for 24 hours. The top panel was taken immediately after selected areas of the surface 
were exposed to electron beam radiation.  The surface showed no signs of damage from the 
electron beam exposure. The image in the bottom panel was taken after the heat treatment 
induced CuI formation. The blue rectangle indicates the area initially imaged in the upper 
panel, and the radiation exposure levels for each pattern are indicated on the image. Near 
the center of each ring, small circular areas were exposed to approximately 50 mC/cm2 of 
electron beam radiation. 

 

100 µm

200 µm
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Fig. 6. SEM images taken after irradiation and vacuum heat treatment at 60°C. The left panel 
is an overview of an area exposed to 10mC/cm2 of radiation in a ring pattern. The right 
panel is a magnified view of the exterior ring edge. CuI crystallites are smaller and fewer in 
number in the irradiated area. The boundary region of the exposed area received a larger 
dose of electron radiation, resulting in even less CuI crystallites at the edge of the pattern. 

The edges of the exposed ring were relatively dark in the SEM images, with much less CuI 
crystallites. This is attributed to systematic errors in the coil control program which cause 
the beam to linger longer at edges in the prescribed pattern. The small circle offset from the 
center of the ring was exposed to a much higher dosage of electron beam radiation. Through 
additional measurements concerning multiple samples and treatment temperatures, it was 
found that a dosage of 50mC/cm2 was consistently sufficient to completely suppress CuI 
formation.  

It was difficult to determine how the chemical composition of the surface was altered by 

various exposure doses or iodine reaction temperatures. The signal for iodine was small and 

copper consistently measured between three and four percent of the overall composition. 

Iodine could not be detected at all in areas exposed to high enough doses to completely 

suppress CuI formation, but even in these areas the copper concentration was not 

significantly different from the rest of the sample. These results indicate the CuI formation 

was confined to the surface and that the overall copper doping concentration was not 

substantially altered within the exposed areas. 

As shown in Figure 7, the CuI crystallites are typically sub-micron structures. The size and 
density of these crystallites are inversely proportional to the amount of electron radiation 
exposure. These results show that not only can the exposure process be used to direct where 
the CuI crystallites are formed, but also to control their size and average spacing.  

Depending on the radiation dosage and iodine reaction temperature, crystallite sizes ranged 
from ten nanometers to a few microns. While not particularly uniform, the size of most 
crystallites within a given exposure region did not deviate by more than a factor of two. The 
crystallite size was dependent on both the exposure level and temperature at which the 
iodine exposure occurred within the vacuum oven. Higher processing temperatures led to 
the formation of larger crystallites (Figure 8). While the smaller crystallites appeared more 
rounded and randomly shaped, larger structures often showed clear symmetry respective of 

20 µm

5 µm 
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an underlying crystal structure. The variation in appearance is a size-effect related 
phenomenon. As the size of the crystallite decreases, atoms residing at the surface represent 
a larger and larger percentage of the material. Surface atoms have a relatively high energy 
state, and when the crystallite becomes small enough, minimizing the total number of 
surface atoms by attaining a more rounded structure becomes more energetically favorable 
than maintaining the proper bonding angles representing the crystal symmetry found in 
larger features.  

 

Fig. 7. SEM images comparing the effects of radiation exposure on the form of CuI 

crystallites formed after heating at 60°C. Each panel is shown at the same scale and was 
taken from different areas of the same sample with the indicated radiation exposure dose.  

The lateral resolution of the process is theoretically expected to be on the order of the 

electron beam spot used during the exposure process. However, in practice the beam spot 

can be made to be much smaller than the average CuI crystallite size. Thus the lateral 

resolution of this technique is defined more by the size of the crystallites to be obtained 

rather than intrinsic exposure parameters. 

There were significant variations found in the size and density of crystallites formed on 
different TiSe2 crystals. This is attributed to variations in the amount of iodine available for 
reaction. It was found that including excess iodine seemed to have a much smaller effect 
than variations seen from sample to sample, indicating that the CuI reaction is dominated 
by iodine emerging from the TiSe2 sample itself. While iodine is a volatile element in 
ambient conditions, it can remain present for years trapped between layers of inside defects 
of a TiSe2 crystal. When the sample is exfoliated, trapped iodine becomes available for 

reaction, especially when the sample is heated, even at temperatures below 100°C. Iodine 
loaded in proximity to the crystal likely becomes volatile and spreads quickly throughout 
the vacuum oven, minimizing its effectiveness in forming CuI. Iodine trapped in the nooks 
and crannies of the sample will take more time to fully volatilize, and be in closer proximity 
to the surface, giving it more time to react with the copper dopant ions before it dissipates 
away from the sample. This hypothesis also supports the relationship between crystallite 
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size and reaction temperature. At higher temperatures, the copper ions have a higher 
mobility which allows a larger number to reach the surface in a given time. As there is likely 
a limit to how long the chemical reaction takes place, heating to a higher temperature would 
allow more copper ions to take part in the reaction to form larger structures. 

 

Fig. 8. SEM images comparing the effects of reaction temperature on the size of CuI 

crystallites. The top panel was heated in the vacuum oven at 100°C. The bottom panel was 

heated to 60°C. The bare area on the left of the bottom panel was initially dosed with about 

50 mC/cm2 of electron beam radiation, completely suppressing the formation of CuI.  

It was also found that CuI formation was inhibited for samples which had been exfoliated 

for many days prior to beam exposure. Even though the samples looked almost identical to 

fresh surfaces in the SEM, including the presence of trapped iodine, CuI crystallites would 

rarely grow upon these aged samples. These results were reminiscent of an AFM study in 

which the copper ions could be drawn to the surface of a dichalcogenide crystal, but only for 

freshly exfoliated surfaces (Gunst, Klein et al. 2000).  
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6. Conclusions and future directions 

The experimental results show that it is possible to use electron beam exposure to control 
the formation of CuI crystallites on the surface of a TiSe2 crystal. This is a two-step process 
in which a fresh surface is first exposed to electron beam radiation in a controlled fashion, 
and then heated in the presence of iodine. Due to inconsistencies between samples, exact 
empirical parameters concerning the size and density of CuI formation have not been 
determined as yet, although qualitative relationships have been established. The size and 
density of CuI crystallites formed in this process are inversely proportional to the amount of 
electron beam radiation. The formation of crystallites can be completely eliminated in areas 
receiving relatively high exposure levels. It is evident this process can be used to create an 
array of CuI crystallites with diameters sufficiently small to be considered nanoparticles at 
certain processing conditions. The lateral resolution is essentially limited by the size of the 
crystallites, making this technique suitable for forming a pattern array of nanocrystallites 
with nanoscale precision.  

In itself, this if of interest as CuI nanoparticles show some promise for applications in dye-

sensitized solar cells (Perera and Tennakone 2003) or gas sensing applications for CO and 

NO (Wolpert et al. 2009). The process might also be useful for controlling the local copper 

dopant concentration, important for exploring competition between superconducting and 

charge density wave ground states in the material. However, the technique would be of far 

greater importance if it could be extended to other dopants and/or dichalcogenide crystals. 

For this to occur, one must have a better understanding of the process itself. While a 

complete quantitative understanding remains elusive given inconsistencies between 

samples, a qualitative explanation is forthcoming from our observations. 

The second step of the process is relatively straightforward. Copper ions have a high 

mobility within dichalcogenides and can be reversibly incorporated into their structure 

using electrical or chemical gradients.(Gunst, Klein et al. 2000) Iodine present at the sample 

surface will react with surface copper ions, leading to a concentration gradient near the 

surface. Copper ions from deeper within the sample will be driven to the surface layers by 

this depletion, and thus in turn react themselves. This process will continue until the iodine 

is depleted, the concentration gradient is reduced below some threshold value depending 

on the overall percentage of copper ions in the sample, or the surface is completely coated 

with CuI. The increased size of the CuI crystallites at higher reaction temperatures could be 

due to the increased mobility of Cu ions at higher temperatures or the fact that more iodine 

is released from the sample. Either process could lead to the formation of more CuI at the 

surface before the iodine dissipates away from the sample. 

The first step of the process is perhaps not as intuitive. It was not initially clear why 
exposure of the sample could be used to influence the reaction of copper and iodine at the 
sample surface. The exposure must in some way be inhibiting the copper ions from 
traveling to the surface during the iodine reaction. This is most likely due to the electron 
beam radiation inducing a localized surface chemical reaction. When TiSe2 is exposed to wet 
or humid environments it will oxidize at the surface. Titanium diselenide is composed of 
molecular TiSe2 layers as shown in Figure 8. Hydrogen from the water will react with Se to 
form gaseous H2Se leaving the exposed titanium atoms to react with the remaining oxygen 
to form titanium oxide. Owing to the inert nature of the material and its layered structure, it 
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can take days or even weeks for a visible oxide layer to be seen. However, it would not be 
surprising for the uppermost molecular layer to oxidize within even a few hours of 
exposure to ambient conditions. A surface layer of titanium oxide would be an effective 
barrier to Cu ion migration to the surface, which would explain why CuI would not form on 
the surface of samples that had been exfoliated for several days before electron beam 
exposure was initiated.  

Within the SEM, the sample resides in a vacuum. However, the samples are exfoliated in air 

before being inserted into the microscope. This means that there will be a residual water 

layer of some thickness on the sample even after the measurement chamber is evacuated. In 

truth, such a water layer coats the entire interior surface of this and any other SEM that is 

not heated to at least 100°C before measurement. This minor amount of water would 

normally react very slowly with the TiSe2 surface. However, the energy provided by the 

electron beam radiation could easily break up the water molecules into various radical ions 

that would be much more reactive. This would in turn create a titanium oxide surface layer 

to inhibit copper ion migration. The uniformity and thickness of such an oxide layer would 

depend on the radiation exposure level, making it possible to fine tune how much copper 

ions migrate to the surface during the time in which the sample reacts with iodine in the 

second step of the process. It is true that other chemical reactions could occur on the surface, 

such as with remnant gas molecules within the SEM, however the low pressure (<10-2 Pa) 

makes this unlikely. 

These results make it apparent which systems could be best utilized with this technique. A 

wide range of ions and molecules can be reversibly stored within various dichalcogenides 

(Levy 1979). This makes a wide range of surface features possible, given the proper method 

by which materials could be induced to leave the sample. The most straightforward 

extension of this technique would be to utilize silver rather than copper ions. Silver and 

copper both have similar mobility within a given dichalcogenide and silver also is highly 

reactive with halogen gasses. Thus it should not be difficult to create a patterned array of 

silver iodide crystallites on the surface of TiSe2. AgI has been used in photographic and 

other optical applications for decades, and an array of AgI nanocrystallites could easily be 

reduced to form silver nanoparticles which are of high interest for their antibacterial 

properties.  

Current research is being directed towards refining this technique to enable the formation of 

various copper and silver halide nanoparticle arrays. Titanium diselenide is used as the 

principle host, but Ta based dichalcogenides are also of interest for their similar chemical 

characteristics. It is hoped that this technique can be coupled with traditional electron beam 

and/or scanning probe lithographic techniques to enable to the fabrication of prototype 

device structures. 
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