Chapter 5 — Laser Ablation at the Solid/Liquid
Interface

In this chapter the results of laser ablation of various materids under various liquids
will be reported. In the first section the manufacture of diamond by the laser ablation
of graphite under water and under cyclohexane will be discussed.  From the results of
this work the ablation of both white and red phosphorus under various carbon
contaning liquids will be presented. From this it will be seen that crystdline carbon
phosphide may have been observed for the firg time. Finaly suggestions as to how

the method could be improved will be put forward.

5.1 Graphite Ablated Under Oxygen and Carbon
Containing Liquids

In this section the results of the ablation of grgphite under water and under
cyclohexane will be presented. Wang and Yang et al™ caried out the ablation of
graphite under water. They found that diamond was produced and concluded that this
was due to the OH and O species present in the breskdown products of water that
etched away non sp® carbon — carbon hybrids. The am of this study was to reproduce
these results and then try to produce diamond from a liquid that does not contain O.
Cyclohexane was chosen, as it has a rdatively high boiling point (~81 °C), its relative
safety (compared to liquids such as benzene and toluene) and of course it contains no
O. It can be seen that if diamond can be produced under these nditions it is not
possible for O and OH to play a role in the production of diamond. It would therefore

be more likely that diamond is formed under HPHT conditions. Knowing this it
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would be posshble to attempt to produce crysaline carbon phosphide in an HPHT
environment usng this technigue. Unless otherwise dated these ablations were

carried out with the 1% harmonic of the YAG laser (532 nm).

5.1.1 Ablation of Graphite Under Water

The suspension produced from the laser ablation of graphite under water was clear in
appearance, containing a vishle suspended black solid.  After leaving the suspension
to settle overnight the solid sank to the bottom of the sample vid, care was dways
taken when prepaing TEM grids to agitate the sugpenson to ensure that some of
these particles were analysed. If the suspensions were not shaken, the TEM reveded
that some solid ill remained suspended in the liquid. These pieces were usudly very

gmadl (<500 nm).

Figure 5.1 shows a TEM micrograph of a sample produced by the ablation of graphite
under water. It can be seen that the left haf of the micrograph shows a thin section,
with sheet like layers and wave like features. From Sedected Area Electron
Diffraction (SAED) patterns it has been determined that these are graphite sheets
(Figure 5.4 and Figure 5.5). It can be seen from the grain boundaries that the graphite
is nano/microcryddline.  On the right hand dde of this microgreph there is an area
that looks very different. If a SAED pattern is taken (shown in Figure 5.2) it is
possble to determine whether it is diamond, or gragphite (or indeed any other
cayddline materid).  This can be quditatively dore usng the known diffraction
patterns as shown in Figure 5.6 and comparing the intendty and spacing of the pesks
with the intengty of the SAED diffraction pettern. There is dso a quantitative method

of doing this if the ring pattern on the SAED is measured as radius from the centre of
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the pattern, this can be compared to the known d-spacings of diamond. From the
d-spacings the lattice parameters a, b and c (for cubic a=b=c) can be determined. In
this study the computer program ‘Process Diffraction’®, was used to measure the

radid digribution of darkness from the centre spot. The program outputted d-

pacings directly.

e oo

Diamond- |

Figure5.1: TEM micrograph of the an area containing diamond from a sample made by graphite
being ablated under water.
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Figure5.2: A Selected Area Electron Diffraction pattern of diamond crystalsfrom the sample
shown in Figure5.1. ThisSAED wastaken with a camera length of 2000 mm.
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Figure5.3: Theintensity against theradius of the circle from the above SAED pattern, thiswas
produced using ProcessDiffraction®
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Figure 5.4: Diffraction pattern from thegraphiteareain Figure 5.1. This SAED wastaken with
acameralength of 1200 mm.
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Figure55: Theintensity against theradius of the circlefrom the above SAED pattern. Thiswas
produced using Process Diffraction®
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Figure5.6: Theexpected diffraction patternsfor5 diamond and graphite generated by CaRIne
v3.1l
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Figure 5.3 shows the radid didribution of intendty of the SAED pettern shown in
Figure 5.2. It can be seen that the areas of high intensity have been fitted as pesks, the
postion of these peaks are related to the d-spacing by Equation 5.1, where d is the
d-spacing, ? is the wavelength of the eectron beam (calculated by Process
Diffraction, which tekes into account the rdaividic effects of the high energy
electrons on the wavdength), | is the camera length (in mm) and r is radius of the
crdes in the diffraction pattern (in mm). This cdculation is autometicaly done in
Process Diffraction.

d=—
r

Equation 5.1

Table 5.1 shows the d-spacings caculated for the SAED pattern shown in Figure 5.2
and the d-spacings for diamond and graphite. It can be seen that the d-gpacings list

for diamond fits well, whereas that for graphite does not fit particularly well.

Experimental Diamond Graphite

Plane |d-spacing [Plane [|d-spacing|Plane |d-spacing
? 2.156 <111> |2.059 <0 02> [3.355

? 1.25 <220> [1.261 <100> [2.134

? 1.074 <311> |1.075 <101> [2.034

? 0.807 <331> |0.818 <102> (1.801

Table5.1: Thed-spacingsfor the experimental data (calculated by Process Diffraction), diamond
and graphite (calculated using CaRinev3.1)

The lattice parameters a, b and ¢, can be caculated for each plane, to confirm that the
plane assignment is correct. This is done using Equation 5.2 rearranged to Equation
5.3, where dny isthe d-spacing, a is the lattice parameter and h, k and | are the Miller

indices of the plane that is being caculated.
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a.2

d<hk|> -

Equation 52
If Equation 5.2 is rearranged:

_ a

doiy> = ———
hki ’\h2+k2+|2

a=d . Vh* +k* +17
Equation 53
This has been done for these data and the results are shown in Table 5.2. It shows that

there is a good agreement between the experimentally cadculated and the known

lattice parameter for diamond (3567 A — Fayos et al®). It is therefore clear that

diamond has been produced.
Plane | d-spacing alA
<111> 2.156 3.73
<220> 1.25 3.54
<311> 1.074 3.56
<331> 0.807 3.52

Table5.2: |lattice parameter (a) calculated for the experimental data shown in Table5.1.

The diamond that has been produced by this technique has a very smdl crysd sze,
this is apparent even when the magnification of the microscope exceeds 200 k X
megnification.  This is why the SAED is a ring pattern as opposed to a spot pattern.
Also it is evident from andysng the sample that most of the sample (around 95%)
remained unchanged as graphite.  If a way of eiching away non-diamond grgphite

were found, this may be a useful method for producing agueous suspensons of
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nanocryddline diamond reaively smply and chesply. Attempts were made to etch
away grephite by refluxing the mixture in concentrated nitric acid for two hours, but

no etching was observed.

5.1.2 Ablation of Graphite Under Cyclohexane

The suspensons produced in this study were ydlow in colour and were transparent.
There was suspended black solid present in each sample.  If left overnight this sank to
the bottom. Care was taken to ensure that before analyss al samples were agitated.
If the samples were not agitated the TEM reveded that very smal particles were dill
present in the liquid. It is thought that the yelow colour may have been due to ether
the presence of dtable nanoparticles in solution or due to the breakdown products of
the cyclohexane by the laser radiation. Toyota et al’ have previoudy observed that
among other products exposure of cyclohexane to a fundamentd NA:YAG pulse
caused hydrogen, methane, ethane, acetylene and ethylene, as well as other non
volatile products, to be produced. The laser used in this study was a the I harmonic,

but the products are likely to be smilar.

Figure 5.7 shows a TEM micrograph of a sample produced by ablaion of graphite
under cyclohexane. It can be seen tha the micrograph is very different to that in
Figure 5.1. This is thought to be due to the nonvolatile products, which would form
an amorphous film after the cyclohexane and more volatile components of the mixture
were evaporated. Indeed when andysing any samples with cyclohexane as the liquid,
cae had to be taken as the eectron beam heated the product and the lighter

components boiled off.
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200nm

Figure5.7: TEM micrograph of a sample produced by ablation of graphite under cyclohexane.

Figure 58 shows an SAED of a smdl aea of the maerid shown in Figure 5.7.
Figure 5.9 shows the radid digtribution of the rings. It can be seen that even though it
has the same ring pattern digtribution as that shown in Figure 5.2 the pattern has solid
rings as opposed to “dotted” rings. This is due to more randomly orientated crystals
than in the other case. It may dso indicate that the crysta sze is smdler than those
shown previoudy. As mentioned above an attempt was made to measure the crysas
by trying to find the grain boundaries. This was found to be difficult, as even a high
resolutions (>100 k magnification), individud crysas could not be picked out from

the bulk.
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Figure5.8: SAED of asmall area of Figure5.7. Thissamplewas produced by ablation of
graphiteunder cyclohexane. The cameralength was 1000 mm.
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Figure59: Theintensity against the radius of the circle from the above SAED pattern, thiswas
produced using the Process Diffraction computer program.

Chapter 5 — Laser Ablation at the Solid/Liquid Interface 148



Table 5.3 shows the d-spacings of the materia andysed in the SAED shown in Figure
5.8. It can be seen that the d-gpacings correspond well to those of diamond. The table
ads shows the corrdation of the experimentd data with the lattice parameter. This
adso corresponded well to the known lattice parameter of diamond showing that the

plane assgnments and spacings are correct.

Experimental Diamond
Plane d-spacing alA Plane |d-spacing
<111> 2.072 359 (<111>| 2.059
<220> 1.221 345 [<220>| 1.261
<311> 1.046 347 |[<311>| 1.075
<331> 0.791 345 [<331>| 0.818

Table5.3: d-spacingsand lattice parameter calculated from the SAED shown in Figure 5.8.

Laser Raman andyss of the materid was difficult to peform as the minimum spot
gze of the laser Raman spectrometer was approximately 1 nm and the crystd Szes
were ggnificantly smdler than this. A laser Raman spectrum is shown in Figure 5.10.
It shows a spectrum typica of disordered graphite, but at around 1150 cmi® there is a
broad pesk that severd authors have previoudy assigned to trans-polyacetylene®®.
However, this pesk is dso commonly seen in nanocryddline diamond films grown by

gas phase CVD methods®.

From the above results it has been shown that diamond has been formed from graphite
being ablated under cyclohexane. This conflicts with the views put forward by Wang
and Yang et al, that the formation of diamond from graphite being ablated under
water is due to OH and O containing species etching away non-diamond carbon. It is

much more likely from this that the mechanism is HPHT.
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Figure5.10: Laser Raman Spectrum taken with a 325 nm laser, of thedried suspension
produced by ablation of graphite under cyclohexane.

5.1.3 Optical Emission Spectra of the Ablation Plume

Figure 511 shows OES spectra of the light emisson from grgphite being ablated
under water and cyclohexane. It can be seen that there are severd prominent pesks,
mogtly from H. This is direct evidence for the breskdown of the solvent. The broad
peak at around 650 nm has been assgned to the Bamer-a hydrogen emisson system.
The large broadening is thought to be due to Stark Broadening and shows that there is

an extremely high ion and dectron density in the plume®.

The agpparent breskdown of the liquid in this technique indicates that with certain

solid liquid combinations some novel solids could be produced. It is hoped that this

technique may alow crysaline carbon phosphide to be grown.
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5.2 Phosphorus Ablated Under Carbon Containing
Liquids

From the above reaults that show the liquid and solid are broken down into smdler
paticles and recombined into useful materids, it may be possble to use a different
combination of solids and liquids to produce novel solids. In this case it may be
possble to use a solid / liquid combination to produce carbon phosphide. As the
predicted stable of Structures of carbon phosphide are readily avalable, it is relatively
ample to amulate the diffraction pattern from a number of these crysds Elementd
anadysis of the suspensons was performed on the XPS, SIMS and EDX connected to
the TEM. For samples that were being anaysed by the TEM-EDX the support grid
was made from SO,. For SAED work it was found more useful to use a carbon

support grid. Thiswill be discussed in more detall later.

5.2.1 The Ablation of Phosphorus Under Cyclohexane

In this study phosphorus was ablated under cyclohexane. Both red and white
phosphorus were used. White phosphorus has a triclinic structure.  This sructure is
shown in Figure 5.12. It has a low mdting point (44.15°C). It is dso extremey
hazardous to use, ignites readily on contact with ar and is highly toxic. As it has a
crysaline dructure it is difficult to diginguish other cayddline maeids from it
whils working. The powder diffraction pattern for white phosphorus is shown in

Figure 5.13.
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Figure5.12: Thetriclinic structure of white phosphorus.
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Figure5.13: Thepowder diffraction pattern for \{\éhite phosphorusfrom data obtained by Simon
etal™—.
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Red Phosphorus has a mdting point of 590°C'!, has an amorphous polymeric
dructure and is a lot safer to use than white phosphorus. It does not spontaneoudy
combust in ar and has a rdatvey low toxicity. As it is amorphous any cryddline
materid produced will be apparent from the TEM and SAED and can be identified

eadly. Cyclohexane has been chosen for the same reasons as in the previous section.

The smulations of the diffraction patterns of the Structures proposed by Clagyssens,
Lim and Zheng e a**® ae shown in Figure 514 (CsPs, pseudo cubic). The
computer program CaRine has produced them. These are used as a comparison to any

diffraction patterns obtained by the SAED of components in the products.

Suspensions made from red phosphorus ablated under cyclohexane had a transparent,
yelow appearance. There were paticles that could be seen, which if left overnight
sunk to the bottom of the sample vid. Care was taken to ensure that the samples were
agitated prior to andyss. When evepording the liquid from the TEM grids in ar a
white smoke sometimes appeared above the sample or the pipette. It was thought that
this was due to phosphorus oxides forming, as it is likdy that some of the red
phosphorus became white phosphorus in the ablation process (white and red
phosphorus exist in an equilibrium at high temperatures). Care was therefore taken to
ensure that samples were “pumped down” in the andyss chamber before the solvent
was fully eveporated. Suspensons made from white phosphorus ablated under
cyclohexane had a smilar appearance, but had many more large paticles in the
suspension.  This is thought to be because white phosphorus has a much lower
meting and boiling point than red phosphorus it is adlaled much more easly, with

each laser pulse removing more materid. Again like the red phosphorus samples the
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TEM grid and pipette ‘smoked” when the solvent dried. On severa occasions the
mixture caught fire. Again care had to be taken to ensure that not dl of the solvent
had been evaporated prior to pumping down for andyss. Samples made by the
ablation of white phosphorus did not give any crydd diffraction paterns in the TEM

so were not studied any further.
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Figure 5.14: smulated diffraction patternsfor the stable carbon phosphide structur es proposed
by Claeyssens, Lim and Zhenget al***°. (A) Showsthe diffraction pattern from the pseudo cubic
structure (B) the GaSelike structure.
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Electron microscopy (both scanning and transmisson) reveded that the dried
suspenson contained many amorphous lumps. Figure 515 shows an SEM
micrograph of the dried suspenson, which was dlowed to dry on a slicon wafer. The
dructure to the thin film is due to nontvolaile components in the sugpenson. EDX
showed that there was C, P and O present in the thin film. Fgure 5.16 shows a
feature found in a thin film. It is thought that this a piece of unreacted phosphorus.

Indeed EDX spectroscopy of this area reveded a large amount of phosphorus

concentrated in that area

Figure5.15: SEM micrograph of adried suspension made by ablating red phosphorus under
cyclohexane
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Figure5.16: SEM micrograph of afeaturefound in thedried suspension produced by ablation of
red phosphorusunder cyclohexane.

XPS showed that the composition of the dried suspensions on S wafer was 64.6% C,
9.4% P and 26% O. Fgure 5.17 shows a SIMS spectrum of a dried suspension. It
can ingantly be seen that this spectrum is very different to spectra of thin films grown
by RF-CVD. Firdly it is highly oxidised. Also the 43 amu pesk is not as prominent.
This is not suprisng as the dried sugpenson will be a mixture of phosphorus,
phosphorus oxides, breskdown products of cyclohexane and amorphous and
(hopefully) crysdline forms of carbon phosphide. These results do not exclude
carbon phosphide from having been made, but as the components of this mixture are
vay gndl (much lower than the spatid resolution of either the XPS or SIMS) it

would not necessarily be seen.
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Figure5.17: SIM S spectrum of adried suspension produced by the ablation of red phosphorus
under cyclohexane.

Figure5.18: SIMSeement map, backed by a secondary electron image of a dried suspension
made by the ablation of red phosphorus under cyclohexane, thered representsm/z= 12 (C), the
green representsm/z=42 (CP), the blue representsm/z=16 (O)
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Figure 518 shows a SIMS dement magp of a dried red phosphorus/cyclohexane
suspension. It can be seen that the CP areas and O aress are segregated. This shows
that C and P are bonded together and that the C-P bonding is dtable, preventing
oxidation. This is dmilar to the results seen in the RF-CVD deposition of amorphous
cabon phosphide. As the bonding between carbon and phosphorus increased the

tendency for these films to oxidise decreased.

Figure 5.19 shows a TEM microgrgph of some crysas found in a dried suspenson
made by the ablation of red phosphorus under cyclohexane. It can be seen that these
caysds ae vey smdl (<100nm). Fgure 520 and Figure 521 show an SAED
pattern and the radid intengty of the rings respectively. It can be seen that the radid
intengty didribution of the SAED paitern is Smilar to the theoretical diffraction deta
shown in Figure 5.14 (the pseudo-cubic structure). To prove this the d-spacings and
lattice parameter (a as a=b=c) can be checked againg the diffraction data to ensure
that they match agang the theoreticd data As the system is pseudo-cubic the
method for cdculation is the same as above in Equation 5.3. For these data the four
most prominent peaks will be checked againgt theoretica data, that is the pesks due to
the <111>, <200>, <220> and <311> planes. Table 5.4 shows these results. The
same peeks have been included for Cu, as Cu is a likely contaminant (the TEM grids
and sample holder are made from Cu) and has a very smilar crysa sructure to the

pseudo-cubic structure of carbon phosphide.
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Figure5.19: TEM micrograph of some crystalsfound in a suspension produced by ablation of

red phosphorusunder cyclohexane

Figure 5.20: SAED of crystalsfound in a suspension produced by ablation of red phosphorus

under cyclohexane
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Figure5.21: Thedarknessagainst theradiusof thecircle from the above SAED pattern, thiswas
produced using Process Diffraction®.

Plane [Experimental Theoretical C3P4 |Theoretical Cu
d-spacing [a/A |d-spacing |a/A |d-spacing |a/A
<111> |2.31 4.01 (2.384 4.13 (2.09 3.61
<200> |2.00 4.00 (2.065 4.13 |1.81 3.62
<220> |1.41 3.99 (1.46 4,13 (1.28 3.61
<311> |1.20 3.99 |1.245 4.13 [1.09 3.62

Table54: The plane spacings and lattice parametersfor the crystals analysed by the SAED
shown in Figure 5.20.

From Table 5.4 it can be seen that the SAED diffraction pattern matches closgly with
the theoreticd data Unfortunately a the time of obtaining this diffraction pattern
EDX spectroscopy was not available on this TEM. Many subsequent attempts at
repeating this experiment were not successful. Also on further attempts some Cu was
found. A Cu film had its SAED taken, but the ring pattern gave d-spacings much

closer to that of Cu on the same TEM. Unfortunady as this pattern has not been seen
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when EDX facilities have been available it is not possble to prove whether or not it is
crysaline carbon phosphide. But with the above evidence showing that there is CP
bonding and how close a match the SAED data is, it is likely to be crystaline carbon
phosphide. Reasons for why it has only been seen once will be discussed later in this

section.

Figure5.22: TEM Micrograph of some crystalsfound in a suspension made by ablation of red
phosphorusunder cyclohexane.
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Figure5.23: SAED pattern from thecrystalsshown in Figure 5.22.
Figure 522 and Figure 523 show some crysas found in a suspension produced by

ablating red phosphorus under cyclohexane and an SAED ring patern of those
crysdas. Anayss of the ring pattern by Process Diffraction was performed, but the
inner three rings were too close together to be digtinguished. So, the firg d-spacing
was found usng Process Diffraction and the rest were worked out by using

proportions of r for each ring, measured by hand:

d=—
r

\ du1
r

From the above eguations it can be seen that r is inversdy proportiond to d.

Therefore to work out the nth d-spacing (dn):
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Equation 54

Where d; is the firg d-spacing, r1 is the radius of the ring where the firg d-spacing
was calculated and ry, is the radius of the nth ring. For this SAED ring pattern the

cdculated d-gpacingsareligedin

Plane r/mm |d-spacing /A
<1-100> 42 4.96
<0002> 47 4.43
<1-101> 49 4.25
<10-12> 73 2.85
<11-20> 78 2.67

Table 55. The ring pattern looks like a typicad hexagond close packed (HCP)
sysem. For HCP systems a=Db?! c, this means that the cdculatiion of the latice
parameters (a and c) is more difficult. A different indexing sysem is treditiondly

used in hexagond crystd systems. These are Miller-Bravaisindices.

The difference with this indexing sysem is thet there are four sets of co-ordinates
unlike the three sets usad in the conventiond Miller indexing sysem. This is for
amplicity, in cubic and pseudo-cubic sysems the unit cdl is a cube, with dl angles
909 this means tha a 3-co-ordinate Cartesan like sysem is convenient. In
hexagond systems the unit cdl is hexagond, the cdl can be indexed conveniently
using a 4-co-ordinate system, h, k, i and |. Where h, k and i are in plane and point in
the a1, a; and ag directions (Figure 5.24), 120 ° from each other. | is perpendicular to

the plane and points towards c.
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Plane r/mm |d-spacing /A
<1-100> 42 4.96
<0002> 47 4.43
<1-101> 49 4.25
<10-12> 73 2.85
<11-20> 78 2.67

Table55: Thed-spacings of the crystalsanalysed by SAED in Figure 5.23

To work out the lattice parameters Equation 5.5 is used.

1

(h2 +k2 +hky 2+
3a® c¢?

Equation 55

o T T A T Uk T T

T

Figure5.24: Pictureillustratingthe Miller-BravaisIndexing system for hexagonal crystals.
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If the<1 -1 0 0> plane is being used Equation 5.5 becomes Equation 5.6:

[ 1
\j(1+1- n%w

2
d= Bi
\J 4

_Ja

d=2>*

2

d=

Equation 56

If the d-gpacing for <1 -1 0 0> is subgtituted the lattice parameter a is found to be

5.73 A. Subdtituting the data from the <0 0 0 2> ring will givec:

Equation 5.7

Substituting the d-spacing for the <0 0 0 2> ring gives a ¢ vaue of 886A. If the

vaues of a and ¢ are now subgtituted in and the d-spacings are cdculated for these
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data they can be compared to the experimentaly caculated d-spacings and the HCP

identification can be either confirmed or rgjected. Table 5.6 shows this

Plane Calc d-spacing /A |[Exp d-spacing / A
<1-100> 4.96 4.96
<0002> 4.43 4.43
<1-101> 4.33 4.25
<10-12> 3.31 2.85
<11-20> 2.86 2.67

Table5.6: Experimentally determined d-spacingsand calculated d-spacingsfor thiscrystal

The fit of this dita is Smilar to the theoreticd data, especidly if the experimenta <1 O
—1 2> data are subgtituted for the <1 1 —2 0>. Thisisvaid asthe <1 0 —1 2> may just
not be visgble on this patern. The vdues of a and ¢ do not match up with the GaSe
structure proposed by Zheng et al*®. This does not necessarily exclude the structure
though, as the vaue of a is nearly exactly double the number caculated by Zheng et
al (Zheng et al caculated a as 2.85A and ¢ as 13.389 A). There may be two units of
dightly different arangement in one unit cdl. Also for hexagond crysds the
theoreticd cdculaion of c is not rdigble  Unfortunately these results have only been
observed once and the TEM did not have a working EDX, s0 it cannot be proven

ather way.

It is important to discuss why these crystas have only been seen on a smal number of
occasons. In the transformation of graphite into diamond case above, most of the
solid remained untransformed and remaned as grephite. It was difficult to find
diamond. In this case the grephite was the only component to undergo the
transformation s0 even though diamond was scarce it could be found with rdative

eaxe. In the case of the synthesis of carbon phosphide both the liquid and solid have
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to be broken down and react with each other. As <5% of the graphite became
diamond the likdihood of the phosphorus and solvent reecting together is much
lower. If this is coupled with the fact that megnifications of >100 000 were needed to
see the crydas that were found the likdihood of finding crydds is very low. A
typicd TEM grid has a dianger of 3mm. At 100000 megnification 3 mm is
equivaent to 300m. A typicad crystd is 100nm. 100 nm at 100 000 magnificetion is
equivdent to 1 mm. Searching for crydds is a lot like searching for severd very

smdl needlesin an enormous haystack.

It was found that crystals were only ever observed in samples that were deposited at
the maximum laser power and with a very tight focus. This shows that high fluence
was very important in the production of these crystds. Unfortunatdy the laser being
used in this study was rather old and not as powerful as it might be. Perhgps an
increase in laser power may have the effect of producing more crystds. The laser
wavelength was changed to the Nd:Yag fundamental a 1064 nm. As the laser did not
have to pass through a frequency doubling crysd much higher fluences were
obtaned. Samples deposted a this wavelength did not turn yelow and the
suspenson sank totaly to the bottom of the via very quickly. The suspenson was
composed of phosphorus pieces that were chipped from the phosphorus target and
there was no cyddline maerid found, even if the fluence was st to the same
fluence as the 532nm depostion.  This shows that high fluence a shorter
wavedengths may have the desred effect. Unfortunately the equipment to test this

theory was not avallable.
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5.2.2 Ablation of Phosphorus Under Xylene

The ablation of red phosphorus under xylene was performed due to there being less H
in the xylene molecule, but xylene is not as hazardous as benzene or toluene. On
ablation under xylene the suspenson was transparent, but a very dark brown colour.

It was thought that this was because of the double bonds in the aromatic ring bresking
and forming coloured compounds. TEM of the suspensons reveded no crysdline

materid.

Figure 5.25 shows a SIMS spectrum of a sample of the dried suspension. There are a
number of peaks due to C containing species, P containing species and O containing
goecies.  Again like in the cyclohexane case there is a very smal pesk a 43 amu due
to CP. Figure 5.26 shows a SIMS dement map that shows, like the cyclohexane case,

the CP and oxidised species are staying separate.

intensity Arb. Units

m/z/amu

Figure5.25: SIM S spectrum of adried suspension produced by the ablation of red phosphorus
under xylene.
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Figure5.26: SIM S dement map of a sample of dried suspension made by ablation of red
phosphorusunder xylene. Thered representsm/z=12 (C), the green representsm/z=42 (CP), the
blue representsm/z=16 (O).

Unfortunately as there were no crystals found there was no further analyss of smples

made in this way. But andyss of the existing samples does show the C and P are
present and are bonding together. This is in an amorphous manner such as found in

the thin films deposited in the previous chapter.

5.2.3. Ablation of mixed (red phosphorus/graphite) targets under
cyclohexane.

In this study the solid target was a 1:1 mixture of red phosphorus powder and graphite
powder pressed into a pellet as described in the experimenta section. The reason for
this was that the process would not have to rely on the reaction of the liquid, only the

target onto which the laser was focused was needed to react. It was hoped that the
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target was homogenous enough to dlow ablation of both carbon and phosphorus in
the same shot, hence dlowing carbon and phosphorus to react in the high-pressure

ablaion plume.

After ablation the samples had the yelow transparent appearance that was aways
seen with cyclohexane samples. The samples adso had a lot of suspended solid. It
was thought that this was mostly the graphite and red phosphorus from the targets (the
laser adlaion process broke them up well). This was confirmed with TEM. TEM
andyss of these samples was difficult as there was a lot of cryddline materid
present on the TEM grid, again most d this was graphite.  There was adso amorphous
materid. It was thought that this was either amorphous carbon phosphide or red

phosphorus.

Figure 5.27 shows an SAED pattern from some crystas found in the suspension. It

can be seen that it looks very smilar to the diamond ring patterns seen in section 5.1.
Indeed the d- spacings and lattice parameter correspond well to diamond. It islikely
that due to the environment which this has been grown in thet this diamond has ahigh
P concentration. Unfortunately due to a high background concentration it was not

possible to prove thisusng EDX spectroscopy.
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Figure5.27: SAED pattern of somecrystalsfound in adried suspension made by the ablation of
mixed targetsunder cyclohexane.
The ablation of phosphorus under various solvents may have been successful in
meking crysdline carbon phosphide.  This is only on very smdl amounts and it is not
proven. No dectrica or other properties can be measured from such a dilute amount.
But this sudy does pave the way for future dudies. With a refinement of the

experimental  technique and a more powerful laser | am confident that cryddline

carbon phosphide will be made by this method.
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