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Abstract 

Focused laser annealing of ion implanted diamond with a 15 /im diameter laser spot produces a 

variety of effects that depend on the power density of the laser. Channeling Contrast Microscopy 

(CCM) provides a relatively straight forward, rapid, method to analyse the anneaJed regions of 

the diamond to characterize the effects. In order of increasing laser power density, effects that 

are observed include: regrowth of the end of range damage of the ion implantation, formation of 

a buried graphitic layer and complete graphitization of the surface of the diamond down to the 

bottom of the original damage layer. Information provided by CCM leads to an understanding the 

causes of these effects and provides insight into the carbon phase diagram in the neighbourhood 

of the graphite to diamond phase transition. Analysis of the effects of laser annealing by CCM 

are complicated by the swelling of the diamond lattice caused by the original ion implantatior, 

compaction following regrowth and the effect of the analysis beam irradiation itself. 

INTRODUCTION 

The study of the phase diagram [1,2] of carbon is a difficult technical problem because of the 

need to reach extremes of temperature and pressure where phase transitions between the different 

allotropes, particularly graphite to diamond, can be expected. This phase transition is particularly 

important since it is involved in the potential activation of ion-implanted dopants leading to the 
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possible fabrication of microelectronic devices that exploit the superlative physical characteristics 

of diamond [3]. 

Diamond p n junctions have been made from P and B doped polvcrystalline films grown by chemical 

vapour deposition [4]. Performance of this device was not ideal, possibly because of the role grain 

boundaries in the conduction mechanism [5]. Fabrication of devices in single crystal diamond, doped 

by ion implantation, is therefore desirable, provided that damage produced by the ion implantation 

can be regrown. 

Because of the extreme properties of diamond, in particular its very high melting point and the 

fact that at ambient pressure it will generally revert to the graphite phase upon relatively modest 

heating, dopants cannot be activated by traditional furnace annealing methods. The study with a 

nuclear microprobe of focused laser annealed, ion implanted diamond, containing a buried da.nage 

layer, is a novel approach to the problem. 

Focused iaser beams have been used to anneal amorphous or polycrystalline Si surface layers on 

single crystal substrates to produce high quality epitaxial regrowth. Analysis of the annealed 

regions, which may often be as small as 10 /im in diameter, is difficult, but may be accomplished 

with a nuclear microprobe [6-8] provided tne effect of the microprobe ion beam on the specimen 

during analysis is carefully monitored for the build up of analysis beam induced damage. 

We have taken a similar approach with diamond, but with the important difference that the laser 

annealing was done on damaged layers buried beneath a relatively undamaged cap layer. A focused 

laser beam is used to raise the temperature of the buried damaged layer with the result, in some 

circumstances, that the damage is annealed. We propose that the pressure exerted by the surface 

cap prevents the heated region from reverting to graphite. Our experiments have shown that a 1.5 

pm deep buried damaged layer, produced by a 2.8 MeV C + implant and formed under high pressure 

resulting from the relatively undamaged surface cap layer, can be regrown upon irradiation with a 

14 ns focused laser pulse 15 /im in diameter [2,9]. Future work will replace the C implant with a 

suitable dopant. 

A single laser pulse produces three typical results. 1) For low power densities (from 10 to 23 J /cm 2 ) 

the damaged layer is partially regrown in a zone centered on the laser spot. The regrowth is nearly 

complete in diamond originally implanted up to a dose of 2 x l 0 l s C + / c m 2 . 2) For intermediate 



power densities (from 23 to 28 J/cm") a buried graphitic zone is formed in diamonds implanted 

with a dose greater than 2 x l O I S C + / c n r . This zone is confined to the central, hottest part of the 

laser pulse and is surrounded by an annular zone of regrow.h. 3) For higher laser power densities 

(> 30 J /cm 2 ) , the damaged layer is completely graphitized and can be removed by acid etching, 

leaving a crater in the diamond. These three results are discussed in relation to the phase diagram 

of carbon in reference [2]. 

As in the case of the laser annealed Si, the nuclear microprobe is the instrument of choice to study 

the degree of regrowth in the annealed regions by the technique of Channeling Contrast Microscopy 

(CCM) [10]. Indeed, the nuclear microprobe is virtually the only analytical instrument able to give 

an unambiguous measurement of the degree of regrowth in the laser spots. The most useful feature 

of the CCM technique, as implemented at Melbourne, is that a complete record stored of the energy 

of all the detected particles, tagged with their (x,y) coordinates on the target, a technique known 

as Total Quantitative Scanning Analysis (TQSA) [11]. From the stored records, spectra can be 

extracted that correspond to microscopic areas of the sample, and hence the crystallinity measured. 

In this case these areas are the centres of the laser annealed spots. 

Unlike the earlier studies on laser annealed Si which employed a 2 MeV He + analysis beam, the 

use of a deep implant into the diamond, to obtain a thick cap layer, requires the use of a more 

deeply penetrating beam. Further, studies of the damage produced by MeV He + microbeams 

in diamond show rapid swelling of the analysis region [12] with the result that analysis can be 

degraded. Therefore, the present work employed a 1.4 MeV H + microbeam which has been found 

to provide useful analysis of the laser annealed regions without the introduction of unacceptable 

levels of damage, or swelling, in the diamond crystal [12]. The beam energy was chosen to give the 

same channeling critical angle as 2 MeV He + ions. 

2. E X P E R I M E N T A L 

Buried damage layers were created in <110> oriented 3x3 mm diamond windows by 2.8 MeV C + 

implantation to a dose of 2 or 3 x l 0 1 5 C + / c m 2 . After implantation, the diamonds appeared brown 

with masked areas appearing white. Laser annealing was performed with a 530 nm Nd-silicate glass 

laser, focused to a ~15 /im spot with a pulse duration of 14 ns. The laser wavelength was selected 

for optimum absorption by the damaged layer. A range of laser powers were used, ranging from 
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Y(r) is the yield from an annular zone radius r centred on the masked zone, 

1', is the yield from the unimplanted diamond (independent of r). 

) A is the yield from the as implanted diamond (independent of r) and 

drpth corresponds to one of the three depths designated by the heavy bars in the RBS spectrum 

(figure lh). These three depths correspond to: 1) from the cap layer which is the region of the 

diamond on the surface which is above the buried end of range damage layer, 2) from the end-

of-range damage from the C + implant and 3) from the undamaged diamond beneath the damaged 

layer. Since the implant damage produces dechanneling, most of the backscattered yield from layer 

3) is due to the dechanneled beam. For this reason, the backscattered yield from layer 3) is referred 

to as 'dechanneled beam' in figure 2(c) and the figures to follow. The purpose of the normalization 

is to clearly show the differences between different zones around the laser spots. 

3.1 Masked Zone 

The aim of the laser annealing is to find the conditions that will allow the damage layer to be 

annealed by the laser pulse. If the regrowth in these ~15 (xm regions is to be confirmed, it is 

necessary to get accurate CCM results from the centre of the annealed region. To assess the accuracy 

of CCM for the analysis of small regions of good crystal surrounded by the as-implanted crystal, a 

small masked region of the crystal was investigated. A number of these regions, designated 'masked 

zones', were shielded from the C + implantation by debris adhering to the surface of the diamond. 

This debris, later removed by acid etching, produced masked zones on the diamond depressed 

about 20 nm below the swollen, implanted surface of the diamond, as shown schematically in figure 

2(a). We designate the annular transition region from unimplanted to the implanted regions as the 

'swollen zone'. The masked regions were clearly visible by optical microscopy as ~20 /im white 

spots against the brown colour of the as-implanted diamond (see figure 2(b)). 

The CCM image of a masked zone reveals a central dark region surrounded by a bright annulus 

(see figure 2(b)). The central dark region, showing a low backscattered yield, is undamaged crystal 

and it produces a channeling spectrum characteristic of good crystal, as expected. The bright 

annulus, which shows a high yield of backscattered particles, is produced by strong dechanneling 

of the analysis beam from the tilted crystal planes in the swollen zone. 

The reduced yield curves in figure 2(c) show that the effect of the swelling around the masked zone 



is most significant on the yield from the cap layer in the swollen zone. In this zone the yield from 

the cap layer rises from near that of undamaged crystal to nearly 2.5 times that of the as-implanted 

crystal. It is the signal from the cap layer that produces most of the contrast seen in the COM 

image of figure 2(c). Once again, the swollen zone has a width of ~(i /im. The signals from the 

dechanneled beam and the damage layer itself appear to be relatively unaffected by the swelling. 

The masked region was 10 /im across, seen in the optical image, but only the central 4 fim remains 

unaffected by swelling. Accurate measurements are therefore possible for the centre of the masked 

zone, since this was larger than the beam resolution. 

3.2 Htgrmm Zone 

Although partial regrowth was observed in diamonds implanted to a dose of 3 x l 0 1 5 C + / c m 2 from 

a single laser pulse, near complete regrowth was observed for 2 x l 0 1 5 C + / c m 2 . In the latter case, 

alphastep traces over the regrown regions revealed compaction of the surface, by an amount of ~5 

nm. This compaction has apparently occurred because of the conversion of the damaged layer back 

into diamond. As shown schematically in figure 3(a), the compaction means that the regrown zone 

is surrounded by an annular swollen zone as was the case for the masked zone. However, since 

the compaction is four times smaller than the original swelling, the tilting of the crystal planes 

is not as great and does not produce sufficient dechanneling to show up as a bright annulus in a 

CCM image (see figure 3(b)). Despite this, the yield extracted from the region of the swollen zone 

rises above the yield from the as-implanted zone, which shows that the swollen zone does produce 

dechanneling, see figure 3(c). The width of the swollen zone is ~6 /zm, consistent with the previous 

results. 

To get accurate results, the width of the annulus of swollen diamond must be allowed for when 

defining regions for the extraction of spectra to avoid contributions from the swollen zone. In this 

case, the annealed region n the optical micrograph had a diameter of about 20 (im, however, as 

shown in figure 3 (c), only the central 8 fim zone can be analysed to avoid dechanneling from the 

6 fim wide annulus of the swollen zone. It is important to note that the swollen zone appears to 

be confined to the inside of the white spot seen in the optical micrograph, and hence to within the 

boundaries of the laser spot. 

The reduced yield curves show that the regrowth has had the same effect on each of the three depth 
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'2.1 J/cm-, below which no effects were observed, to > 30 J /cm 2 , above which graphitization of the 

diamond occurs. Following laser annealing, the diamond windows were cleaned in boiling arid to 

remove surface graphite. CCM images were then obtained with the Melbourne nuclear microprobe 

using a ~ 3 /im diameter, 1.4 MeV H + probe. 

3. RESULTS 

The effect of the initial C implant was to produce a 0.5 /im thick damaged layer centered at a 

depth of 1.5 /im. Owing to the larger volume occupied by the end-of-range damage compared to 

the original crystal, the surface of the diamond swells 20 nm above the unimplanted surface. This 

value was measured by an sur face profilometer (Alphastep). This effect is very obvious in CCM 

images taken from over the swollen edge as shown in figure 1(a). A bright stripe, produced by 

dechanneling in the crystal planes tilted by swelling, is visible along the edge of the masked region. 

Channeling spectra from the three regions of this CCM image are shown in figure 1(b). These 

spectra show that the characteristic signal from the swollen edge of the implanted region is similar 

to a spectrum from a randomly oriented sample but with a lower height. The width of the region 

which produces the dechanneling is ~ 6 ^m. This is a potential problem for analysis of small, 

regrown areas by ion channeling since dechanneling from the tilted crystal planes could obscure the 

signal from neighbouring good crystal. This problem is discussed further below. 

To evaluate the effect of the laser pulse, it is necessary to characterize the crystallinity in a three 

dimensional region of interest enclosing the laser spot. Assessment of the crystallinity from chan

neling measurements is traditionally done from the \ m i n parameter, which is the ratio of the yield 

from the aligned sample to the randomly oriented sample measured just below the surface peak in 

He + backscattering spectra. For the present work, the depth resolution of the 1.4 MeV H + beam 

is insufficient to identify the surface peak and we are seeking to charaterize effects spread in depth 

from the surface down to 1.5 /im. Therefore, rather than use the Xmin parameter, the results of the 

channeling measurements are plotted as normalized yield curves which show the difference between 

the laser annealed sample and the as-implanted sample. These curves are the value of the reduced 

yield: 

V 'A /depth 

where: 



fl5*~*"* 

layers of interest, the yield has reduced to close to 50 % of the as-implanted diamond. This level 

of yield is seen even in the masked zone for the cap layer and dechannoied beam layer (figure 2(c)) 

and is hence characteristic of undamaged diamond. 

3.3 Graphite Spot Zone 

Increasing the laser power density above that required to produce regrowth in the centre of the 

laser spot produces a buried graphitic spot. In optical micrographs this reveals itself as a black 

spot surrounded by a white halo which contrasts with the overall brown colour of the as-implanted 

diamond. An optical micrograph is shown in figure 4(b). The graphitic spot is definitely buried, 

since it cannot be removed by boiling in strong acids known to remove surface graphite layers. 

The precise effect of the graphite spot on the surface topography of the diamond is not yet known, 

however it can be assumed that is causes swelling of the surface above that of the as-implanted 

zone, as shown schematically in figure 4(a). 

Since the laser pulse can be assumed to have a gaussian profile, the bright halo around the graphitic 

spot forms when the temperature of the diamond falls to that optimum for regrowth seen with 

lower laser power densities. The degree of regrowth in the annulus around the graphitic spot is 

almost certainly better than that suggested by the reduced yield curves in figure 4(c) because: 1) 

the resolution of the microprobe, ~3 /im, partially overlaps the graphitic spot and as-implanted 

regions of the sample, even when positioned over the regrowth, and, 2) the combined effect of the 

swelling over the graphitic spot and the compaction of the regrown zone causes an as yet unknown 

degree of tilting of the crystal planes. If the swelling surrounding the graphite spot has an annular 

width of ~6 /im, as seen previously, then the signal from the regrown zone will be significantly 

increased by dechanneling, so it is remarkable that the reduced yield from the cap layer decreased 

so significantly in the regrown zone. 

C O N C L U S I O N 

With the reduced yield curves as a guide to avoid perturbations to the channeling spectra from 

the swelling and compaction of the diamond, the degree of regrowth in the laser annealed diamond 

can be measured. However in some cases, such as the buried graphitic spot the swelling effects 

cannot be avoided. The 15 - 20 /im laser spots of the present work are the minimum size that can 

be characterized, owing to the fact that the outer 6 /im wide annulus produces dechanneling from 



tilted crystal planes from swelling or compaction. 

With these precautions in mind, spectra can be extracted from CCM images to show the degree 

of regrowth. The channeling spectrum from the regrown zone matches that from the masked zone, 

confirming near complete regrowth of the damaged diamond (see figure 5). Although the work 

presented here utilised a C implant, our recent work has shown that similar sorts of behaviour occurs 

in P implanted diamond. Work is presently in progress to determine the degree of substitutionality 

of the implanted P in the regrown diamond. 
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FIGURE C A P T I O N S 

Figure 1(a): (above) CCM image of the edge of an implanted region of a diamond implanted to 

a dose of 3 x l 0 1 5 C + / c m 2 showing dechanneling produced by the swollen edge of the implanted 

region, (below) Alphastep profile of the swollen edge. 

Figure 1(b): Channeling spectra extracted from the key regions of figure 1(a) showning the effect 

of the swelling on the dechanneling. The heavy bars indicate the windows used to produce the 

reduced yield curves in figures 2(c), 3(c) and 4(c). Dech. = Dechanneled, D.L. = Damage Layer 

and C.L. = Cap Layer. 

Figure 2(a): Schematic diagram of the effect of a MeV ion implantation into a diamond with a 

mask. The end-of-range damage produces a swelling of the crystal and three annular zones may 

be identified (indicated by the heavy bars and the legends in the boxes): the masked zone, the 

swollen zone and the as- implanted zone. 

Figure 2(b): CCM image and optical micrograph of a masked zone and its surrounding region for 

a 3 x l 0 1 5 2.8 MeV C + implant into diamond. In the optical micrograph the masked zone appears 

white and the as-implanted diamond dark. The CCM image shows a large backscattered yield as 

t . white and shows the dechanneled beam from the tilted crystal planes in the swollen zone. 

Figure 2(c): The reduced yield curves from annular zones centered on the masked zone from energy 

windows placed on the signal from the cap layer, the dechanneled beam from below the damaged 

^ layer and the damaged layer itself (see figure 1(b)). The heavy bars show the positions of the three 

zones of interest identified in figure 2(a). 

/ Figure 3(a): Schematic diagram showing the effect of a laser pulse which causes regrowth of the 

damaged layer which results in a compaction of the surface of the diamond. The stippling indicates 

residua] damage in the diamond. Three annular zones are identified: the regrown zone at the centre 

of the laser spot, the swollen zone where the crystal planes are tilted and the as-implanted zone. 

Figure 3(b): CCM image and optical micrograph of two regrown zones in a diamond that was 

implanted with 2 x l O I S 2.8 MeV C + . The dark regions represent low yield and hence regions of 

good channeling. These regions show white in the optical micrograph. 

Figure 3(c): The reduced yield curves from annular regions of increasing diameter from the centre 

of the regrown zone from windows placed as in figure 2(c). 



Figure 4(a): Schematic diagram showing the effect of a laser pulse with a power density greater 

than that required to regrow the damaged layer showing the graphitic spot zone in the centre of 

the laser spot surrounded by an annular zone of regrown crystal. 

Figure 4(b): CCM image and optical micrograph of a graphitic spot in a diamond that was im

planted to a dose of 3 x l 0 1 5 2.8 MeV C + / c m 2 . The buried graphitic spot produces a lot of dechan-

neled particles and hence shows up bright in the CCM image. The regrown crystal is visible as a 

bright annulus in the optical micrograph. 

Figure 4(c): The reduced yield curves from annular regions of increasing diameter surrounding the 

graphitic spot from windows placed as in figure 2(c). 

Figure 5: Channeling spectra from the regrown zone (fig 3(a)), masked zone (fig 2(a)), as implanted 

and unimplanted diamond (fig 1(a)). Experimental parameters: detector scattering angle 145 °, 

beam 1.4 MeV H + , diamond axis <110>. 
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Figure 1(a): 
D.N. JamirKon, S. I'rawrr, S.P. Doolcy and R. Kalish, Regrowth Zones in Laser Anriealef 
Radiation Damaged Diamond. 
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Figure 2(b): 
D.N. Jamieson, S. Prawer, S.P. Dooley and R. Kalish, Regrowth Zones in Laser Annealed 
Radiation Damaged Diamond. 
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Figure 2(c): 
D.N. Jamieson, S. Prawer, S.P. Dooley and R. Kalish, Regrowth Zones in Laser Annealed 
Radiation Damaged Diamond. 
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D.N. Jamieson, S. Prawer, S.P. Dooley and R. Kalish, Regrowth Zones in Laser Annealed 
Radiation Damaged Diamond. 
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Figure 3(c): 
D.N. Jamieson, S. Prawer, S.P. Dooley and R. Kalish, Regrowth Zones in Laser Annealed 
Radiation Damaged Diamond. 
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Figure 4(a): 
D.N. J c'unieson. S. Prawer, S.P. Dooley and R. Kalish. Regrowth Zones in Laser Annealed 
Radiation Damaged Diamond. 
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