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The effects of scanned 2 MeV H e + and 1.4 MeV H + microbeam irradiation on unimplanted 

and P implanted diamond were characterized. Although diamond was found to be resistant 

to lattice defect production, it was found to swell very rapidly in comparison with other 

materials, giving rise to serious swelling induced dechanneling a t scan edges [1] at relatively 

low doses ( 1 0 , 7 / c m 2 for 2 MeV H e + ) . Microbeams annealed the damage due to a 1.5 /*m 

deep Phosphorus implantat ion at a dose of 1 0 1 5 P + / c m 2 . The implantat ion damage was 

reduced at a dose of (1.6 x 1 0 1 7 / c m 2 ) by up to 21 % for 2 MeV H e + irradiation, up to 

1G % for high flux 1.4 MeV H + irradiation and 12 % for low flux H + irradiation. For the 

choice of analysis beam, all these beam effects were found to be most significant for H e + 

niicrobeains, so H + microbeams should be used for analysis of diamond unless high depth 

resolution is required. 

Introduct ion . 

Ion microprobes can allow large doses (~ 1 0 ' ' / c m 2 ) to be applied to small regions (~ 

50//m) at high fluxes (~ 20 / /A/cm 2 = 2.0 x 1Q14 ions/cm2/* ), making them an ideal tool 

for studying high dose ion irradiation effects in materials, such as swelling and ion beam 

annealing. 

Microprobes are also used as analytical instruments, to obtain channeling and oomr »si-

tional information on a micron-sized scale, where analysis conditions must be used that 

strictly limit the effects of the analysis beam on the measurement. Under microbeam ir

radiation, lattice defects can form [1-4], dopants can be displaced from lattice sites [2], 
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and swelling can misoricnt the edge of the irradiated region, inducing dcchanneling [1]. It 

is known that high energy light ions can anneal damage produced by heavy ion irradia

tion [5], and this is a potential source of analysis beam induced specimen per turbat ion for 

microprobe analysis of ion implanted crystal. 

Light ion microprobe analysis is a useful technique for characterizing dopant ion implan

tation damage and the success of spot annealing treatments [6-8]. In our current work, 

1.5 /mi deep Carbon or Phosphorus implants in type Ha natural diamond slabs are an

nealed by a foeussed, pulsed Nd-Glass laser. This process produces small (~ 10/nn) spots 

of annealed diamond which have been successfully analyzed by a scanned 1.4 MeV H + 

microbc-am [7,S]. In order to ensure that significant changes to the crystal under analysis 

did not occur, it was necessary to perform systematic damage studies on unimplantcd di

amond to characterize lattice damage and swelling induced dcchanneling, and implanted 

diamond to characterize possible annealing effects. 

1. Latt ice D a m a g e and Swell ing Induced Dechanne l ing . 

Lattice damage in diamond due to 1 MeV H e + irradiation has been found to cause mea

surable loss of channeling at the diamond surface, [9] as well as significant damage a t the 

end of range. Also, we have previously investigated [l] the loss of channeling in Si crystal 

irradiated by 2 MeV H e + in small scans (~ 100 x 100/zrn), typical of microprobe channeling 

measurements [1]. Beam induced swelling was found to be the only significant cause of 

dechanneling at high doses in Si. To accommodate the swelling induced by the buildup of 

defects and beam a toms at the end of iange, the crystal layers at the edge of the irradiated 

region must be tilted. A tilt of ~ 0.5° is enough to cause severe dechanneling at the scan 

edge. 

As the present work shows, diamond swells more readily than Si under ion irradiation, 

despite its hardness, so swelling induced dechanneliug wa.s expected to occur at lower 

doses. Previous work carried out, with 170 keV fluorine beams [10] a t t r ibuted this swelling 

to the buildup of vacancies at the end of range of the beam, which gives an initially rapid 

component of swelling that eventually saturates, and the accommodation of the implanted 

ions in the lattice, which gives a linear component of swelling with dose. The diamond at 
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the end of range of the beam is not converted to graphite [10], but it appears black due to 

sp,, bond formation. 

1.1 E x p e r i m e n t a l . 

A detailed investigation was carried out on the effect of microprobc irradiation of unim-

planted diamond. High dose irradiations of <110> oriented unimplanted type Ha diamond 

were performed with channeled 1.4 MeV H + and 2 MeV H e + beams at room temperature 

to characterize lat t ice damage, swelling, and swelling induced dechanneling in diamond. 

The combination of these two effects we refer to as 'channeling loss 1. 

The energy of 2 MeV for H e + was chosen, as this is the routine energy used at the Mel

bourne University Microprobe for channeling, and is the energy used in nearly all of the 

iiiicioprobe damage li terature. The proton energy of 1.4 MeV was chosen because it has 

approximately the same critical angle for channeling (0.36°) as a 2 MeV H e + beam [9], 

giving comparable results to the H e + beam. 

Raman Spectroscopy, Dektak surface profiles and Channelling Contrast Microscopy (CCM) 

[C], were used in the characterization of damage and swelling. 

1.2 C h a r a c t e r i z a t i o n of Swel l ing. 

The swelling produced in diamond by microprobe scans typically used in the analysis 

of microscopic features [7,8] was investigated. A region of <110> oriented unimplanted 

diamond was irradiated in a 32 x 32//.m square by a scanned 1.4 MeV H + beam in channeling 

orientation to a dose of 5 x L0'' /cm' 2 , The surface was swollen to a height of GO nm as is 

shown in the Dektak profilometer trace (figure 1). From the Young's modulus of d : amond 

(1.05 x lO'- 'Pa), and the range of the beam (17 ± 2/xm, based on a c-STIM measurement 

[11] of the energy loss of 1 MeV H + in channeling orientation in Si), the stress a t the end 

of range of the beam required to produce the observed swelling is calculated to be 3.7 ± 0 . 5 

GPa. Following the micropiobe irradiation, Raman spectroscopy was performed on this 

region. A Rain.in peak shift of 8.2 c m - 1 from the Raman peak of virgin diamond was 

measured for the swollen region (figure 2). The Raman peak of the swollen region was also 
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broadened. The average tensile stress could thus be found to be 4.0 G P a in the surface 

region of the swelling, which is consistent with the end of range stress calculated from the 

observed swelling height. 

The swelling height was measured for all of the scans used in this study. For 2 MeV 

H e + irradiation, the surface swelling (723 nm at a dose of 3.7 x 10 1 * / c m 2 ) w i s over 11 

times greater than that for 1.4 MeV proton irradiation and 3 times greater than that 

observed for 170 keV fluorine irradiation [10], a t this dose. The larger amount of swelling 

per ion observed for H e + irradiation is due partially to the higher defect production rate 

of the beam (compared to H + ) , and also possibly due to the fact that He cannot combine 

chemically with lattice defects, while both H and F can combine with the dangling bonds 

of lattice vacancies. The fact that diamond swells four times more than silicon [ l 1 per unit 

He ^ dose is probably due to the smaller lattice spacing of diamond which means tha t there 

is more stress induced by an interstitial He or C a tom. 

1.3 Charac ter i za t ion of 1.4 M e V H + Channe l l ing Loss . 

To investigate the microbeam induced swelling, COM images were taken a t various stages 

of irradiation for a 67 x 67/nn square of unimplanted diamond irradiated at a flux of 18 

/ /A /cm 2 to a maximum dose of C.l x 10 1 ' /cm' 2 . Spectra extracted from the centres of these 

scans give information on the lattice damage due to the beam, and spectra extracted from 

the edges of the images give the swelling induced dechanneling effect of the irradiation. 

A CCM image (figure 3) of the irradiated region was taken with the 67 /xm scan after the 

irradiation of the G7/nn region to a dose of G.l x l O 1 ' / 0 " ' 2 - The only visible features in 

this image are due to the effects of the 67 //in scanned beam. It is clear tha t there was 

significant dechanneling at the edge of the scan, which gives rise to an increase in total 

\ ,„,„ measured with that scan. A CCM image of this region taken with a larger scan 

showed little contrast, between the centre of the irradiated region and the unirradiated 

background, indicating negligible buildup of lattice damage. 

To definitely establish swelling induced dechanneling as the mechanism for tl». loss of 

contrast at t he edge of the irradiated region, a CCM image (figure 4) of the left edge of 
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the swollen region as in figure 3 was taken at an angle of 0.5° to the channeling axis. 

The channeling feature in this image corresponds to an edge of the swelling produced 

by the G7 x G7/nn scan. This confirms that the edge was misoriented by swelling as has 

been previously observed in Si [l j . A Dektak measurement of the 67/im irradiated region 

showed a surface swelling of 1G5 nm at the maximum dose of 6.1 x l O 1 ' / 0 1 1 * 2 ! which is 

approximately twice the swelling observed in Si at the same H + dose [12]. 

The \ ,„ .„ is plotted as a function of dose (figure 5) for the 0.S nA 1.4 MeV H + beam 

scanned in the G7 x 67/xm square. The \ m , „ was measured in the centre and at the edge of 

the scan used to produce the damage, as well as for the entire sc;vn. The \ , „ „ 4 in the centre 

of the scan does not increase, indicating a negligible rate of buildup of lattice dr inage in 

the surface region of the crystal. The \ m t n of the edge gradually increases after a dose of 

1.5 x 10 1 ' / c m 2 due to tilting caused by swelling. The crystal is otherwise undamaged. 

1.4 Charac ter i za t ion of 2 M e V H e + Channe l l ing Loss . 

The \,„i„ was measured by CCM imaging as a function of dose for a 2 MeV He"*" beam 

scanned in a 10S x lOS/nn square. The \ ,„,,, is plotted as a function of dose (figure 6) for the 

entire scan, the scan centre, and the edge of the scan. The \ ,„ ,„ in the centre of tin? scan 

does not increase, but the ,\„,,„ of the edge rapidly increases after a dose of 1.0 x 10 1 / c m 

to 30 % due to swelling induced dcchanneling, and then increases more slowly. This result 

indicates that the beam produces negligible lattice damage at the surface, which is at 

variance with the previous study [9], but insufficient information on tha t experiment was 

given to allow us to explain the apparent discrepancy. 

2. M i c r o b e a m A n n e a l i n g of Ion Implanted D i a m o n d . 

In a previous study of the effects of H + and H e + irradiation of Sb implanted in diamond 

to a dose of 1 x 1 0 I , / ( ' I n i [&]• t n ( - damage could be annealed to an equilibrium level of 

40 % of its initial level by channeled 2.3 MeV H o + at a dose of 1.5 x 1 0 , 7 / c m 2 , and 320 

keV H 4 could anneal the damage to an equilibrium value of GO %. Thus for channeling 

analysis of ion implanted diamond, annealing effects due to the analysis beam potentially 

pose a considerable problem. 



2.1 E x p e r i m e n t a l . 

A < 11()> diamond wafer was implanted with Phosphorus to a range of 1.5 /tin at a dose 

of 1 x 10 I , r ' P + / c i u ' : to determine whether the laser annealing technique developed in [7] 

could activate the dopant [S]. It was necessary to ensure that annealing effects of the 1.4 

MeY H e + beam used for the microchanneling analysis of the laser annealed spots were 

minimized. 

High dose irradiations along the <110"> axis of the implanted diamond were performed with 

1.4 MeV H + and 2 MeV hc+ beams at room temperature to characterize the annealing 

effects of the beams. The level of damage was measured by integrating over the damage 

distribution and subtracting the channeling yield from unimplanted diamond over that 

same depth region. This measurement contains both direct scatter and dechanncling effects 

of the damage, but is approximately proportional to the defect concentration. The level 

of damage is expressed as a fraction of the initial implantation damage. 

2.2 P r o t o n B e a m Anneal ing of P implanted d i a m o n d . 

A G7 //in square region of the implanted diamond was irradiated at room temperature by a 

1.4 MeV H + beam in the <110> channeling orientation at a beam flux of 5.6 x 1 0 l r ' / c m 2 . 

The maximum dose used was 3.7 x 1 0 ' ' / c m 2 . 

From the CCM image (figure 8) of the irradiated region, obtained with a 135 //.m square 

scan, it is possible to see that there is slightly better channeling into the scan centre than 

into the unirradiated material at the edge of the image. Around the centre of the image, 

corresponding to the edge of the original 07 /mi square scan, is a region of poor channeling 

due to swelling induced dcchanneling. Tli'.s irradiation was found to have produced a 

swelling of 05 urn as measured by the Dektak surface profilomcter. 

The channeling spectra for the P implanted layer at H + doses of 7.0 x 1 0 1 5 / c m 2 (as 

implanted) and 3.7 x 10 ' ' /c .m 2 (ion beam annealed) are shown (figure 9), together with 

the spectrum for unimplanted diamond. The high dose anneals the damage by 15 %. The 

spectrum for the dose of 3.7 x 1 0 1 7 / c m 2 was extracted from the centre of the irradiated 
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region to eliminate swelling effects. 

As defect production in ion beam irradiated materials is highly -lux dependent [2] due 

to dynamic annealing processes [3]. it was anticipated that annealing could also be flux 

dependent. Another 1.4 MeV H + damage study was performed at over 10 times the 

previous flux to investigate this possibility. The focused microbeam was scanned in a 

40 x 30/xni rectangle at an average beam current of 0.75 nA in channeling orientation, 

giving a flux of 63 / iA/cm 2 . Although doses above 1.7 x 1 0 ! ' / c m 2 could not be used due to 

swelling induced dechanneling. it was found that the implantat ion damage was annealed 

by 1G % at a dose of 1.6 x 10 ' ' / c m 2 , which is slightly more than a t lower flux for this dose. 

2.3 H e + B e a m Annea l ing o f P implanted d i a m o n d . 

Although the P implantat ion damage peak was too deep to measure with a 2 MeV H e + 

beam, the annealing of the damage near the surface of the crystal could be measured. 

Due to the drastic effect of swelling induced dechanneling for H e + i rradiation, a 120 /un 

scan was used, and all da ta was extracted from the centre of the scans. The diamond was 

irradiated at a flux of 32 //A/cm* to a maximum dose of 1.6 x 1 0 1 7 / c m 2 , annealing 21 % of 

the damage. The spectrum after a dose; of only 6.7 x 1 0 1 6 is shown (figure 9) , together with 

the as implanted and unimplnnted channeling spectra. This shows tha t H e + irradiation 

causes significant, annealing at relatively low doses. 

The H e + data can be compared to H + da ta as long as the damage level is measured ewer 

the same physical depth window, as defect dechanneling gives a greater contribution for 

deeper depth windows. When this analysis was performed, it was found that H e + ions 

anneal the damage by approximately twice as much as H + beams at, comparable flux. 

2.4 C o n c l u s i o n s From Annea l ing Study. 

The level of damage is plotted as a function of dose (figure 10) for both of the H + annealing 

studies, and the H e + annealing study. The data has been fitted with the function } ' = 

)',,, coth(fc| + k-tX), which is derived from the assumption that t he annealing process is a. 

beam induced interstit ial/vacancy recombination process [3]. The parameter kt is related 
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t o the initial defect concentration, and &2 is related to the annealing effect per unit dose. 

The only parameter tha t was varied in the least squares fitting to the data was k>. The 

tit was performed to provide an estimate of the equilibrium damage level \ e q . All three 

studies show that an equilibrium damage concentration Yeq is established at high dose, 

and that H e + irradiation causes about twice as much annealing than H + irradiation at 

high dose, in agreement with the previous study on light ion annealing of ion implanted 

diamond [5]. 

The fact that the damage is annealed to an equilibrium value a t high dose, rather than 

completely removed, indicates either that some of the damage exists in types of defects 

that cannot be annealed by irradiation; or that a dynamic equilibrium is established be

tween defect annealing and defect introduction from the annealing beam The fact that 

the equilibrium values are beam dependent would tend 10 support the latter hypothesis. 

Wc a re presently investigating the effect of ion beam annealing of dopants implanted into 

diamond. 

.'$. M e t h o d s for Min imiz ing B e a m induced C h a n g e s in A n a l y s i s . 

In the micro-channeling analysis of unimplantcd diamonds, swelling induced dechanneling 

is the only serious mechanism for channeling loss. Swelling induced dechanneling is more 

severe for diamond than Si and analysis doses should be kept under 8 x 1 0 l c / c m 2 to avoid 

this effect entirely. As this effect is confined to a 10 /im half width perimeter at the edges 

of the scan, it can be el iminated from analysis simply by using a larger scan, and extracting 

data from the central regions of the scan. This allows doses of over 6.0 x 1 0 1 ' / c m 2 to be 

used with negligible channeling loss. This was done in the present 2 MeV H e + annealing 

study. 

Lattice damage from microprobc irradiation could not be measured by channeling for 

either the H + beam or the H e + beam, even at the highest doses used in this study. This 

means that the ul t imate limitation on microbeain doses, once edge dechanneling has been 

eliminated, is the dose at which the irradiated layer is ablated from the surface (~ 1 0 1 9 / c m 2 

for Si) 113]. 



under poor vacuum conditions (> I D - " t o n ) , an amorphous carbon layer can form on the 

crystal surface, at a ra te pioportioual to beam dose, which increases the size of the diamond 

channeling surface peak, inducing some dcchanneling [3], This effect can be greater than 

lattice damage for some crystals [3], including diamond, so a good vacuum ( ~ 1 0 - ' torr) 

is essenti;il for accurate quantitative analysis. 

In contrast to the channeling loss, the annealing effect of the analysis beam on implanted di

amond poses a serious potential problem for accurate analysis, as annealing occurs rapidly 

at low doses. This effect has exactly the same type of dose and beam behaviour as damage 

in crystah like Ge [3], GaAs [2,3], and H g ^ C d ( I _ r ) T e [4], and As dopant displacement in 

Si [2]. The same strategies can therefore be used to minimize t he effect of t he beam. 

Limiting analysis beam dose is the most obvious means of limiting beam induced changes to 

the target. For characterizing bulk crystal properties, this is a simple ma t t e r of increasing 

the scan size, b u t for small features dose cannot be limited without limiting statistical 

accuracy. Increasing the detector solid angle will improve statistical accuracy, but reduce 

mass and depth resolution due to kinematic spread [2]. This approach was used successfully 

in the analysis of laser annealed spots [Sj. where a detector solid angle of GO msr was used, 

giving an overall detector resolution of 24 keV and allowing doses of under 5 x l ( ) u ' / c n r 

to be used, limiting 'lnuealing of the implanted crystal to under 5 %. 

Another approach to minimizing the effects of damage, that t o our knowledge has not 

been previously proposed, is to extrapolate yield vs dose curves to zero dose by fitting an 

appropriate function to the curve. Such an approach will provide an accurate numerical 

estimate of a dopant substitutional fraction or a \ , „ , „ , and allow the analysis beam effects 

to be fully characterized. 

Unless high depth resolution is required, it is preferable to use low energy H + ions rather 

than H e + ions for channeling analysis. Limiting beam flux is also desirable as, like crystal 

damage, annealing is more severe for higher beam Muxes. 

Finally, in any form of microprobc channeling experiment, there is no subst i tute for actually 

monitoring the channeling yield from all regions of the sample over the course of the 

experiment. 
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This work is part of an ongoing quanti tat ive s tudy of ion irradiation effects and analysis 

beam induced changes using CCM. and the development of channeling STIM as a means 

of defect prof i l ing [3]. 
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F I G U R E S 

Figure 1: Profilometer trace (Dcktak) over a 32 /nn inicroheain scan of < 1 1 0 > oriented 

diamond showing swelling. 

Figure 2: Raman spectrum from the 32 /mi scan of figure 1. 

Figure 3: CCM image of a 07 /mi scan to a dose of C l x l O ^ / c m 2 1.4 MeV H + showing 

clechanneling from the scan edges due to tilting of the crystal planes by swelling. A low 

backscattering yield, from good crystal, shows u p as dark, a high yield f> :>m dechanneling 

shows up as bright in this image. It is clear that a significant loss of channeling occurs at 

the edge of the scan in comparison with the centre of the scan. 

Figure 4: CCM image of the swollen left edge of the region in figure 3 with t h e crystal tilted 

a t 0.5° t o the <11()> axis showing good channeling into the tilted edges of the original 

scan (dark region) and dechaneling from the misaligned bulk of the crystal (bright region). 

The motteled effect is due to a scan artifact. 

Figure 5: The effect of the swelling of the diamond on the \ m i „ within the scan area of 

figure 3. This has been resolved into the contribution from the centre and swollen scan 

edge. 

Figure G: The effect of the swelling of the diamond on the \ „ , , n for a 2 MeV H e + beam. 

Figure 7: A CCM image of a central G7 /mi, 1.4 MeV H + -..an used to anneal damage in 

a P implanted diamond (see text) . 

Figure S: Channeling spectra extracted from the central 1.4 MeV H + annealed region and 

surrounding unaunealed, as implanted regions of figure 7. 

Figure 9: Channeling spectra from the centre of a 2 MeV H e + annealed region and sur

rounding uuannealed, as implanted diamond. 

Figure 10: The damage level (see text) in 1.4 MeV H + and 2 MeV H e + ion beam annealed 

diamond as a function of dose fitted with a theoretical curve. 
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Figure 3: Sean P. Dooley, David N. Jamieson and Steven Prawer, H e + and H + Miciobeam 

Damage. Swelling and H e + and H+ Microbeam Damage, Swelling and Annealing in Dia

mond. 
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Figure 4: Sean P. Doolcy, David N. Jamieson and Steven Prawer, H e + and H + Microbcain 

Damage, Swelling and H e + and H+ Microbeam Damage, Swelling and Annealing in Dia

mond. 
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lijiure 5: Sean I'. Doolev. David N. Jaiuieson and Steven I'rawer, He"1" and H+ Microbeam 

Damage, Swelling and H e + and H + Microbeam Damage, Swelling and Annealing in Dia- i 

mond. 
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r KigurrO: Scan V. Dooley, David N. Jamieson and Steven Piawer, He"*" and H + Mioiobeam 

Damage, Swelling and H e + and H+ Microbeam Damage, Swelling and Annealing in Dia

mond. 
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Fiinire 7: Sean P. Donley. David N. Jamieson and Steven Prawer, H e + and H+ Mioiobeam 

Damage, Swelling and H e + and H+ Microbeam Damage, Swelling and Annealing in Dia

mond 
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He + Annealing of P implanted Diamond. 
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Figure 10: Sean P. Dooley, David N. Janiieson and Steven Piawei, H e + and H + Mi

crobeani Damage, Swelling and H e + and H + Microbeam Damage, Swelling and Annealing 

in Diamond. 
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