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Abstract 10B isotope doped p-type diamond epilayer

grown by chemical vapor deposition on (110) oriented type

IIa diamond single crystal substrate was subjected to neutron

transmutation at a fluence of 2.4 9 1020 thermal and

2.4 9 1020 fast neutrons. After neutron irradiation, the epi-

layer and the diamond substrate were laser annealed using

Nd–YAG laser irradiation with wave length, 266 nm and

energy, 150 mJ per pulse. The neutron irradiated diamond

epilayer and the substrate were characterized before and after

laser annealing using different techniques. The character-

ization techniques include optical microscopy, secondary

ion mass spectrometry, X-ray diffraction, Raman, photolu-

minescence and Fourier Transform Infrared spectroscopy,

and electrical sheet conductance measurement. The results

indicate that the structure of the irradiation induced amor-

phous epilayer changes to disordered graphite upon laser

annealing. The irradiated substrate retains the (110) crys-

talline structure with neutron irradiation induced defects.

Introduction

Neutron irradiation of diamond has been investigated to

determine the effects of the radiation damage in type Ia,b

and type IIa [1–8] and type IIb crystals [9–12]. More

recently, neutron transmutation of 10B isotope to 7Li ions

has been attempted to achieve n-type electrical conduc-

tivity starting from p-type diamond [10–12]. Previous

experiments indicated that n-type activity could be

achieved after irradiation for 400 h in a thermal flux of

1012 neutrons/cm2 s [12]. Compensation of p-type B with

n-type Li has been observed in the electrical conductance.

However, there is an ongoing debate on the origin of n-type

activity in the p-type B doped diamond that has been

subject to transmutation. Radiation induced defects and

complexes are also known to give rise to n-type activity

[13–15]. More recently, deuterium complex with B [16, 17]

was shown to exhibit n-type conductivity that is stable up

to only 200 �C.

Fast neutrons with higher energy ([1 MeV) give rise to

lattice damage by displacement of carbon atoms as the

scattering cross-section is higher (1.6 barns). Thermal

neutrons (\0.1 eV) do not give rise to any significant lat-

tice damage because the scattering cross-section is lower

(0.001 barns) and it is estimated that the threshold for car-

bon atom displacement is between 20 and 30 eV [10–12].

However, irradiation with thermal neutron flux is accom-

panied by radiation damage from the transmutation reac-

tion that gives out high energy (1.0 MeV) Li? ions and

(1.78 MeV) He? ions or alpha-particles. It should be noted

that the scattering cross-section of thermal neutrons with
10B is much higher (3837 barns) than that of fast neutrons

(0.1 barns). These charged particles of Li? and He?

undergo electronic scattering initially and nuclear scatter-

ing in the final stages. The electronic scattering does not

contribute to the lattice damage. The damage from nuclear

scattering in the form of displacement of carbon atoms and

Li? ions is retained in the diamond lattice. Li? ions are

known to occupy interstitial sites [18–20]. While the
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electrical conductivity from thermally doped Li in diamond

has been found to increase [20], there is still a question if it

contributes to n-type conductivity. Lattice damage is also

responsible for generation of point defects and complexes

[10–12] and amorphization of the diamond.

Thermal annealing at 1000 �C for 8 h after neutron irra-

diation of 10B doped diamond to a fluence of 2.66 9 1020

thermal neutrons/cm2 and 3.14 9 1020 fast neutrons/cm2 has

been used to study the changes in electrical conductivity and

lattice perfection [10, 11]. Although, the electrical conduc-

tance of the neutron irradiated diamond was higher with

activation energy of 0.37 eV characteristic of p-type B, the

result after thermal annealing was a large reduction in con-

ductance with an activation energy of 0.20 eV characteristic

of either Li or radiation induced defects [10, 11].

It has been known in semiconductors [21] and diamond

[22, 23] that implantation damage can be recovered by

laser annealing leading to solid phase epitaxial growth with

the presence of active dopants. In the present work, we

have carried out laser annealing of the neutron irradiated
10B doped diamond to determine the changes in the lattice

structure and the properties. We have performed charac-

terization of the diamond epilayer and the substrate by

different methods.

Experimental results

10B isotope doped diamond epilayer of thickness 4 lm was

grown by chemical vapor deposition on polished type IIa

diamond substrate of size 4 mm 9 4 mm 9 0.3 mm. The

B dopant concentration was 1019 at. cm-3. The epilayer

and the diamond substrate were subjected to neutron irra-

diation in a thermal flux of 1014 n/cm2 sec and an equal

fast neutron flux for 4 weeks in a high flux reactor. The

temperature of the sample during or immediately after

irradiation was not monitored. The fluence of both the

thermal or fast neutrons in the sample is 2.42 9 1020 n/cm2.

The epilayer and the substrate were characterized prior to

and after irradiation. X-ray diffraction showed that the

epilayer was (110) oriented and it followed that of the

substrate. The sample consisting of the neutron irradiated

epilayer and the diamond substrate was laser annealed

using Nd–YAG laser irradiation on the epilayer surface for

15 s using the wave length of 266 nm, pulse repetition of

10 Hz, pulse duration 8–9 ns, laser fluence of 150 mJ per

pulse and beam diameter 0.8 cm. It should be mentioned

that the sample was held in front of a graphite block with a

fine tweezers so that the transmitted laser beam was

absorbed by the graphite. It was found that a fraction of the

laser beam was transmitted. Also, the sample cross-section

was only 0.16 cm2 whereas that of the laser beam was

0.5 cm2. Thus, approximately only a third of the laser

energy was incident on the epilayer surface.

Optical microscopy and secondary ion mass

spectrometry of the epilayer

Optical microscope image of the epilayer after irradiation

followed by laser annealing is presented in Fig. 1. The

surface of the unirradiated epilayer was smooth although

the roughness was not recorded. Several intersecting (111)

surface traces at 70.5� were observed on the epilayer surface

after irradiation and laser annealing of the epilayer. These

crack configurations were found after neutron irradiation of

the epilayer and the substrate, but before the laser anneal.

The results of secondary ion mass spectrometry (SIMS) are

presented in our earlier work [12] and showed 7Li/10B atom

ratio slightly above 2 in the epilayer after irradiation. There

was a decrease in the Li concentration very close to the

surface but reached the full value within a depth of 0.2 to

0.3 lm from the surface of the epilayer. These results have

not changed after laser annealing and therefore the SIMS

depth profile is not repeated here. SIMS maps for 7Li and
10B have also shown that the distribution of the two

elements is uniform in the film [12].

X-ray diffraction

X-ray diffraction of the epilayer and the substrate mounted

on Si(001) wafer was carried out using Phillips X’PERT

PRO MRD HR instrument using Cu Ka (k = 0.15405 nm)

radiation. X-ray diffraction of the sample before laser

annealing showed that the epilayer is amorphous and the

substrate retained the crystalline lattice with (110) pre-

ferred orientation [12]. Results of X-ray diffraction of the

sample performed after annealing are shown in Fig. 2. The

sample was mounted on Si(100) oriented wafer using

Fig. 1 Optical micrograph of the epilayer after neutron irradiation

and laser annealing showing surface traces of intersecting cracks at

70.5�
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plastic clay for performing the normal and grazing inci-

dence X-ray diffraction. The peak patterns in Fig. 2 are

labeled to indicate the different layers examined. The

pattern labeled ‘‘diamond substrate’’ was obtained with

normal incidence (h–2h) and shows the peaks from (110)

irradiated diamond substrate, Si(400) and the Si(200) for-

bidden reflection. The Si(200) forbidden peak at 2h = 33�
is known to arise from double diffraction and its intensity is

found to increase when the wafer is aligned well for the

(400) peak. The other peaks in this pattern are identified to

arise from the mounting clay, which was determined by

measuring the X-ray diffraction pattern from a Si wafer

with mounting clay on it. The resulting pattern is labeled

‘‘Si wafer’’ in Fig. 2. The absence of the Si(200) forbidden

peak is not surprising as the alignment of the wafer could

be slightly away from the (400) orientation. Based on the

control experiments, we find the pattern of the irradiated

diamond substrate has only one peak associated with (110)

diamond. To determine if the epilayer recovered its crys-

talline structure after laser annealing, the grazing incidence

(at 1� incidence) was recorded and it is labeled ‘‘diamond

epi’’. This pattern contained no other peaks than those

associated with the mounting clay present around the

sample and therefore it is concluded that the epilayer after

irradiation and annealing shows no evidence of crystallin-

ity. If the epilayer consists of nanocrystalline regions, there

could be weak and broad peaks that were not identified in

the grazing incidence pattern due to low count time.

Raman spectroscopy

Confocal Raman spectroscopy was performed using Horiba

Jobin–Yvon Lab Ram Aramis microRaman spectrometer

with spatial resolution of 0.6 cm-1. Raman spectrum of

diamond epilayer deposited by chemical vapor deposition

contains the first order phonon peak at 1332 cm-1, as

shown in Fig. 3a. The presence of a strong Fano interfer-

ence in the diamond Raman peak that is associated with

high B concentration (1019 at. cm-3) is clearly seen when

the observed spectrum is resolved into the symmetric and

asymmetric parts. Raman spectrum of the epilayer [12]

after irradiation is presented in Fig. 3b that shows the

changes that took place upon irradiation. The broad back-

ground in the region between 1000 and 1400 cm-1

obtained using 514.5 nm laser excitation indicates that the

film is amorphous or highly defective. A broad peak was

observed at 1614 cm-1 that is characteristic of the glassy

carbon. This peak is shifted to a lower value from

1631 cm-1, a peak observed in ion implanted diamond

with 4 MeV carbon atoms [24] or in diamond implanted

with 3.5 MeV He ions [25]. The spectrum obtained using

the 244 nm laser excitation contains the details of the broad

peak in the one phonon region. Also, peaks are present at

1530 and 1550 cm-1 in addition to the peak associated

with glassy carbon at 1614 cm-1. These sharp peaks except

the peak at 1614 cm-1 are thought to be artifacts from the

laser plasma, although other peaks were observed previ-

ously in diamond films subjected to heavy ion-implantation

Fig. 2 Grazing incidence X-ray diffraction from epilayer on diamond

placed on Si with clay, normal diffraction (h–2h) from irradiated

diamond substrate side on Si wafer with clay, and normal diffraction

from Si wafer and clay without diamond

Fig. 3 a Raman spectrum of as grown epilayer of diamond

collected using 514.5 nm laser excitation. A strong Fano interfer-

ence associated with high boron dopant concentration and charac-

teristic diamond peak at 1332 cm-1 are present. The Raman data

points were fitted using a Voigt peak and an asymmetric line fit

described by the Fano line shape. The two fitting functions are

dashed lines and the final fit is the solid line connecting the data

points. b Raman spectra of heavily irradiated diamond observed

using 514.5 and 244 nm laser excitation
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damage [24, 25]. It should be noted that although a peak

close to 1300 cm-1 is observed, there are no peaks at 1360

and 1580 cm-1 that are associated with nanocrystalline or

disordered graphite.

Raman spectrum of the laser annealed epilayer was

observed using different wave lengths of laser excitation

and presented in Fig. 4. The spectra are characterized by

two major peaks called the ‘‘D peak’’ at 1350 cm-1 that

arises from disordered regions and the ‘‘G peak’’ at

1580 cm-1 that arises from nanocrystalline graphite

[26–30]. The changes in the selection rules for Raman

active phonon modes scattered by disordered regions that

are normally inactive in the infinite lattice of graphite give

rise to the ‘‘D peak’’. Dispersion in Raman modes as a

result of double resonance in Raman scattering [31] is

responsible for the shift in the peak positions with excita-

tion wave length. Both the Lorentzian fitted peak positions

and the intensity ratio of the D peak to the G peak (ID/IG)

are functions of the size of the nanocrystalline regions [26,

28, 31] present in the film. The ratio of the intensity of the

peaks has been correlated using the results obtained with

514.5 nm laser excitation [26, 28, 31] and the crystallite

size is estimated to be 6.4 nm. This ratio ID/IG decreased

with increase in the incident photon energy. The position of

the D peak is shown in Fig. 5 as a function of laser photon

energy. A similar variation of the G peak was observed

after deconvolution and fitting with Lorentz peak shapes. A

second order D peak or 2D peak was observed at 2755 and

2700 cm-1 in the spectra obtained with 442 and 514.5 nm

laser excitation, respectively, as seen in Fig. 4.

Raman spectroscopy images of the epilayer were

observed using 532 nm laser excitation. The observed

Raman spectrum is shown in Fig. 6 with the D peak at

1347 cm-1 and G peak at 1588 cm-1 and the corre-

sponding second order peaks at 2700 and 2943 cm-1,

respectively. A Raman intensity map was obtained from

an area of 25 lm 9 25 lm from the center using the

1347 cm-1 peak. Figure 7a is an optical image from a

larger area of the epilayer surface on which the Raman

intensity map from the center is superimposed. The mag-

nified Raman intensity map for 1347 cm-1 peak from the

25 lm 9 25 lm area is also shown in Fig. 7b. The region

with the highest intensity of the 1347 cm-1 peak is

approximately 8 lm in diameter and shown in black (red).

Thus, the area shown in black (red) is the region which is

strongly contributing to the peak at 1347 cm-1. A similar

Raman intensity map was obtained from an area of

25 lm 9 25 lm from the center using the 1588 cm-1

peak. Figure 8a is an optical image from a larger area of

the epilayer surface on which the Raman intensity map for

the 1588 cm-1 peak is superimposed. The magnified

Raman intensity map of the 1588 cm-1 peak from the

25 lm 9 25 lm area is shown in Fig. 8b. Thus, the area

shown in black (red) is the region which is strongly con-

tributing to the peak at 1588 cm-1.These two regions of

the 1347 and 1588 cm-1 peak maps are nearly from the

same area. The adjacent regions shown in different colors

in both the images have significantly less Raman intensity,

as described in the figure legends. These images show that

two small, ca. 8 lm regions are the main contributors to the

Raman intensity at 1347 cm-1 and 1588 cm-1.

Raman spectra of the type IIa irradiated diamond sub-

strate observed using different wave lengths of laser exci-

tation are shown in Fig. 9. The results followed the

previously observed spectrum with defect induced diamond

Fig. 4 Raman spectra of annealed epilayer observed using four laser

wave lengths

Fig. 5 Position of the D peak from the epilayer with change in the

incident photon energy

Fig. 6 Raman spectrum of the epilayer observed using 530 nm laser

excitation. The peaks at 1347 and 1588 cm-1 are used to create the

images of the epilayer that are shown in Figs. 7 and 8, respectively
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peak appearing close to 1316 cm-1 for laser excitation wave

length of 532 nm [24, 25]. The ratio of the intensity of the

diamond peak at 1316 cm-1 to that at 1631 cm-1 was

determined. This ratio increased when lower photon energy

or higher wave length of the laser excitation was used.

Photoluminescence (PL) spectroscopy

PL was carried out at room temperature with the same

instrument used for the Raman spectroscopy. PL spectra

from the irradiated epilayer before and after laser annealing

were obtained using 514.5 nm laser excitation and are

shown in Fig. 10. In addition to the Raman peaks above

2.05 eV, a broad peak centered around 1.88 eV (660 nm)

was observed [32–34]. The nitrogen and vacancy complex

related peaks at 1.945 eV or 637 nm (N–V-), 2.154 eV or

575 nm (N–V) and 2.46 eV or 504 nm (N–V–N) were not

observed. The GR1 band associated with V� defects pre-

viously observed at low levels of neutron irradiation [12]

was also absent.

PL spectra of the irradiated diamond substrate and the

epilayer were observed using laser excitation wave length

at 442 nm and shown in Fig. 11. The range of this spec-

trum does not cover the 1.88 eV peak. However, a broad

peak near 2.35 eV was observed.

Fig. 7 a An optical image of a larger area of the epilayer surface.

The Raman intensity map (see b) collected from a square area of

25 lm 9 25 lm is superimposed on the optical image of the epilayer

surface at the center. The dimensions are shown in micrometers. b The

Raman intensity map of the 1347 cm-1 peak collected using 530 nm

laser excitation from the 25 lm 9 25 lm area shown in a is shown at

higher magnification. The region shown in black at the center (red) has

the highest intensity and the region shown in black at the left (blue) has

the lowest intensity of the 1347 cm-1 peak with the other colors

showing the dimensions of the regions with decreasing intensity. The

horizontal and vertical axes are 25 lm each (Color figure online)

Fig. 8 a An optical image of a larger area of the epilayer surface.

Raman intensity map of the 1588 cm-1 peak (see b) collected from a

square area of 25 lm 9 25 lm is superimposed on the optical image

of the epilayer surface at the center. The dimensions are shown in

micrometers. b The Raman intensity map of the 1588 cm-1 peak

collected using 530 nm laser excitation from the 25 lm 9 25 lm

area shown in a is shown at higher magnification. The region shown

in black at the bottom right (red) has the highest intensity and the

region shown in black at the left (blue) has the lowest intensity of the

1588 cm-1 peak with the other colors showing the dimensions of the

regions with decreasing intensity. The horizontal and vertical axes are

25 lm each (Color figure online)

Fig. 9 Raman spectra of irradiated diamond substrate obtained using

different laser wave length excitation

Fig. 10 PL spectra of the irradiated and laser annealed epilayer taken

using 514.5 nm laser wave length excitation
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Fourier transform infrared (FTIR) spectroscopy

FTIR spectrum of the epilayer and the substrate was col-

lected using Thermo Electron Nicolet 8700 spectrometer

with resolution of 0.01 cm-1. The infrared absorption

spectrum of the annealed epilayer and that of the 10B doped

unirradiated epilayer are shown in Fig. 12. The spectrum

was very noisy between 1085 and 1250 cm-1 due to the

low level of the transmitted light and the detector satura-

tion. The increase in absorption between 1100 and

1332 cm-1 is associated with 10B dopant atoms and defects

present from irradiation. The peaks associated with B at

780 and 1010 cm-1 were also observed. However, peaks

that arise from interstitials and complexes, usually

observed in neutron irradiated samples at lower fluence

[6–9, 12, 35, 36] at 1420, 1530, 1570, and 1910 cm-1, were

absent as a result of high strain and disordered graphite

structure. An improvement in the transmittance above

1332 cm-1 was observed after laser annealing as shown in

Fig. 13. This result indicates improvement in crystallinity

and reduction in defects and strain upon annealing.

The absorption spectrum of the type IIa irradiated dia-

mond substrate was less noisy as shown in Fig. 14. Three

characteristic first order phonon peaks; transverse acoustic

phonon energy at 0.098 eV (TA), the longitudinal acoustic

phonon energy at 0.123 eV (LA), and the longitudinal

optical phonon energy at 0.137 eV and close to 0.144 eV

[35, 36] were observed.

Electrical conductance

Electrical sheet conductance of the epilayer was determined

using van der Pauw configuration before and after neutron

irradiation and after laser annealing. The sheet conductance

of unirradiated diamond epilayer was 56 ohm-1. The tem-

perature dependence of conductance is shown in Fig. 15a

with an activation energy of 0.30 eV associated with boron.

The high resistance of irradiated diamond necessitated use

of electrometers for measurement of resistance. The tem-

perature of the sample was controlled to ±0.1�. The sheet

conductance of the irradiated sample, shown in Fig. 15b,

varied from 1 to 0.01 (megaohms)-1 in the temperature

range between 500 and 200 K, respectively. The single

linear variation gave activation energy of 0.155 eV. The

electrical conductance of the annealed sample, shown in

Fig. 15b, remained between 0.014 and 0.011 ohm-1 in the

temperature range between 500 and 200 K, respectively.

The temperature dependence of the resistance followed two

straight lines with different slopes that gave activation

energy of 0.007 eV between 400 and 500 K and 0.0018 eV

between 210 and 260 K. Hall mobility measurements were

inconclusive on the nature of carriers.

Fig. 11 PL spectra of the laser annealed epilayer and irradiated

diamond substrate taken using 442 nm laser wave length excitation

Fig. 12 FTIR absorption spectrum of laser annealed epilayer and 10B

isotope doped unirradiated diamond

Fig. 13 FTIR transmittance spectrum of laser annealed epilayer and
10B isotope doped unirradiated diamond

Fig. 14 FTIR spectrum type IIa irradiated diamond substrate
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A comparison of the sheet conductance of the annealed

epilayer and the type IIa substrate is presented in Fig. 16.

The sheet conductance of the substrate changed between

0.27 and 0.22 (k-ohms)-1 in the temperature range

between 500 and 200 K, respectively. The variation fol-

lowed two straight lines with activation energy of 0.008 eV

between 400 and 500 K and 0.0018 eV between 210 and

260 K.

Discussion

The intersecting traces on the surface, shown in Fig. 1,

were observed after neutron irradiation and these are found

to be cracks along (111) planes in the substrate generated

by stresses due to the neutron irradiation.

Grazing incidence X-ray diffraction has clearly indi-

cated that the epilayer did not show evidence of crystal-

linity, whereas the type IIa irradiated substrate is still

crystalline. This result indicates that damage created by

combined transmutation and fast neutron damage is more

severe than that from fast neutrons only.

Raman spectrum of the epilayer, presented in Fig. 4, is

similar to that of B implanted graphite annealed at 950 �C

[28]. Therefore, the laser annealed epilayer consists of

disordered sp3 arrangement and nanocrystalline regions

of graphite. The presence of peaks close to 2720 and

2943 cm-1 has also been associated with disorder in the

lattice [27]. The shift in the position of the peaks and the

changes in intensity are a result of break down of conser-

vation of energy and momentum in scattering due to lack of

long range order [31, 33]. Raman spectroscopic images

using 532 nm laser excitation and the disorder peak at

1347 cm-1 and graphite peak at 1588 cm-1 have shown

that the regions responsible for these peaks are strong only

in a fraction of the area of the film mapped, as shown in

Figs. 7b and 8b, respectively.

It is useful to compare the present results with those

obtained previously by Khasawinah et. al [10, 11] where

neutron irradiation of a 10B doped polycrystalline diamond

film on Si followed by thermal annealing at 1000 �C for

8 h which showed a recovery of the diamond peak at

1333 cm-1. Also, X-ray diffraction of the thermal annealed

diamond film [10] exhibited the diamond diffraction peaks.

In the present work the grazing incidence X-ray diffraction

did not reveal any diamond diffraction peaks from the laser

annealed epilayer. The Raman spectrum of the unirradiated

polycrystalline diamond film on Si used by Khasawinah

et al [10, 11] contains a broad peak at 1500 cm-1 in

addition to the presence of fluorescence background and

the absence of a strong Fano interference in the diamond

Raman peak that is associated with high B concentrations.

In contrast, the epilayer used in the present work was single

crystalline before the neutron irradiation and the Raman

spectrum of the unirradiated film showed strong Fano

interference associated with B concentration of 7.92 9

1019 at.cm-3. These differences are thought to be respon-

sible for a more severe neutron transmutation damage of

the epilayer compared to that in the polycrystalline dia-

mond film in the previous work [10, 11].

Pulsed laser annealing of 4 MeV phosphorus implanted

diamond to a dose of 1015 cm-2 where the heavily dam-

aged implant layer is deeply incased in the diamond also

Fig. 15 a Electrical sheet conductance in ohm-1, ln(conductance), of

as grown epilayer shown as function of temperature (1/T). b Electrical

sheet conductance in ohm-1, ln(conductance), of epilayer after

neutron irradiation and after annealing shown as function of

temperature (1/T)

Fig. 16 Electrical sheet conductance in ohm-1, ln(conductance), of

type IIa irradiated diamond substrate and epilayer after annealing

shown as function of temperature (1/T)
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showed regrowth [23, 37, 38]. It was pointed out that

diamond regrowth is favored in the presence of deep

implants wherein the diamond surface is undamaged and

provides a cap layer that constrains the laser heated layer

under pressure to convert the damaged carbon layer back to

crystalline diamond. It is also shown that graphite always

forms in the absence of a surface-constraining diamond

layer, for example, in laser etching of diamond surface

layers [38]. Thus, combinations of pressure and tempera-

ture impact the ability of laser annealing to reform

diamond.

It was modeled and found [37] that the temperature

reaches 3970 to 5200 K for laser pulse density between 10

and 23 J/cm2 per pulse. Also, below 10 J/cm2 per pulse, no

visible effects are observed on diamond surface [38]. The

laser energy density used in the present experiments is

150 mJ per pulse with the diameter of the circular beam

0.8 cm and circular area 0.5 cm2 so that the energy density

is 0.300 J/cm2 pulse. We have calculated the temperature

increase of the diamond epilayer by assuming all the laser

energy in one pulse is absorbed by the epilayer. The spe-

cific heat capacity (0.509 J/gm deg) and density (3.5 gm/

cm3) and volume of the epilayer are used in the calculation.

The temperature of the epilayer at the end of one pulse

(8–9 ns) could not have reached a value higher than 420�
above room temperature if there is no thermal conduction.

However, dissipation of thermal energy created by the laser

irradiation is expected from the higher thermal conduc-

tivity of irradiated diamond substrate. The increase in

temperature was only 6� after one laser pulse or 60� after

1 s when both the epilayer and diamond substrate of

thickness 0.03 cm are included in the evaluation of the

temperature. The temperature increase after 15 s of laser

irradiation will be 900� without convection and radiation

losses. A simple calculation of radiation losses indicated

that the temperature at 900 �C will be reduced by 400� per

second assuming blackbody radiation. We expect the

highest temperature attained to be much lower and near

400 �C. Also, we have not observed any discoloration after

laser irradiation.

Graphite formation is not complete in the epilayer as

only nanocrystalline graphite is formed. It is possible that

the thin epilayer (4 lm) was heated and quenched during

laser annealing which is a nonequilibrium process that has

not allowed enough time for carbon atom arrangement into

the fully graphitic structure or regrowth into diamond from

the substrate. The type IIa irradiated diamond substrate

with high thermal conductivity is expected to dissipate the

heat in the epilayer and the resulting rapid cooling may be

responsible for the formation of disordered carbon with

nanocrystalline regions. Diamond-like carbon film ther-

mally annealed at moderate temperatures up to 400 �C

resulted in only disordered graphite [39]. Thus, the

tendency of diamond-like carbon is to form disordered

graphite upon low temperature annealing.

The type IIa irradiated diamond substrate was not

damaged as much as the epilayer because the transmutation

reaction is not present and the 7Li and the He? ions are

mostly confined to the epilayer. However, damage from

fast neutrons was responsible for the defects created in the

diamond substrate. The X-ray diffraction peak of the (110)

strong reflection was retained. The Raman spectrum clo-

sely agreed with the pattern that was previously observed

in ion beam damaged diamond with 1 MeV and higher

energy carbon ions [24] and more closely with that of the

defective diamond obtained by 3.5 MeV He? ions [25].

The Raman peaks previously observed at 1316, 1422,

1447, 1490, 1631, and 1683 cm-1 are observed in the

spectrum of the irradiated diamond substrate. It has been

pointed out that the structure of irradiated diamond consists

of nanocrystalline disordered regions created by ion irra-

diation dispersed in the diamond matrix [25]. Type IIa

diamond irradiated below 624 �C with fast neutrons to

higher fluence between 1.3 9 1021 and 2.7 9 1021 cm-2

also showed [40] Raman spectra similar to that shown in

Fig. 9. These results indicate that the substrate contains

high density of defects.

PL spectra of the annealed epilayer and the substrate

showed broad peaks at 1.88 and 2.35 eV, respectively

[32–35]. These peaks are previously observed in diamond

powder compacts that are sintered. The diamond compacts

contained nitrogen and hence formation of N–V complexes

and strain associated with defects was significant. Lumi-

nescence from disordered carbon is associated with these

broad peaks. The nanocrystalline grain size, high vacancy

concentration and strain are found to be responsible for

these broad peaks. The peak at 1.85 eV is observed when

the particle size is much smaller or when the samples are

annealed at high pressure and high temperature [34]. The

2.35 eV peak was observed in annealed diamond but

becomes weak in diamond subjected to higher pressure

[32–35]. There is no nitrogen in the present diamond

sample and therefore we do not associate the peaks with

N–V complexes. The GR1 peak from V� vacancies is

absent as a result of high concentration of defects. The

GR1 peak intensity is found to decrease for higher neutron

fluence [12].

The infrared transmission of the diamond epilayer has

increased significantly between 1330-1 and 2000 cm-1

upon annealing, which indicates that the defect density has

decreased. All other characteristic peaks associated with

interstitials and complexes are absent as the lattice consists

of disordered sp3 carbon and nanocrystalline graphite.

Three of the infrared peaks in irradiated substrate are

present except the TO peak at 0.159 eV and the LO peak

at 0.148 eV. These peaks are associated with defect or
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impurity activated peaks in neutron irradiated diamond.

These phonon modes are active only in the presence of

defects [35, 36]. The absence of the 0.159 eV peak is

explained [35] by its proximity to the Raman mode at

0.165 eV. The LO mode at 0.144 and 0.137 eV are inter-

dependent [35] and the first of these two becomes weaker

when the second gets stronger [35, 36, 41, 42].

An increase in the electrical resistance was observed

previously upon thermal annealing of neutron irradiated

diamond [10, 11] that was subjected to transmutation,

although recovery of the characteristic Raman peak at

1333 cm-1 was present in those samples. In contrast, the

electrical resistance of the amorphous epilayer decreased

upon laser annealing in the present work. This difference

could only be attributed to two different lattice structures

that resulted upon laser or thermal annealing. Thermal

annealing of neutron irradiated or ion implanted diamond

below 1400 �C results in improved Raman spectrum and

diamond with fewer defects. On the other hand, laser

annealing is responsible for disordered graphite or graphite

unless the diamond film is kept under a constraining cap of

undamaged diamond [22, 23, 38].

A significant difference in the electrical conductivity (r)

of the irradiated epilayer was observed before and after the

laser annealing. We will first consider the neutron irradi-

ated epilayer. The irradiated diamond, although highly

resistive, showed an activation energy of 0.155 eV which is

much lower than that of B dopant (0.30 eV). This low

activation energy is associated either with Li or the defects

created during irradiation [10–15, 19, 20]. Electrical con-

ductance of diamond samples implanted with Li at room

temperature and without annealing has been found [43] to

exhibit very low activation energy (0.02–0.04 eV) but

higher conductance than the irradiated epilayer in the

present work. However, the resistance of the Li implanted

diamond increased upon annealing and the activation

energy also increased [43] with both values close to that

observed in the present neutron irradiated epilayer. These

results suggest that there are two different sources of

charge carriers that are activated depending on the tem-

perature during implantation. In the samples implanted at

room temperature, the activation energy is lower

(0.02–0.4 eV) and the conductance is high. The activation

energy is higher (0.19–0.24 eV) when the implantation is

performed at higher temperature (850 �C). It has been

shown [12] that the temperature of the epilayer has

increased during neutron irradiation as a result of the

energy transfer from transmutation reaction. Therefore, the

electrical conductance of the neutron irradiated epilayer in

the present work is similar to that of the higher temperature

Li implanted diamond [43]. While this result does not

provide direct evidence that the conductance in irradiated

sample is from Li dopant, it is obtained only in samples

that are either neutron irradiated to achieve Li or Li

implanted at higher temperature.

Next, we consider the conductance of the laser annealed

epilayer. The resistance of the laser annealed epilayer is

low with two activation energy values of 0.007 and

0.0018 eV in different temperature ranges. The conduc-

tance is known to exhibit a variable range hoping behav-

ior of carriers if the structure consists of nanocrystalline

conducting graphitic regions distributed in insulating

amorphous carbon. A similar variation of conductance is

observed in diamond-like carbon annealed thermally below

400 �C. Electrical conductance (r) of diamond-like carbon

[44] film in the as deposited and annealed below 400 �C

showed the characteristic dependence where ln(r) is

proportional to T1/4. When annealed above 600 �C, the

dependence on temperature changed to T1/2. Based on this,

it is concluded that variable range hoping below 400 �C

and charge-energy limited tunneling above 400 �C are the

active mechanisms of conduction [45]. The electrical

conductance of the annealed epilayer and the substrate are

replotted against T1/4 in Fig. 17 to examine if variable

range hoping is active in the epilayer. It is seen that the

relation between ln(r) and T1/4 is much closer to linearity

than the 1/T dependence shown in Fig. 15. The two regions

with different slopes are still present. Based on these

results, it is thought that variable range hoping is active

both in the film and the substrate. The two regions with

different slopes may arise from different sources of carriers

such as different types of defects or dopants.

The electrical conductance of the neutron irradiated

diamond substrate is similar to that of the low temperature

ion implanted diamond [43, 46] although the activation

energy values are closer to the values determined in the

epilayer. In addition, two regions with different slopes are

observed. These results suggest that conductance may be

associated with the defects that are common to the different

structures created either by fast neutron irradiation or ion

implantation.

Fig. 17 Electrical sheet conductance in ohm-1, ln(conductance), of

type IIa irradiated diamond substrate and epilayer after annealing

shown as function of temperature (1/T0.25)
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Summary and conclusions

10B isotope doped epilayer grown on type IIa diamond

substrate was subjected to transmutation reaction with

2.4 9 1020 n/cm2 thermal and 2.4 9 1020 n/cm2 fast neu-

tron fluence and subsequent laser annealing using

Nd–YAG laser (wavelength of 266 nm) irradiation. Dif-

ferent characterization methods were used to characterize

the irradiated and laser annealed epilayer and the diamond

substrate. Results showed that the epilayer is converted to

disordered graphite containing nanocrystalline graphite

regions separated by disordered carbon. The irradiated

diamond substrate with high defect density retained

crystallinity with (110) preferred orientation. The follow-

ing important results were obtained through the charac-

terization.

1. Grazing incidence X-ray diffraction of laser annealed

diamond epilayer showed no crystalline peaks. Strong

(110) peak is obtained from the irradiated diamond

substrate.

2. The D and the G peaks were observed in the Raman

spectra from the annealed epilayer. The ratio of the

intensity of the peaks is used to determine the size of

nanocrystalline graphite to be close to 6.4 nm. The

peaks associated with irradiated diamond substrate

were close to those expected from irradiated diamond

with 4 MeV energy ions.

3. Infrared transmittance is improved upon annealing the

epilayer. The optical and acoustic phonon peaks that

are activated in the presence of defects were observed

in the FTIR spectrum associated with the irradiated

diamond substrate.

4. Electrical conductance of the neutron irradiated

epilayer was closer to that of high temperature Li

implanted diamond with activation energy of

0.155 eV.

5. Electrical conductance of laser annealed irradiated

epilayer was higher compared to that of the unannealed

irradiated epilayer. The temperature dependence could

be described by variable range hoping of carriers,

however, with two different slopes.

6. Electrical conductance of the irradiated diamond

substrate was lower than that of the epilayer. The

temperature dependence is similar to that of the ion

beam irradiated diamond with variable range hoping of

carriers.

7. Neutron irradiated epilayer of boron doped diamond

transformed into nanocrystalline graphite dispersed in

disordered carbon upon laser annealing.

The results indicate that the structure of the irradiation

induced amorphous epilayer changes to disordered graphite

upon laser annealing. The irradiated substrate retains the

(110) crystalline structure with neutron irradiation induced

defects.
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