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Structural changes in diamond and amorphous carbon induced by low-energy ion irradiation
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In the present work we describe an investigation of the influence of low-energy ion irradiztay Ar)
on the surface structure of polycrystalline diamond and amorphous carbon films with various degrees of
graphitization. Photoelectron spectroscdp¥S with excitation energies in the ultraviolet and x-ray regime is
employed to monitor the radiation-induced modification of the electronic structure of the surface which is
closely linked to the local bonding environment of the carbon atoms. A comparison of the mean photoelectron
escape depth and the thickness of the irradiation affected layer also illustrates the suitability of PES for this
investigation. For the chemical vapor depositi@VD)-diamond film a gradual change from typical diamond
features to amorphous carbon is observed for ion doses surpassitf*&m™2. The structural changes in the
diamond lattice are expressed in a broadening of thes €Cate-level peak, and increasing contributions from
p- states around 3—4 eV in the valence-band spectra. Likewise the peak located atH8 e\Wvy=40.82
eV), characteristic of diamond, is no longer apparent for ion doses exceettiftg'3cm™2. The diamond
surface clearly shows a tendency to amorphize rather than graphitize under ion irradiation. To complement the
results for the diamond film, we irradiated two amorphous carbon films with different microstrudiyes:
predominantly amorphous film, ariB) a film with graphitic inclusions. The destruction of graphitic structures
in film (B) is apparent even for the lowest ion ddée5x 10" cm™?), and expressed in an increase in the width
of the C Is core-level peak and a smearing out of the valence-band spectral features. The resultant valence-
band and core-level specttotal ion dose: %10'® cm™?) are very similar to the one obtained for the
amorphous film(A), which, on the other hand, does not show any significant changes in its structure upon
irradiation. The irradiation of both diamond and graphitic structures with low-enerdyidus leads to the
formation of a predominantly amorphous surface laj80163-182606)07934-9

[. INTRODUCTION contrast to most metals, the ion irradiation of an insulator or
semiconductor can lead to the irreversible destruction of the
Diamond, owing to its unique properties and since thelattice structure, a so-called metamict transformation, and
development of CVD deposition methods for thin polycrys-subsequent formation of an amorphous matéfiat:?It has
talline films, has been of considerable interest for a variety oflready been demonstrated by several authors that such a
potential application$ Aside from its use as protective coat- phase transition upon irradiation is indeed observed for dia-
ings or heat sinks, the modification of the electronic andmond, although the resultant structure of the irradiated layer
surface properties of this wide-band-gap material by the inis still a subject of discussiolt=*’
corporation of dopants promises interesting applicatfons. Raman spectroscopy and ion channeling, which probe the
Among the techniques suggested to achiaveoping are  structural changes in the bulk material, have been the major
thermally activated diffusion or ion implantation with or tools to investigate the effect of ion irradiation in a wide
without additional annealing to minimize defect densifiés. energy range and for a variety of projectifis!8-2° Low-
All these methods are well known and established in semienergy ion irradiatior{below about 5 ke, however, affects
conductor processing, but encounter numerous difficulties ilonly a shallow surface layer with a thickness of at most 100
the case of diamond, such as graphitization or amorphizatio, and therefore more surface-sensitive analytical tech-
of the diamond lattic&? It has even been suggested recentlyniques, such as photoelectron, secondary electron emission,
that lattice defects, respectivebp?®hybridized carbon at- or Auger spectroscopy, are appropriaté'?2
oms, might themselves act asdopants, rendering a foreign We employed photoelectron spectroscopy to investigate
doping material unnecessary. in situ the transformation of a polycrystalline boron-doped
The two most common crystalline allotropes of carbon,diamond film under 1-keV Ar-ion bombardment as a gradual
exhibiting strikingly different properties are diamond and function of ion dose. To complement the results obtained for
graphite. Apart from the crystalline forms of carbon therediamond, we also studied the effect of irradiation on amor-
exists a variety of amorphous structures with varying contriphous carbon, prepared by evaporation of graphite. In addi-
butions ofsp® and sp>hybridized carbon atoms, spanning tion to the observation of the Cslpeak and its loss region
the range from tetrahedral amorphous carl{A—100 % by x-ray photoelectron spectroscopyP9), the influence of
sp°, ta-O to carbon films produced by evaporation or sput-irradiation on the valence-band density of states was studied
tering with about 90%s p?-hybridized carbor(a-C).1°~*?In  with ultraviolet photoelectron spectroscofyPS.
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FIG. 1. Vacancy distributions in diamond and amorphous (:ar-D9

bon created by ion irradiation with 1-keV Arions. The angle of

ion incidence was 50° for diamond, and normal to the sample sur=

face for the amorphous carbon films. The prognam 92 was used
for the calculation of the distribution.

Il. EXPERIMENT

A. Interaction of low-energy ions with diamond
and amorphous carbon

The computer programrim (Refs. 9, 23, and 24(ver-
sion TRIM 91.00 was employed to calculate the depth distri-
bution of vacancies in diamond ardC created by irradia-
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TABLE |. Summary of the irradiation dos€d-keV Ar iong
used for irradiation of the polycrystalline CVD-diamond film and

the amorphous carbon films.

Diamond Amorphous carbon
irradiation dose irradiation dose

DO as deposited AO0 as deposited

D1 5.8<10% cm 2

D2 1.1x10% cm™2 Al 1.5x10%cm™?

D3 1.7x10% cm—2

D4 2.5x10" cm™?

D5 3.6x10%em™? A2 4.3x10"cm 2

D6 5.8<10 cm™2

D7 9.6x10" cm™2

D8 1.3x10% cm2 A3 1.3x10%cm™?
1.8x10"° cm2

D10 2.3x10'"% cm 2

D11 2.8x10'% cm 2

2 3.2x10% ecm™2 A4 3x10%cm2

D13 4.3x10% cm2

D14 5.4 10" cm 2

D15 6.5<10"° cm 2

T16 (3 keV) 1.1x10%cm™2 B5 annealing for 10 min, 800 °C

crystals if regarded with scanning electron microscopy. No
contamination with the filament material could be detected

tion with 1-keV Ar ions, and therefore to ascertain theWith X-ray photoelectron spectroscopy and contamination
Su|tab|||ty Of photoe|ectron Spectroscopy for thls ana'ysis'levels alje therefore We” belOW 1%. The contamination Wlth
For the calculation of the primary vacany distribution in the ©Xygen is about 1%.

chemical vapor depositiofiCVD)-diamond anda-C films

The photoelectron spectra were measured on a Fisons

the following energies in agreement with data from theESCALAB 210. Monochromatized AK« (1486.6 eV ra-

literature?®2” were used: CVD-diamondp=3.5 g/cni):
E,=1.5 eV,E4=40 eV; and fora-C (p=2.0 g/cni): E,=1.5

diation was used to record the core-level spe¢iiXPS),
and the corresponding plasmon loss region on the low-

eV, Eq=25 eV. The vacancy distributions for both materials energy side of the Cdpeak. A helium gas discharge lamp

created by irradiation with 1-keV Arare depicted in Fig. 1.

emitting light in the ultraviolet regioriHe |, hy=21.22 eV,

The maximum of the distribution is for diamond located atand Heil, h»=40.82 eV} was used to determine the valence-

about 6 A, whereas foa-C the maximum is shifted to a

band spectrdUPS. The typical resolution was 0.1-0.2 eV

depth of 15-20 A and is due to the reduced angle of incifor UPS and 0.2—0.5 eV for MXPS measurements. The spec-

dence and the lower density of the amorphous material, corira have been recorded using a constant retardation ratio for
siderably broader. The sputtering yields are 2.1 and 0.%he UPS and a constant pass energy for the MXPS measure-
atoms/ion for diamond and-C, respectively. A comparison ments. Except when otherwise stated, the spectra here are
of the thickness of the irradiation affected layer and the meapresented without background or satellite subtraction. The
photoelectron escape deph-8 A for UPS, and 12-20 A energies of the discussed spectral features are given with
for XPS analysi€) illustrates the suitability of photoelectron respect to the Fermi leveE() and the Au 4, core-level
spectroscopy to study the effect of low energy ion irradiationiine (positioned at 84.0-eV binding enenggf a clean gold

on diamond and-C. sample.

The ion irradiation was performed situ, and the angle of
incidence between the surface normal and the ion beam was
50°. The total ion current to the substrate mounting stage was

A semiconducting, boron-doped polycrystalline diamondmeasured and the beam area was about? anu located in
film was used as substrate. The boron doped diamond filrthe center of the substrate. The samples were analyzed as a
was fabricated by W. Hmi, CSEM, Rue Jacquet-Droz |. gradual function of ion dose: each irradiation step was fol-
CH-2007 Neuche!, Switzerland. The film was deposited by lowed by a photoelectron spectroscopy analysis, and subse-
means of hot filament chemical vapor depositibti-CVD) quently the next irradiation step was performed. The accu-
in a mixture of 1% CH in hydrogen at a substrate tempera- mulated ion doses for each irradiation step are summarized
ture of 830—850 °C. In order to achieve sufficient dopingin Table I. ForD1 to 15 the ion energy was 1 keV, for the
levels 1 ppm BE was added to the process gas. The filmlast irradiation step an ion energy of 3 keV was used. It was
does not exhibit a preferential orientation of the diamondassumed that the area analyzed with photoelectron spectros-

B. Diamond
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copy was located well inside the ion-beam-affected regionuted to excitation from two bands witlp character in
No charging of the film was observed for UPS as well aso-bonding stated'~33 The total width of the diamond va-

MXPS measurements. lence band, however, amounts to about 24 eV, and can there-
fore not be observed in its entirety by UPS. This is not dis-
C. Amorphous carbon advantageous for our experiment, since the photoelectron

excitation cross section for valence bands wgitbharacter is

The microscopic structure of these amorphous cafben enhanced compared to those witicharacter if the photon

C) films, which were mostly prepgred by spgtter d.epos't'onenergy lies below 130 eV. UPS spectroscopy is therefore
or electron-beam evaporation without additional ion bom-

i o oo e St 1 2 o o e Pl e Chrges e b v
publicationst®?° It is generally agreed upon thatC con- )

sists of a disordered network built of mairgy?hybridized excitation energies Heand Heu, a significant increase in
carbon atoms with less than 15% of the fourfold—coordinate&he density of states in th.e energy range betwegn 3 and 4 ev
sp>-hybridized carbon. The carbon network, although called® ob;erved, and the main peak is shifted to higher binding
amorphous, does exhibit a certain degree of local ordetenergl'fs qu 8.80.2 eV if the ion dose surpasses about
forming ring structures(graphitic clusters and olefinic 610" cm*(D7). The shoulder around 3.5 eV is related to
chains. The size of graphitic clusters in the mostly disordere(g:e emergence op- states, or, on ”;e mo!epular level, to
sp? network ofa-C increases with the substrate temperature e formation of bonds betweersp™hybridized carbon

and can thus be adjusted by choosing the appropriate dep toms. The spectra obtalned. for the maximum irradiation
sition condition®2%% but a complete graphitization cannot ose resemble the ones obtained for amorphous carbon de-

be expected for temperatures below 1500i€should also posited at ambient substrate temperature, which are shown in

be mentioned that the graphitic component is much morész tlgtleil ;r;] es;'néi;[gno{);hﬁtt?ggntgi I;e;:sgéilrgut:\(/)itr]hs tfrr](::;
prominent ina-C films deposited at high substrate tempera_Gaussians centered atl2.5, 7.5-, and 3.5-eV binding en-

tures than in films which were annealed at the same . . .
temperaturd® ergy. This procedure, due to the cross section differences for

The amorphous carbda-C) films used in this study were 7 ando states, does not yield absolute concentratiorspdf

prepared by electron-beam evaporation of graphite ont ndsp*hybridized carbon atoms, although it allows a quali-
Si(100) substrates. Two differer#-C films were deposited: ative description of irradiation-induced structural changes.
one at ambient temperatufa-C(aT)] and the other one at a The resul§ of .the fitting procedure is summarized in Fig. 3.
substrate temperature of 790 P& C(790°] (measured by a The g:ontr|but|on from thep-7 states O.rsz carbon atoms
thermocouple below the substrat&he deposition was per- rem%llrllls sm_e;ll an_d_ nearly constant f_or ion doses below about
formed in a preparation chamber, and the samples sub5t§3—><1h cm (cptlctall dolse),f thben tm(():rle5as\_ersh steeplytand
quently transferred to the analysis chamber without breakin eaches a constant level of about 0.15. TheilHgpectra

the vacuum. The base pressure was in the low’4fbar gp|pted in Fig. Eb? exh|b|t an add_ltlgnal p(_aak at 13.2-ev
region in both chambers, and oxygen concentrations in th md!ng energy which IS characteristic of dlamond'..The In-
films of less than 2% were achieved. The irradiation with €'Y of this peak begins to d_ecreases at the cr_ltlcalsdose,
1-keV Ar* ions was performed simultaneously for both and disappears completely for ion doses exceeding(2

_2 . . . .
samples in the preparation chamber, with a Penning io m™“. A further increase in the-7r contributions and the
source(Leybold IPQ/10/63 and the angle of ion incidence closure O.f the gap petv_veen the valence-band maximum and
was normal to the sample surface. The ion dose could bg]e Fermi level, which IS abqut.0.3 eV far0-D15, is ob-
determined with a Faraday cup placed at the sample positioﬁ.erVEd only for the last |rr§1.d|at'|on step16).
The irradiation doses, labelel -A4, are summarized in . The consm_;leral_ale r_no_d|f|cat|ons of the surface st_ructure
Table I. The sample which was deposited at elevated suHUduced by ion irradiation, which are expressed in the

; ; - : hanges of the density of states in the valence band as ob-
Ztr:a;irtzr;%z?? r8%\(/)v?(s: I(cj)lrlciv(\)nr:girtlhe imadiation, subjected t(gerved with UPS, are also apparent in the MXPS spectros-

The photoelectron spectra were measured on a Leybol py of the C  core-level peak. The MXPS spectra of the

; 1s peaks are depicted in Fig. 4. The bottom curve corre-
EA11/100 ESCA(electron spectroscopy for chemical analy- : i )
si9) system. For the XPS analysis we employed Kig ra- sponds to the untreated diamond surface: the symmetrig C 1

L : k is located at 283.8 eV, and has a full width at half
diation (1253.6 eV, and for the UPS spectra a helium gas peax ' .
discharge lamp was used, similar to the one described abov _aX|mum(FWHM) of 1.'2 eV, a typical value_for a CV.D'.
iamond film. For low ion doses no broadening or shift in

The resolution for the XPS m rements i 9-1. o ) ?
eVe esolution for the XPS measurements s about 0.9 the position of the C & peak is apparent. For an ion dose of

9.6x10* cm 2 the peak maximum is shifted to 284.6 eV

and the FWHM has nearly doubled to 2.25 eV. For doses of
. RESULTS 2x10% cm 2 and higher an upward shift to 285 eV and a
slight decrease in the FWHM to 2.05 eV is observed. No
further changes are apparent with the last irradiation step

The UPS spectra, for both Heand Hell excitations, of T16. The C & peaks for ion doses9.6xX10™ cm 2 appear

the CVD-diamond film are depicted in Figgaand Zb) as  to be composed of two components which accounts for the
a function of ion irradiation dose. The UPS spectra for theassymmetry and increasing FWHM of the peak. We assume
untreated filmthe bottom of Figs. @) and Zb)] are domi- that those two peaks, located at about 285 and 283.8 eV,
nated by a peak centered at Z0.1 eV, which can be attrib- represent the majority components of the film: first, amor-

A. Diamond
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' CVD-diamond
CVD-diamond Hell (hv=40.82 ¢V)
Hel (hv=21.2 eV) ;

FIG. 2. UPS spectra of the dia-
mond film as a gradual function of
ion dose(see Table)l

intensity (arb. units)
intensity (arb. units)

1
15 5

binding energy (eV) binding energy (eV)

phous carbon or a strongly distorted diamond lattice, andhe course of the experiment, while the peak associated with
second, diamond or a weakly distorted diamond lattice. Form strongly distorted lattice or amorphous phase is located at
an increasing ion dose the intensity of the peak associatesh energy of about 284.5 eV and does only increase in in-
with a strongly distorted lattice increases, while the contri-tensity.
bution of undamaged diamond is diminished. This holds true

for doses belowD12 if the 285-eV peak is assigned to the
strongly distorted lattice component. For higher ion doses the
low-energy peak seems to gain in intensity again. &aal’ Structural differences im-C films deposited at different
chose a different assignment, and suggested that the lovgubstrate temperaturefa-C(aT) and a-C(790 °Q] are
energy peak stems from the strongly distorted lattibefect readily apparent in the UPS spectra of not-yet-irradiated
peak), and that the diamond peak is shifted to higher bindingfilms which are depicted in Fig. Soottom curves A de-
energies due to the band bending caused by the introductidailed discussion on the structural changes«® with sub-

of defects. A considerable band bending, as a reaction to thetrate temperature can be found in a recent publication by
introduction of defects states in the band gap, cannot be disSchelzet al*° The a-C(aT) spectrum, as a typical example
counted, but its magnitude is expected to depend on the nder an amorphous materidt, is dominated by two broad
ture and density of the defects which surely changes in thpeaks centered at 3—4 e{p-7) and at 8 eV(p-o). The
course of the experiment. We are, based on our experimentapectra ofa-C (790 °Q exhibit a number of quite narrow
results, at present unable to solve these contradictions, bpeaks, which coincide with transitions at critical points in the
would suggest an alternative peak assignment as follows: theand structure of graphit&;*® but appear to be smeared out
diamond peak originally positioned at 283.8 eV experiencess compared to polycrystalline graphite. Although the
a shift to higher binding energies whose magnitude varies im-C(790 °Q film is certainly more graphitic in nature and

B. Amorphous carbon
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FIG. 5. UPS spectrgHe 1) of the amorphous carbon films de-
posited at ambient substrate temperafar(aT)] on the left-hand
side, and deposited at elevated substrate tempefait@€790°)] on
the right-hand side as a gradual function of ion d¢sse Table)l
does contain distinct graphitic clusters, it still consists par-
tially of an amorphous network. which appears at 8.7 eV binding energy is due to an excita-

It is observed that for increasing ion dose the featuresion from the Ar 3 level, and thus illustrates the successive
associated with graphitic structures in the UPS spectra of thicorporation of Ar into the film in the course of the irradia-
a-C(790 °Q film are broadened, or rather that the valleystion. The spectra obtained for the maximum ion dose of
between the narrow peaks are gradually filled. The peakx10'® cm 2 are very similar to the ones obtained for the

FIG. 3. Relative area of thp-7 band contribution to the He
spectra of diamond as a function of ion dose.

T T T
Al K, (hv=1486.6 ¢V)

intensity (arb. units)

2 2
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288 286 284
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FIG. 4. MXPS spectra of the carbors Bpectral region of the

CVD-diamond film.

282 2

o0

0

a-C film deposited at ambient temperature, and contrary to
our findings for the CVD-diamond film no amorphization
threshold or critical dose is observed. The damage intro-
duced by the irradiation can only be partially reversed
through the annealing step B5, a result already suggested in
earlier experiment¥

No changes in the appearance of the UPS as well as XPS
spectra are observed for tlaeC(aT) film upon ion irradia-
tion. Ar is again incorporated into the amorphous matrix, but
the amount of Ar retained in the film matrix is smaller for the
more graphitic film, at least before the ion irradiation leads to
the destruction of the graphitic clusters.

The increasingly amorphous character of 8h€(790 °Q
film is also apparent in the XPS spectra of the € cbre
level. The maximum of the Cslpeak is centered at 284 eV
for the untreated film, and is shifted slightly to 284.15 eV for
the maximum ion irradiation dose. The FWHM also in-
creases with the ion dose from 1.4 to 1.9 eV, which is
equivalent to the FWHM of the-C(aT) film. Neither the
position nor the FWHM of th&-C(aT) film changes signifi-
cantly in the course of the ion irradiation.

IV. DISCUSSION

It is apparent from both UPS and MXPS analyses that the
modification of the diamond surface layer which is affected
by ion irradiation does not proceed continously from an un-
damaged to a predominantly amorphous structure. The onset
of considerable structural changes in the diamond lattice, ap-
parent in the diminished intensity of the peak at 13.2 eV
(He ) increasing contributions fromp-7 states at 3—4 eV
(He1, He), and the broadening of the GZXore-level peak
(MXZI?S), is observed for a critical dose of abouk 60**
cm <,
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The observation of a similar threshold behavior has beetra are very similar to the ones obtained for diamond and for
reported in several publications, and is also apparent if théhe as-deposited-C(aT) film. This also explains the absence
changes in film conductivity with ion dose are monitof8d. of distinctly graphitic features in the CVD-diamond film:
The conductivity exhibits a small increase for ion doseseven if graphitic clusters are formed in the diamond matrix,
around 1&* cm™2, decreases again, and then finally for anthey would be immediately destroyed in the course of the
ion dose around 5-2010" cm 2 a steep increase is ob- subsequent irradiation, as they appear to be much more sus-
served, which is connected to the higher level of damage igeptible to damage than the original diamond lattice. The
the lattice. Surprisingly similar values for the critical dose a-C(aT) film does not, as expected, undergo any consider-
are reported for a variety of projectiles and ener§ielow-  able changes in its structure. This underscores thaatfe
ever, only scarce information about the nature of the strucstructure represents the most stable configuration which is
tural changes can be deduced from these measurements aedched under ion irradiation.
the UPS analysis, as discussed in Sec. Ill is much more in-
formative in this respect. The UPS spectra clearly show the
tendency of the diamond lattice under irradiation to become V. CONCLUSIONS
amorphous rather than to graphitize. No indication of the

: - . Three carbon films of different structure, namely, dia-
formation of graphitic clusters can be seen in the UPS spec- : . C o ’
tra, and even for the highest ion dose the spectra closelyio"d-a-C [a-C(aT)], and ana-C film which contained gra-

resemble the ones afC(aT). There is also no indication of 'Xhitic clustersa-C(790 °Q], were irradiated with 1-keV Ar

the presence of a tetrahedral-amorphous component whidf"S: The changes in the electronic structure were monitored

was suggested by Hofmann, Prawer, and K&fits an in- in situ with photoelectron spectroscopic methaddS and

termediate configuration formed in the course of the irradia%i%’i;rggrme;i(;elil;eiittz tlgteti(r:neOan:I)(;a(;IigrrLg:lgevi’;rli)ckfgoer;v(j d
tion experiment. But we have to concede that it might bec:onsiderable strucg']curgl changes When the ion dose surpasses
quite difficult to distinguish a ta-C phase from diamond in g P

the UPS spectra. However, the G plasmon loss region, 2hgrrlgcc:?<-:|‘riizzebOfaaggr?;ifégbIgni]nc.reg;i i%“::::: Icggtsr(iablljstions
which was recorded for dosé&0, D7, D13, andT16, does y

o i .__stemming fromp-7 states in the UPS spectra, a diminished
Q?taet);rjgl:]g;\?vgrl?smon located at 30-eV energy loss, typlca?ntensity of the peak at 13.2 e{He1), and the broadening
We suggest that for an ion dose below the threshold);(;cve tr?e ]t"sencgéigevg]l &iaggﬁ% f-:-lrr;e tzpfeocrtrrna;r:e:rrrl]yor-
value, only localized defects are present in the lattice, which y » s -
have according to Priri,the ability to recombine if appro- phous rather than graphitic network under ion irradiation. In

priate annealing conditions are chosen. Further increase & ntrast to the observation of a critical dose for diamond the
the ion dose, and therefore of the Ievél of damage in théjéstructlon of graphitic clusters @'ngo °Q is apparent )
’ in the spectra even for the lowest ion dose. The resultant film

lattice, leads to the formation of extended defect r(_:'gionsstructure is indistinguishable from amorphous carbon, or re-

with a structure similar to amorphous carbon; this transition . : !

is reflected in the UPS spectra. For an ion dose of more tha ectively, th.e"?"c(aﬂ film. The _amorphou;a—C(aT) film

3% 10" cm™?, no further increase in the-7 band contribu- . 0€s no'F e?<h|b|t any changes in its eIectrqmc structure under
' jon irradiation. This supports the assumption that repre-

tions is observed, and it can be assumed that an equilibriu ents the most stable structure which is reached under ion
between the production of defects and the removal of surfacde s
|(§rad|at|on of carbon.

atoms by sputtering is reached. A higher level of damage an
a further destruction of the diamond lattiG@morphization
can only be achieved now with an increased ion energy.

The observation of the effect of ion irradiation enC We gratefully acknowledge the financial support of the
films does complement the findings for the CVD-diamondpresent work by the Swiss National Science Foundation car-
film. It is apparent that the destruction of the graphitic clus-ried out under the auspices of the trinational “D-A-CH”
ters in thea-C(790 °Q film does take place even for the cooperation involving Germany, Austria, and Switzerland on
lowest ion dose used in this experiment. The resultant spe¢he “Synthesis of Superhard Materials.”
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