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Electronic structures of B 2p and C 2p levels in boron-doped diamond films studied using
soft x-ray absorption and emission spectroscopy
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X-ray absorption’XAS) and emissiontXES) spectroscopy near B and CK edges have been performed on
metallic(~0.1 at. % B, B-diamonpand semiconducting~0.03 at. % B and N, BN-diamondioped diamond
films. Both BK XAS and XES spectra show a metallic partial density of stéRE309 with the Fermi energy
of 185.3 eV, and there is no apparent boron-concentration dependence in contrast to the different electric
property. In CK XAS spectrum of B-diamond, the impurity state ascribed to boron is clearly observed near the
Fermi level. The Fermi energy is found to be almost same with the top of the valence band of nondoped
diamond:E,=283.9 eV. CK XAS of BN-diamond shows both the B-induced shallow level and N-induced
deep and broad levels as the in-gap states, in which the shallow level is in good agreement with the activation
energy(E,=0.37 eV} estimated from the temperature dependence of the conductivity; namely, the change in
C 2p PDOS of impurity-induced metallization is directly observed. The electric property of this diamond is
ascribed mainly to the electronic structure of  Bear the Fermi level. The observed XES spectra are
compared with the discrete variationakXDVX «) cluster calculation. The DVX result supports the strong
hybridization between B2and C 2 observed in XAS and XES spectra, and suggests that the small amount
of boron(=<0.1 at. %9 in diamond occupies the substitutional site rather than interstitial site.
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I. INTRODUCTION carbon-2 using x-ray absorptioiXAS) and x-ray emission
) ) _ ) . ) (XES) spectroscopy near the IB and CK edges of these
Diamond is a very attractive material with industrial ap- doped diamonds are reported. XAS and XES ne# &d
plications because of its maximum hardness, high surfacg  edges are powerful techniques for direct measurement of
stability (chemical inertnegs large energy gag~5.5eV),  ppOs’s of dopant-boron and host-carbon, especially for the

high thermal conductivity, and so on. Boron-doped diamondsemiconducting or insulating materials, in comparison with
expands its usefulness into applications of electric devicesglectron spectroscopy.

Lightly boron-doped diamond showstype character with
an activation energy of about 0.37 é\and heavily doped
diamond shows metallic conductivityFurthermore, the re-
cent discovery of the superconductivity of more heavily Highly boron-doped diamond thin films were deposited
boron-doped diamond has brought new attention to the prolyn Sj(100) wafers in a microwave plasma-assisted chemical
lem of the superconductivity of impurity-induced metalliza- vapor depositiofMPCVD) system(ASTeX Corp). Details

tion in semiconductor§.However, the crystallinity of these of the preparation were described elsewtfefemixture of
heavily doped compounds is not clear in contrast to the lowycetone and methanol in the volume ratio of 9/1 was used as
(<0.5%) doped diamonds. It seems that boron atoms occupihe carbon source. B, the boron source, was dissolved in
the interstitial sites in the heavily doped cdse4%)>°and  the acetone-methanol solution at a B/C atomic ratio of
substitute for carbon in the low doped case0.5%).” It 1:100. The 0.1 at. % boron-doped diamond, B-diamond,
should be important to clarify the memorable electronicshows metallic conductivity at the room temperature. The
structure of more heavily doped diamonds, but at present thigghtly doped diamond film is synthesized using MPCVD
priority should be that of low doped diamonds due to theirmethod with ah-BN target(BN-diamond.® The boron and
crystallinities. Therefore, in this paper, we study the elecnitrogen concentrations are estimated to be 0.03 at. % for
tronic structures of low doped diamond with the metallic both boron and nitrogen by secondary ion mass spectroscopy
(~0.1 at. %9 and semiconducting~0.03 at. % characters. measurements. And the electric property is semiconducting
The partial densities of statg®DOS’9 of boron 2 and  with the activation energy, of about 0.37 e\’. However,

II. EXPERIMENTAL PROCEDURE
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FIG. 1. BK XAS and XES spectra of B- and BN-diamonds. The G s Y i

incident angle was set t6=20°. The excitation energy of XES e Eex=200eV i

measurement was 200 eV. 400

the value ofE, depends on the impurity concentration; this
value is consistent with the previous reports of lightly boron- 200
doped diamond filnk.’ Several values of the nitrogen-
impurity levels(deepn-type) are reported®

Soft XAS and XES measurements were performed at
beamline BL-8.0.% of the Advanced Light Source in 175 180 185 190
Lawrence Berkeley National Laboratory. The energy resolu- Energy (eV)
tions of thg incoming and outgoing x rays were 0.2—0.3 eV. FIG. 2. BK XES spectra of B- and BN-diamondga) The
For the calibrations of the monochromator and spectrometelrrl]cidem_anglle dependence of B-diamond. The inset shows
h-BN, B,O3, highly oriented pyrolitic graphite, and natural '

. excitation-energy dependence and showK BKES spectrum of
diamond were used as the standard samiféSAlthough h-BN. (b) The excitation-energy dependence of B-diamond, in

all th? samples are polycrystals, there is, a possibility of Ori'whi(:h the spectrum witlicg, of 185.5 eV being magnified 5 times.
entation. In order to check the orientation and the surfacg,q spectrum of BN-diamond with,, of 200 eV is also shown.

m-resonant state reported in some borides, polarization

(anglg dependencies of XAS and XES were measuredgnglesg of 70° and 20°. The excitation energy, is 200 eV.
There are no essential differences in XAS and XES spectrghese two spectra coincide, which indicates that there is no
among those with different angles, which suggests that thergrientation of this sample. The most important point is the
is no orientation and no borides showing the surfaceypservation of the clear Fermi edge in both samples with the

m-resonant state in these samples. same threshold at 185.0 eV, consistent withk XAS spec-
tra. The inset viewgraph showsBXES spectrum withEg,
Ill. RESULTS AND DISCUSSION of 185.5 eV, which corresponds to the sharp state near the

: i Fermi level in BK XAS spectrum(Fig. 1). In the inset, the
A. B KXAS and XES of doped diamond film spectra ofh-BN with Eg, of 200 eV are also plotted. The
Figure 1 shows BX XAS and XES spectra of B- and bonding inh-BN is ideal sp> between B and N, having a
BN-diamonds. In both compounds, clear metallic states opeak at around 182—183 eV. The observeld KES spectra
B 2p are observed, in which both the Fermi levels areof B-diamond differ from that oh-BN, but it is hard to say
185.3 eV measured from the BIcore level. There is a that these spectra are duesi@ of B in diamond from these
pseudogap state between 187 and 190 eV, and the intensitgsults only. Figure @) shows detailed excitation-energy de-
steeply increases with an increase of energy with the threslpendence of B-diamond. For the spectrum wi, of
old of 190.5 eV. It is noticed that there is no sharp peak atl85.5 eV, the elasti¢intense peak at is observed. We then
192 eV (* in Fig. 1), which corresponds to the surface magnified the spectrum witk,, of 185.5 eV five times in
m-resonant state of some boriddsBN and B,Os;. This  Fig. 2b). The detailed features of these spectra in the energy
means there is no trace of these borides in these diamondgion ofE< 184 eV agree well with each other. This means
samples. that all B 2 have an unique electronic structure. Further-
Figure 2 shows angular and energy dependence i§f B more, the spectrum of BN-diamond shows almost same
XES spectra of B- and BN-diamonds. Figur@2shows two  form, which means there is no B-concentration dependence
B K XES spectra of B-diamond with the different incident in this doping region.

245111-2



ELECTRONIC STRUCTURES OF Bi2ZAND C 2p... PHYSICAL REVIEW B 70, 245111(2004)

Energy (eV) Energy (eV)
280 285 290 295 300 265 270 275 280 285 290 295 300
1.0 T T T T T T T T T
(a) (@) \'
0.8 | Nondoped diamond i Eex=300eV ‘ 'VW
‘ ,‘“M. k
) ——— B-diamond ih) b ST s Eex=284eV i
5 gg L BN-diamond r A :
20
s = 2
2 2 s
s 04 < 2
2 4 2
= 5 o
0.2 2 )
£ 5
0.0 Difference between 402 ;f =
B- and Nondoped diamond °
8
[
0.0 E
_________________ a
00— T
m -1800
= Eex=284eV
S 0.20 ((ex )
el
s
> 1600
2 =
5 5 2
€ 010 S £ C(N.N.) XES
- 3 =
400 &
2 s
" = z
0.00 %9 s 2
Nondoped diamond —-200 o k)
=
5 X -
C K XES of Nondoped diamond o
1 Hl | 1 0
280 282 284 286 288 290 A i
Energy (eV) ( 11,8 || b (R— H “3.
FIG. 3. CK XAS spectra of B-, BN-, and nondoped diamonds. -
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(a) Overall features of those spectndn) Detailed spectra of the
Energy (eV)

in-gap states. The XAS and XES of nondoped diamond are also
shown. The dashed lines indicate the top of the valence band of

. - . .~ FIG. 4. CK XES spectra of B-diamonda) XES spectra with
Cgtri]gr?peen(ferdg;jn;? g(’i\lzr;:nggiémrzigtgcltivj;eXpeCted from the act Eey Of 284 eV (near the Fermi energyand of 300 eV. &K XAS

spectrum of B-diamond is also showiwo arrows indicate twdt,,
B. CK XAS of doped diamond film positions. (b) C(N.N.) XES spectra derived from the subtraction of
) the elastic peak from observed XES spectra \kith 284 eV (near
Figure 3 shows the & XAS spectra of B-, BN-, and the Fermi energy The inset shows @.N.) XES and CK XAS
nondoped-diamonds. Figurge® shows the overall features gpectra.

of CK XAS spectra. The spectrum of nondoped-diamond

(thin solid ling shows clear gap state with<289.1 eV, in CK XES of nondoped diamon¢he top of the valence
which corresponds to the bottom of the conduction bandand,E,). It is noted that all the profiles of normal ICXES
(CB). On the other hand, the spectra of B- and BN-diamondsf B-, BN-, and nondoped diamond are almost the s¢sae
show in-gap states. For B-diamorithick solid line), only  Sec. 1l Q. In contrast to the metallic B-diamond, BN-
one peak at 284 eV is observed as the in-gap state. Théiamond seems to have a small gap. For this semiconducting
threshold energy of this peak is estimated to about 283.9 e¥ample the activation enerdy, of 0.37 eV was measured
which is consistent with the energy expected from both thefrom the temperature dependence of the conductivityus,
observed bottom of CB289.1 eVf and the band gap of non- the shift of 0.3—0.4 eV between metallic and semiconducting
doped diamond. In Fig.(8), the difference between B- and samples is consistently explained by the small gap &jtf
nondoped diamonds is also shown. It is clearly seen that th@.37 eV. In other words, 0.03 at. % B makes a shallow level
0.1 at. % B in diamond makes a metallic state in [C2 near the valence band witB, of 0.37 eV. In addition, a
PDOS. However, for BN-diamongtlotted ling, the thresh-  broad in-gap state spreads over the gap is observed in BN-
old energy shifts higher a little. Figurgty shows detailed diamond. It is reported that nitrogen-dopant makes several
in-gap states and shows the edge dK XES of nondoped deep levels in diamorfland the present spectra are similar
diamond. The threshold energy of the impurity state in XASto the reported & XAS spectra for graphite-carbon nitride

of B-diamond, 283.9 eV, is agreement with the edge energgystem:® This broad in-gap state is ascribed to N-dopant.
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C. CK XES of doped diamond film

Figure 4a) shows the &K XES spectra withE,, of 284 B K Energy (eV)
and 300 eV. The spectrum wi, of 300 eV(dotted ling is 1?5 1|70 175 1?0 1?:‘3 1?0
almost same as the spectrum of the nondoped diartfond. (a)

This is consistent with the band calculation restftIhis
agreement between doped and nondoped diamond sugges
that the host C 4 core level does not change by B-doping
within the experimental error. However, the spectrum with
E., of 284 eV ((thick solid line) shows a sharp peak at about
284 eV (elastic peakand a broad tail toward the low energy [ ==
side. Figure &) shows the subtraction of the elastic peak
from the spectrum. The elastic peak was assumed to be
Gaussian with a full width at half-maximugFWHM) of

0.6 eV1” The result of the subtraction of the elastic peak is
essentially same as before the subtraction because the widt
of the elastic peak is narrow. Because in the unoccupied
state, a peak at 284 eV is observed only in B-doped-
diamond, the XES spectrum with,, of 284 eV represents
the PDOS of the carbon atom hybridized with dopant B, i.e., 2wt : : W !
nearest neighboring\.N.) carbon from boron. Because it is  ogg 265 270 275 280 1285 290
difficult to study the electronic structures of dopddilute)
boron and the neighboring carbon atoms using band calcula-
tions, calculations were performed by the D¥Xnhethod!® a
cluster calculation method.

B K Egx=2008V
C K Egy=284eV
——— C K Egx=300eV

D. DVXa cluster calculation

The programscat'® was used for the discrete variational
Xa (DVX ) calculation. Because the samples are covalent,
Madelung potential was not taken into account. It is also
known that an average of PDOS’s of a few atoms near the
center of the large cluster reproduces well experimental re-
sults. In the present work, we calculated the PDOS’s for two
doped diamond cases where boron occupies the interstitia
site and the substitutional carbon site, in addition to the
nondoped-diamond case. The typical cluster size is about
200 atoms, a limitation due to the memory size of the pro-
gram. First, the PDOS of nondoped cluster modegj,@vas
calculated and the results were compared with the experi-
mental data and the band calculations. Although the Fermi
levels in both the calculations and observation do not agree
exactly, the overall feature of the PDOS'’s are in agreement
with each others. For the B-doped diamond case, typical
cluster models of ¢,BH;gand GgBH;, were used for sub-
stitutional and interstitial cases, respectively. In these cases
the nondoped models, &Hg and GgHqs, Were also ap-
plied and the results were confirmed to be same as that of
Cis4 In both B-doped cluster models, a boron atom is always
set at the center of the clusters. In these large clusters, ar
effect of H termination is found to be negligible for the
PDOS'’s of inner C or B atoms. It is noted that a few in-gap
states appear even in the nondoped case. This might be as-
cribed to the surface states. In the present RMXsults, the

origin of the energy is set to the maximum energy of the k|G, 5. (Color onling Comparison of observed B XAS and
electron in the occupied states except the meaningless SWES, and CK XES spectra with DV simulations.(a) Observed
face states; i.e., the energy is measured from the top of theas and XES spectrab) DVX « results of substitutional case, and
valence bandVB), Ey. (c) DVX « results of the interstitial case. In the inset picturegt)f

The results are shown in Fig. 5. Figur@pshows experi- and(c), red and blue balls represent boron and N.N. carbon atoms,
mental XES spectra of K with E,, of 200 eV, CK with E,,  respectively.
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of 284 eV, and K with Eg, of 300 eV of B-diamond, cor- I[V. CONCLUSIONS

responding tg the PDOS's of B2 C(NN.) 2p. and host XAS and XES spectra at the B and CK edges have
c 2p,_respect|vely. BK XAS spectra of B-d|amond near the been performed on metallic~0.1 at. % B and semicon-
Fermi level are also showmed dashed line The horizontal ducting (~0.03 at. % B and Ndoped diamond films. Both

axes for BK and CK are shifted in order that the Fermi . .
levels are in agreement with each other. One can see thgtK XAS and XES spectra show metallic PDOS with the

there is a good agreement in between @Bahd GNN) 2p ermi energy of 185.3 eV, 'and there is no apparent boron-
; . C concentration dependence in contrast to the different electric
PDOS'’s, which means strong hybridization between thes

. : ; . %roperty. In CK XAS spectrum of metallic B-diamond, the
o_rbltals. Flg_ures 6)) and %c) show th? _results in substitu . _impurity state ascribed to boron is clearly observed near the
tional and interstitial cases. The origin of the energy in

DVXa is set to the maximum enerav of the electron in theFermi level. The Fermi energy is found to be almost the

" o 9y same with the top of the valence band of nondoped diamond.
occup|_ed ;tates,_|.e.,top of the VB. The PDOS ¢N®) 2p E,=283.9 eV. The (&K XAS of semiconducting BN-
(blue ling is derived as averaged PDOS of four NN Carbondiamond shows both the B-induced shallow level and
atoms[the four blue balls in the inset in Figs(® and 5c)].

oo N-induced deep and broad levels as the in-gap states, in
The PDOS of host Ci2(black ling is the averaged one of a which the shallow level is in good agreement with the acti-
few carbon atoms near the center of the cluster but far fro

Wation energy(E,=0.37 eV} estimated from the temperature

the dopant boron, which is in good agreement with the resul& iy .
\ ependence of the conductivity, namely, the change ipC 2
of nondoped cluster G, All the calculated PDOS'’s are con- |PDpOS of impurity-induced rr¥etal|izati></)n is dire%:tlyrpob-

ﬁéﬁedmutsr']r;gsﬁbgﬁﬂziﬁ; 2;2(;?” ;(Vg)r]] tt?ﬁe %ngrémsfmaserved. The electronic property of these diamonds is attrib-

B 2p ('red ling shows a large peak g'roumiE _0 eV and uted mainly to the electronic structure of @ Bear near the

PDOS of GNN) 2p possesses a main peakvarOLErdE _ Fermi Ieyel. The observed XAS anq XES spectra are com-
. . . -V pared with the DV cluster calculations. The DV result

-3.8 eV. It is worthwhile to notlc;e that the c9n5|derable supports the strong hybridization between [Band C D

amounts of state arourtdl, appear in both PDOS’s of B observed in XAS and XES spectra, and suggests that borons

and ANN) 2p. This is Consiste,nt with the experimental re- in diamond occupy the substitutional site in the present dop-
sults that the observed PDOS's of B 2nd GNN) 2p also ing range between 0.03 at. % B and 0.1 at. % B in dia-

shows main state@eak in the higher energy side from the mond, rather than the interstitial site.
PDOS of host C g. Furthermore, the broad-beat structures
of the B 2o PDOS’s tail in the low energy side agree with
those of GQNN)2p PDOS, which is consistent with the
strong hybridization between dopant B and QNN) 2p ob- We express our thanks to Dr. Y. Muramatsu of Japan
served experimentallfinset of Figs. 4o) and %a)]. The re-  Atomic Energy Research InstituteJAERI), Professor K.
sult in the substitutional case is consistent with the experiKuroki of University of Electro-Communications, and Pro-
mental one. On the other hand, in the interstitial case, botfessor T. Oguchi of Hiroshima University for useful discus-
the PDOS'’s of B  and QNN) 2p shift and broaden toward sions. J.N. wishes to acknowledge to Dr. J. D. Denlinger of
the low energy side. Especially large in-gap states for bothhe Advanced Light Sourc@\LS) at Lawrence Berkeley Na-

B 2p and GNN) 2p PDOS'’s appear with the threshold en- tional LaboratoryLBNL ) for the experimental support. This
ergy of aboutE-E,,~ +3 eV. There are almost no states work was performed under the approval of ALS-LBNL, pro-
near thek,, which does not support the experimental resultsposal No. ALS-00931. ALS is supported by the Director,
These results of DVX suggest that dopant boron replacesOffice of Science, Office of Basic Energy Sciences, Materi-
the carbon sites in these concentration region, consistent withls Sciences Division, of the U.S. Department of Energy un-
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