PHYSICAL REVIEW B VOLUME 54, NUMBER 1 1 JULY 1996-I

Raman scattering from boron-substituted carbon films
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Raman scattering studies of,8;_, films have been carried out for boron concentrations in the range
0=x=<0.17. The spectra exhibit two broad bands, a graphitic md@8¥ ¢entered between 1535 and
1590 cm?! and a disorder-induced mod®) centered between 1345 and 1370 dmThe G mode is
observed to soften as a result of boron substitution, and this behavior has been explained using a simple
two-dimensional lattice dynamics model. As the boron concentration is increased, a decrease in the intensity of
the D band is also observed. Furthermore, the variation of the intensity dthand withx is found to be
correlated with the interplaner spacing. It is thus concluded that the presencelpitbee is associated with
the degree of disorder along tleeaxis. Finally, a phonon confinement model has been used to correlate the
linewidth of theG band with the crystallite size in the materials. The results of fitting the calculated line shapes
to the measured spectra provides an estimate for the crystallite dimengiand also indicates that the
frequency and linewidth of th& mode are most strongly influenced by the structural order withinathe
hexagonal plane$S0163-18206)05722-0

I. INTRODUCTION tributed this broadening to a relaxation of the conservation of
crystal momentum in finite-size crystals.

It is well known that boron atoms can enter the graphite Further Raman scattering investigations of disordered car-
lattice substitutionally and hence alter some of the physiobons suggested that tli& mode is especially sensitive to the
chemical properties of the original graphite or carbondegree of the two-dimensional graphitic orderiigyhereas
materialsi— Klein? showed that boron doping enhances thethe D mode appeared to be associated with nonplanar micro-
electrical conductivity and promotes the graphitization of py-structural distortion$? The results obtained in this paper
rolytic graphite. A number of groups® has shown that bo- confirm that theG andD modes are sensitive to the in-plane
ron substitution improves the oxidation resistance of carbo@nd c-axis or stacking disorder, respectively, and thus one
materials. A promising application of boron-substituted car-can use the Raman spectra to delineate between different
bons is in lithium-ion rechargeable batterfeshere these perturbations. Furthermore, since the present experiments
compounds may serve as efficient anodes. Traditionallywere carried out on samples of known composition, the re-
B,C;_, had been prepared using high-temperature reactiosults obtained can serve as a calibration and this will enable
of B,C and graphité,with a maximum amount of 2.35% one to obtain an accurate estimate of the boron concentration
substitutional boron. Recently, there have been regoffs  x from the Raman spectra of, B, , films. Finally, by using
on the synthesis of graphite-structure@®, _, solid solutions a phonon confinement model similar to that introduced by
using low-temperature chemical vapor depositi®@VD)  Richteret al'® and Campbell and Fauch@twe have corre-
methods, withx as large as 0.25. In particular Way al®  lated the Raman spectra of,8, _, to the crystallite size in
have carried out a detailed characterization of a systematithe films and hence have obtained a quantitative estimate for
series of carefully prepared samples, using x-ray diffractiorthe degree of structural order in the basal plane of these
(XRD), Auger electron spectroscopAES), and x-ray ab- materials.
sorption spectroscop{XAS).

In an attempt to gain additional insight into the structure Il. EXPERIMENTAL DETAILS
of these interesting and important compounds we have car-
ried out Raman scattering studies of CVD-grown fifrend
the results of these experiments are described in this paper. Thin films of B,C,_, materials were prepared using a
As a result of many previous investigatiohs-8of graphitic ~ CVD method® By varying the relative proportions of ben-
carbons, Raman scattering is now widely recognized to be aene (C¢Hg) and boron trichlorideBCl3) in a Vactronic
very powerful technique for the characterization of these maCVD-300-M reactor at 900 °C and 5 Torr, thin film samples
terials. In particular, Tuinstra and Koehigreported a Ra-  with 0<x<0.17 were attained. The films studied here had
man line at 1575 cm! for single-crystal graphite. They also thicknesses of about Zm and were grown on quartz sub-
observed the broadening of this lin& (mode and the ap- strates. The compositions of the films were determined by
pearance of additional band at 1355 ¢h(D mode in dis-  comparison of their Auger intensities with the signal from
ordered carbon materials. Furthermore, they showed that th&,C. A Perkin Elmer model 595 scanning Auger microscope
Raman intensity of the latter band is inversely proportionalwas used for these measurements and the systematic errors in
to the crystallite size in the materials. Subsequently, Nemarthe stoichiometries were estimated to be less than 10%. De-
ich and Solid? observed the broadening of the Raman linestails of the preparation procedures and AES were described
by decreasing the size of the graphite microcrystals and aearlier?

A. Sample preparation
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04—+ T I T FIG. 2. Possible atomic arrangement in a layer of a;RGmM-
0 5 10 15 20 pound. The C-C and the B-C distances are 1.42 and 1.56 A, respec-
BORON IN FILM (at.%) tively (Ref. 22.

FIG. 1. (8 The dgg, layer spacing andb) full width at half
maximum(FWHM) of the (002 Bragg peak, both as a function of
xin B,C,_, films.

gratings was used for spectral dispersion, which resulted in a

spectral bandpass of 800—-2000 chand an overall spectral

resolution of 4 cm *. The dispersed light was projected onto

a “Mepsicron” multichannel imaging detector, allowing

_ ] ) data to be acquired simultaneously in all spectral channels.
A Siemens D5000 diffractometer with a Cu x-ray tube Al the spectra were measured at room temperature and the

was used to measure theD02 Bragg reflection of qptical excitation was provided by a Spectra Physics 165

BxC1- films. To eliminate the signal from the quartz sub- Ar-jon laser. We used both the 488 and the 514.5 nm lines to

strate, a grazing incidence geometry was selected. The rgyestigate the exciting-wavelength dependence of the spec-

sults of XRD, which were reported in detail in Ref. 9, are tra. The laser power used was 30 mW and the data acquisi_

reviewed here for convenience. Figure 1 shows the variatiofion times were typically 2—3 h.

of the interplanar spacingdf,,) and the full width at half

maximum(FWHM) of the (002 peak as a function of boron

B. X-ray diffraction

concentration. Asx increases in the filmsdy,, and the IIl. THEORY
FWHM of the (002 peak decrease. The decreasd g may
be due to the increased graphitization which results from the A. Lattice dynamics model
ey ’7 . B 3 . .
addition of bororf;” as well as the lower density of the The Raman spectrum of highly oriented pyrolytic graphite

electrons between the graphite layers because of the fewgqope) contains peaks at 42 cnt and 1582 cm * which
electrons in boron. The decreasing FWHM is consistent W'trhave been identifiéd as the zone-centeE(zg) and E(Zz)

the largerc-axis crystallites dimensiobh, resulting from the
increased graphitization. The ;BCgg3 film has a layer
spacing of 3.336 A which is significantly smaller than for

phonons, respectively. THE(Zlg) mode, which correspon%s

to a rigid layer shearing motion of the interplane van der

Waals bonds is very weak and hard to obséiv&he ES)

eohonon, on the other hand, correspdfids the stretching of

: the strong in-plane covalent bonds and therefore exhibits a

(002 peak, may suggest the formauon of an orderedsBC high frequency. TheE@ mode shifts in frequency and

compound (near x=0.17) having boron atoms arranged T 29, , , ,
broadens significantlywhich leads to its designation as the

regularly within each layer. For lower boron concentration, X i
the boron is thought to be randomly substituted for carbon. A5 band as the material becomes more disordered.In

possible atomic arrangement in an orderedB@yer is 2ddition a new modéthe D modg appears at about 1355
shown in Fig. 2. cm™~ ! and its intensity grows with increasing disordéihe

D mode is thought to arise from scattering from zone-
boundary phonons which become Raman active because of a
loss of translational symmetry. This mode has also been

First-order Raman scattering measurements on thebserved!’in B-doped graphite and it has been attributed
B,C;_, films were carried out using a backscattering geom+to symmetry breaking which occurs at boron atoms in the
etry. A triple spectrometer with a set of 600 grooves/mmmaterials.

C. Raman scattering
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TABLE I. Material parameters for B and C, obtained from ref-
erences as indicated.

Physical quantity Carbon Boron
Mass(g/mol) 12.01 10.81
Bond length(A), carbon 1.4% 1.56
Bond strength(KJ/mol), carbon 607 448

8Reference 22.
bReference 23.
‘Reference 24.

In an attempt to explain the observed dependence of the
E(zzg) frequency on boron concentration in®;_, materials,
we have assumed a graphite structure and neglected weak (@)
interlayer interactions. To further simplify the model, we as-
sume an “average” structure in which a two-dimensional
honeycomb lattice is occupied by identical harmonic oscilla-
tors of masam, and spring constard, with an equilibrium
separatiorl, , given by

m,=m¢(1—0.1x), 1)
S, =5S.(1—0.26x), (2)
I,=1.,(1+0.1x), (3)

wherem,, s., andl. correspond, respectively, to the mass,
spring constant, and the spacing of a pure honeycomb carbon (b)
lattice (x=0). The origin of the above equations becomes
more obvious, once we look at the material parameters for B
and C, summarized in Table |. For example, the atomic masybrations and(b) the relative displacements of the different bases
of boron is 10 % smaller than the atomic mass of carborn the lattice.
which results in the “average” mass, given by(1). Simi-
lar argument applies for the B-C and C-C bond strength and S,
bond length, which results in Eq$2) and (3) for s, and wy(q) = —\/3+‘/5+400$3q|x/2), (7)
I, respectively. 2m,

Figure 3a) shows a periodic honeycomb,B,_, layer )
with the displacements andv corresponding to theE(zzg) with
vibrational mode. The net displacements of the bases with

FIG. 3. (a) A periodic honeycomb lattice illustrating thgs?

the same indicesdd,, ,) and the bases with different indices 0,(0)= /ﬁ /1_0'26( ®)
(6dnn+1), can be calculated using the geometry shown in X me V1-0.1%
Fig. 3(b):

where in(8) we have usedl) and (2) to substitute form,
od, n=U,+u,, (4) ands,. The zone-center frequency of a pure carbon lattice,
' w(0), is approximately equal to the measured Raman fre-
quency of HOPG?

1
6dn,n+1%|x_dn,n+1:§(un+l+vn)a (5
— Se__ =1
where in(5) we have assumed, , ; andv,<l,. Using Egs. wo(0)="y me 1582 cm = ©)
(4) and(5) for the net displacements, the harmonic potential
energy for a linear chain can be written as Figure 4 shows the dispersion curves of IE%) mode in

pure carbon and B;/Cg g3 layers, plotted in the direction of
I'M of the first Brillouin zone(FBZ). The inset shows the
FBZ corresponding to a honeycomb lattice. The reduced
wave vectors and frequencies are plotted in units 9f32;
where the factor of 2, in the second summation, is due to thand cm %, respectively. Upon increasingk in the

fact that each basis is bonded to two other bases of differer® ,C,_, layers, the lattice spacing increases, which results in
index. Using(6), we solve the equations of motion and thusa decrease of the size of the Brillouin zone. This has been
arrive at the dispersion relation of tlEézé) optical mode in a indicated by the dashed vertical line in Fig. 4. According to
periodic B,.C,_, layer: this figure, the frequencies of this branch in g BCjgs

S S 1
UharmZEXEn: (Un+ )2+ %}n: 2Z(un+l+vn)2, (6)
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r M =kl (10)
and
1700 :
! [=«k'L,. (11)
& and ¢ will be used in the application of the phonon con-
E finement model and the correlation factarsand «’ will be
1600 ' determined from a comparison of the Raman results with
- XRD data. Following the procedures used by Campbell and
e ; Fauchet® we construct the Raman line shape corresponding
< to the E(zzg) mode by superimposing Lorentzian line shapes
S 1500 : with linewidth y centered atv,(q) and weighted by Gauss-
E ian functions, i.e.,
8 E 27/3ly exri—ngz)
[+ ' ’
T ' lg(w,&,0)=I f 27qd .
1400 ; cle&.d)=le(0) 0 = o7+
: (12
In arriving at(12), we have assumed théb the dispersion
curves of theE%?) phonon in BC,_, depend only on the
1300 ' component of the wave vector in tlaé b* plane andii) the
: FBZ in B,C,_, is a circle of radiud”M, which makes the
— . . integration oveiq independent of direction. The dependence
0.0 02 04 06 08 10 of the peak intensitys(¢) on ¢ is given by?°
REDUCED WAVE VECTOR ¢
C 2
FIG. 4. The calculated dispersion curves of & mode in I’(§)Efﬁldoozq’dq'exp(—q’zgz) 1 —erf a’¢
pure carbonX=0) and B, 1/Cg g3 layers, Eq.(7). The inset shows G 0 \/E '
the first Brillouin zone corresponding to a honeycomb lattice. The (13

reduced wave vectors are in units of 3l ., with |,.=1.42 A . The L. :
vertical dashed line is the zone boundal (oint in a layer of ~Whereq’ is the component of the wave vector perpendicular
Bo1Coga- to thea*b* plane.

layer undergo a reduction compared with the frequency of a IV. RESULTS AND DISCUSSION
pure carbon layefi.e., the mode softensThis can be seen
from Egs.(7) and(8), where the ratio of the spring constant
to the massg,/m,) decreases with increasing boron concen-
tration. In the next section, we will compar8) with the
measured Raman frequencies of the zone—cerﬁ%’
phonons in the BC,_,materials.

Figure 5 shows the first order Raman spectra of
B,C;_, films for 0<x=0.17, excited by the 488 nm Ar
line. The spectra exhibit two broadbands, similar to those
observed in disordered and boron-doped carBbng These
bands have been identified as t&§) or graphitic mode
(G), which for x=0 is centered near 1590 cm, and the
. disorder-induced modelY) centered near 1370 cnt. Ac-

B. Phonon confinement model cording to this figure, the frequencies of tBeandD bands

In 1981, Richtert all® formulated a model, now known decrease with increasing boron concentration. Similarly, the
as the phonon confinement model, which explained the freintensity of theD band, when compared to the intensity of
guency shift and broadening of the first-order Raman spectrthie G band, decreases with increasixagn the films.
of disordered materials. According to this model, in finite- To investigate the laser-wavelength dependence of the
size crystals thegg=0 momentum selection rule is relaxed spectra we have obtained another set of data using the 514.5
and phonons throughout the Brillouin zone contribute to thexm line, shown in Fig. 6. According to these spectra, the
Raman spectra, with a weight that is determined by the cryshand shifts toward lower frequenci¢sedshify when com-
tallite dimensions. This model was modified by Campbellpared with the spectra excited by the 488 nm line. A number
and Fauchet to account for the dependence on the crystal-of groups®~*®has observed a progressive redshift of e
lite shapes in silicon thin films. Subsequently, the model wagnode with increasing excitation wavelength, in accordance
used to correlate the Raman spectra to finite-size effects iwith our result. Furthermore, we have observed an increase
GaAs alloys?® diamond films?® polycrystalline silicon in the D band intensity(relative to theG band when excit-
doped with borori® and nanocrystalline graphité We will  ing with the longer laser wavelength. Both Waetgal '” and
use this model in an attempt to gain insight into the influenceBarbarossat al*® have reported an enhancement in e
of the crystallite size on the spectral profiles. To begin weband intensity with increasing laser wavelength, again in ac-
assume the presence of cylindrical crystallites with diametecordance with our result.
L, and heightL.. Corresponding to these crystallite dimen-  To obtain an estimate for the and G band parameters,
sions, which might be determined from x-ray diffraction ex- we fitted the Raman spectra of8,_, films to line shapes
periments, we introduce correlation lengths of the form
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FIG. 5. Raman spectra of the,8,_, films excited by the 488
nm Ar* line. The boron concentratiorx) in the film is indicated
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FIG. 7. Fitting Eq.(14) to the Raman spectrum of a,BLC g3
film. The dashed line is obtained from fittif@2) to the G band.

on left of each spectrum and the spectra are displaced for clarity.The solid line is the overall it to the experimental dédats.
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FIG. 6. Raman spectra of the 8, _,films excited by the 514.5
nm Ar* line. The boron concentratiorx) in the film is indicated
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wherelp, wp, andyp are, respectively, the peak intensity,
the peak frequency, and the linewidth of the disordered-
induced D) mode, |s(w,&,{) is a line shape which was
given by (12) for the G band, andl, is a constant back-
ground. Figure 7 shows a typical result of fittiity) to the
Raman spectrum of a B/ g3 film. The dashed line in the
figure is a line shape obtained from fitting the phonon con-
finement mode(12) to the G band.

Figure 8 shows the variation of the Raman frequencies as
a function of boron concentration. The solid line in the figure
represents the zone-center frequencies of @hemode
which have been calculated(8) for single-layer
B,C,_xcompounds. The good agreement between the pre-
dicted and measured frequencies suggests that Raman spec-
troscopy can be used to determine the boron concentration in
the films. Furthermore, both the measured and calculated
trends of theG mode frequencies of B, _, suggest that if
the formation of BG (x=0.25) is possible, this compound
should exhibit a Raman frequency lower than the observed
frequency for B, ;/Cq g3 (Iess than 1550 cm'). Recently,
Feckoet al° reported that they had prepared a $€om-
pound and measured a Raman frequency of 1592 cfor
the G mode in the material, which disagrees with our expec-
tation. In addition, their measured interlayer spacing was
“larger than that of graphite,” and thus does not agree with
the trend of thg002) plane spacing for BC,_,, shown in

on left of each spectrum and the spectra are displaced for clarity.Fig. 1. Since our Raman spectra and XRD results appear to
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FIG. 8. The dependence of tliz and G bands frequencies on FIG. 9. The dependence of the half width at half maximum

x in the films. The solid line represents the results predicted by Eq(HWHM) of the D andG bands on boron concentration.

8).
® spectra excited by the longer laser wavelen@thd.5 nn). It

. . has been suggestéd® that this effect is caused by a reso-
establish a clear trend, we suspect that the material prepar@@nce enhancement mechanism.
by Feckoet al® was not BG;. Raman and XRD measurements ofy, BCogs and

Figure 8 also shows the dependence of the Raman fres, ;,C, 43 Samples were used to determine the correlation
guencies on the exciting wavelength, where Ehdand un-

dergoes about a 15 cnt redshift for the longer laser wave-
length (514.5 nm. Meanwhile, theG band does not show
any significant dependence on the exciting wavelength. This
behavior, which is expectétifor the G mode, suggests that
only theG band should be used to determine the basal plane O 514nm
crystallite dimensiori , of the materials.

The variation of the linewidthghalf width at half maxi-
mum (HWHM)] as a function of boron concentration is
shown in Fig. 9. According to this figure, both the bands
broaden for 6<x=<0.075, presumably due to the random
substitution of boron in the films which gives rise to defect
scattering and a loss of translational symmetry. However,
this trend is reversed in the interval 022=<0.17 and both
the D and G bands are observed to sharpen. This implies
increased structural order in the basal plane of the materials
which is reflected in the linewidth of th& band, which is
most sensitive to the degree of in-plane ortféFhe smallest
linewidth for theG band is reached at=0.17, which sug-
gests the formation of a relatively ordered Bfhase.

Figure 10 shows the variation of the ratio of integrated
intensities(RIl) as a function of boron concentration. Ac-
cording to this figure, this ratio decreases with increasing —— T
in the films. Since this behavior is similar to the observed 0 5 10 15 20
trend indgg,, shown in Fig. 1, we might conclude that the BORON IN FILM (at. %)

D mode is most sensitive to the degree of disor@gaphi-
tization along thec axis, in accordace with Ref. 14. Further-  FIG. 10. The dependence of the ratio of the integrated intensities
more, Fig. 10 clearly shows an increase in the RIl for theon boron concentration.

& 488 nm

RATIO OF INTEGRATED INTENSITIES
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350 It should be noted that the values bf, obtained for
] samples withx<<0.05 (Fig. 11) may be much larger than
5] those obtained from XRD measurements. In materials with
3004 x=0.05, the relatively large boron concentration results in

relatively small flat crystallites. Thus one should anticipate
1 good agreement between the valued gfdetermined from
550 the Raman and x-ray data. In films wik<0.05, however,
1 the actual crystallites become more folded and corrugited.
In these samples the XRD results provide an estimate of the
dimensions of the relatively flat portions of the crystallites.
For these same samples, the Raman spectra could provide an
estimate ofL, that might approximate better the crystallite
dimension, which would thus be much greater than the x-ray
result. However, the precise meaning of the Raman-
determined_, is not known in this case. Thus the values of
] L, for films with x<<0.05 must be considered to have greater
100 uncertainties than the values bf for films with x=0.05.

200

L, (A)

150

V. CONCLUSIONS

%0 ® ® We have carried out a Raman scattering investigation of
] -] ® the vibrational spectra of BC;_, for 0=x<0.17. As the
ol e bozron concentration increases from 0. to 0.17, both the
0 5 10 5 2 ESS phonon G band and the disorder-induced mod® (
BORON IN FILM (at. %) bar)c) softgn. A;summg the existence of periodic honeycomb
lattices with uniform BC,_,bases, we were able to calcu-
FIG. 11. The dependence bf, on the boron concentration in 1&t€ the frequency of thE(zzg) vibrational mode and therefore
the B,C,_, films. attribute the mode softening to a decrease in the ratio
s, /m, of the spring constant to the mass. The ratio of the
integrated intensities of thB band to that of theG band
factor k, Eq.(10). The fits of(12) to theG mode gave values decreases as the boron concentration in the films is increased.
for £ which were compared to values lof obtained from the  This behavior is similar to the variation of tha, plane
(100) Bragg peak of the two &, _, powders. From these spacing withx, indicating the dependence of tleband on
comparisons we obtainee~ 1/40 or é=L ,/40 for the rela- the structural order along the axis. Furthermore, th®
tion between the correlation length and the crystallite size irfband shows a dependence on the exciting wavelength, in that
the graphite-structure ,_,compounds. Figure 11 shows it undergoes a redshift and an enhancement in the intensity
the variation ofL, as a function of boron in the films. Ac- when excited by a longer laser wavelength. Finally we have
cording to this figurel, decreases for€x<0.12, but then used a phonon confinement model to correlate the Raman
increases for 0.12x=<0.17. The increase in the basal plane spectra of BC, _, films to the crystallite size in the materi-
crystallite dimensionl(,) for x=0.1 indicates that the struc- als. Using the phonon dispersion relation of &%) mode,
tural order is increasing in this region. This result could becalculated for a periodic BC,_, layer, we have fitted this
interpreted as being suggestive of the formation of a relamodel to theG band and hence determined the basal plane
tively ordered BG phase x=1/6), consistent with the con- correlation length¢. The correlation length is assumed to be
clusion reached previoushon the basis of XRD measure- proportional to the basal plane dimensiog of the crystal-
ments (Fig. 1). The different techniques thus yield a lites and the constant of proportionality is determined from
consistent picture and this result provides further corroborameasurements on samples with-0.12 and 0.17. Both the
tion of the correlation between tl@& band and_, or, equiva-  variation ofL, as a function of boron concentration and the
lently, the dependence of this band on the structural ordedependence of the G band width ®rsuggest the attainment
within basal plane of BC,_,. of a relatively ordered BE compound neax=0.17.
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