Fano interference of the Raman phonon in heavily boron-doped diamond
films grown by chemical vapor deposition
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A series of boron-doped polycrystalline diamond films grown by direct current and microwave
plasma deposition was studied with Raman and infr@fiegl absorption spectroscopy. A Fano line
shape is observed in the Raman spectra for films with a boron concentration in a narrow range near
10°* cm™ 3. The appearance of the Fano line shape is correlated with the disappearance of discrete
electronic transitions of the boron acceptor observed in the IR spectrum and the shift of the
broadened peak to lower energy. The Fano interaction is attributed to a quantum mechanical
interference between the Raman phorieri65 eVj and transitions from the broadened impurity
band to continuum states composed of excited acceptor and valence band std1@35 @merican
Institute of Physics.

The use of diamond as a wide-band gap semiconductdion (CVD) was used to deposit films with a boron concen-
with attractive electrical and mechanical properties has beetration of 138 cm™2 or less. Direct-currendc) plasma CVD
reviewed recently:> Construction of practical devices re- was used to deposit films with higher boron concentratidns.
quires methods to make- and p-type material. Boron is a The dc plasma films are 40 nm thick and polycrystalline.
p-type dopant in diamond and there is interest in makingOne thick (50 um) microwave plasma CVD had the sub-
B-doped diamond for semiconductor applications. Due to itstrate chemically removed to create a freestanding film. Bo-
small covalent radius, B is easily incorporated into the diaron incorporation was measured by SIMS for some of the
mond lattice; B concentrations in excess of16m 3 are  films and ranges from>10' to 5x10?* cm 3.
possible. However, the activation of the acceptor site is lim- Raman measurements were performed with a Raman
ited by the large activation energy of substitutional B, 0.37spectrometer described in detail previoudijvleasurements
eV, such that at moderate doping levels orl).2% of the  were made with the 48@.54 e\) and 514.52.41 eV} lines
sites are ionized at room temperatdr&t boron concentra- of an Ar ion laser at a laser power of 8 mW. The laser light
tions below 167 cm™2 (or at low temperatur@sconduction ~ was incident at 65° from the surface normal; scattered light
occurs through holes in the valence band contributed by ionwas collected normal to the surface. Most measurements
ized substitutional B, andE, of 0.37 eV is measured. At were made at 1 cit resolution; some high resolution mea-
higher doping levels conduction occurs by nearest neighbasurements were made with 0.5 thresolution. Low tem-
and variable range hopping of holes between ionized Bperature measurements were made with an ultrahigh vacuum
sites?. This is accompanied by a drop in mobiltyAt very  chamber equipped with Raman optics and capable of cooling
high doping levels, an impurity band is formed and a metal-samples to 12 K?°
liclike conductivity is observed. Also at very high doping Fourier transform infraredFTIR) measurements were
levels B complexing effects are obsenfed. made at room temperaturechd K with a Bomem spectrom-

Fano line shapes occur when a discrete transition undeeter(0.2 cm ! resolution equipped with a KBr beamsplitter
goes quantum mechanical interference with a continllum.and a MCT detector. Spectra were obtained from the free-
The Fano line shape is asymmetric with an enhancement aftanding microwave film and on some of the dc plasma films
one flank of the line and a decrease or a minimiamtireso-  grown on p-type Si. Films grown om™ epi Si substrates
nance of the other. The Raman phonon of Si has a Fano lineould not be measured due to free-carrier absorption.
shape in heavily doped-type® and p-type’ material. In this  Background-subtracted spectra were obtained by using a Si
case, the Raman phonddiscrete interferes with intersub- substrate that had been exposed to the dc plasma under con-
band transitions that occur when the Fermi level moves intalitions that did not grow diamond. The spectra shown here
the valence(conduction band in heavily doped material. consist of 256 co-added scans at 2 ¢mesolution.

Fano line shapes have also been reported in the Raman spec- Raman spectra of a series of films with increasing boron
tra of intercalated graphit€%* and doped . concentration measured at 488 nm are shown in Fig. 1. Ra-
Diamond films were grown on unscratched and man spectranot shown obtained with the 514.5 nm laser
p-doped Si substrates. Microwave plasma chemical deposiine are essentially identical, which confirms that all the ob-
served peaks are due to Raman scattering. In addition to the
3Electronic mail: jwager@Ibl.gov relatively sharp Raman phonon at 1332 ¢mmost of the
bCurrent address: Surface Technology Systems, Ltd., Pacifica, CA 94044spectra have a broad peaks at 1500 and 1200*cifhe
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FIG. 1. Room-temperature Raman spectra of a series of B-doped CVD

diamond films at 488 nm. The spectra were collected at a laser power of 8 ) ) )

mW and an integration time of 100 s. The feature at 975%im (b)—(e) is FIG. 2. IR spectra of a series of boron-dqped, CVD-grown, diamond films.

a second-order phonon from the Si substrate. The diamond phonon appea-nge spectra have been offset and normalized for clarity. A linear background

near 1330 cm’; a Fano line shape is observed(i. Some line asymmetry ~term has been subtracted from all spectra. Peaks below ];356 arg

is observed in(c) and (d). The broad features in some of the spectra at SSigned to lattice vibrations. The relatively sharp featureglirpeak at

~1500 and 1200 cnt are attributed to amorphous carbon impurities and 2450 and 2840 ct and a shoulder at 3060 cthare assigned to bound

disordered diamond, respectively. states of the boron acceptor. At higher boron concentrations, individual
states cannot be distinguished and the peak broadens and shifts to lower
energy.

broad peak centered at 970 thin Figs. 1b)-1(e) is

second-order scattering from the Si substrate. The wealgharp peak at 1100 chhin Figs. 2b) and Zc) is assigned to
broad peak at about 1500 cis attributed to a small amor- nitrogen in the B form” The peaks at 2450 ci (304 me\j
phous carbon impurity. The relative height of the broad fea4nq 2840 crit (352 meV}, and the shoulder at 3060 ¢t

-1 . . . . '
ture at 1200 cm™ peak increases with increasing B concen-(379 me\j are assigned to transitions between bound states
tration. '[fl“_s peak may be related to the feature observed & the boron acceptor. The peak positions are in excellent
1147 cm " in intrinsic CVD diamond and attributed to dis- agreement with previous measurements on natural type Iib
orderedsp” bonding.” The 50 cm™ shift to higher fre- = semjiconducting diamorté and on boron-doped CVD dia-
quency could be caused by the incorporation of the lightef,onq ([(B]=1x10" cm3) by Mort et al® In the spectra
boron into the disordered phase. shown in Figs. #)—2(d), the relatively sharp boron transi-

The diamond phonon observed at 133.27(1'“5 & Sym-  tions broaden and a shift of the peak to lower energy is
metric Lorentzian at low boron concentration, cf. Figa)l gpserved.

and 1b). At boron concentrations of $»cm™2 the distinc- The Fano line shape describes a quantum mechanical
tive, asymmetric Fano line shape is obsen(€d. 1(d)].  interference between a discrete state and a contirfuum:
There is some asymmetry [@]=1x10°° cm 3, Fig. 1(c). In

the most heavily doped sample, Figell overlap of the (q+e)?

1200 cm! peak may partially obscure a Fano line shape. I(w)= (1+ € C, )

The IR spectra of four films with a range of boron con-

centrations corresponding to the Raman measurements anderee is a reduced frequency=(w—wy—Awg)/I". qis
shown in Fig. 2(an IR spectrum was not available at the the asymmetry parametdr, is a width parameteiC is the
highest B concentration Spectra obtainedta4 K were background, and\w, is the shift of the diamond Raman
nearly identical to the room temperature spectra. The IRphonon from the intrinsic value ab,=1332.5 cm?. Small
spectrum of the free-standing microwave filfB]=10'®  values ofq produce asymmetric lines and the Fano line
cm3) is Fig. 2a). The peak at 1280 is assigned to defect-shape becomes Lorentzian @s>». The film whose Raman
activated phonon absorption, which is observed in naturaspectrum is shown in Fig.(d) has the most prominent asym-
diamond?’ this peak is also found in Fig(B). The relatively ~ metric Fano line shape of the films studied here. Figure 3
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~10?* cm™3, the impurity bandwidth is larger than the en-
ergy of the Raman phonon, which would make a Fano inter-
action possible with intraimpurity band transitions. Alterna-
tively, transitions between the broadened impurity band and
states formed from mixing excited acceptor states and va-
lence band states might also form a continuum, which could
overlap the energy of the Raman phonon.

These two possibilities are evaluated by examining the
IR spectra. In the IR spectrum of the film with the strongest
Fano line shapé¢Fig. 2(d)] the tail of main IR peak does
overlap slightly with the position of the Raman phonon, in-
dicating that the broad IR peak might be the source of the
Fano interaction. It is also significant that the broad IR fea-
00450 1400 1350 1300 1250 1200 ture centered at 360, 320, and 290 meV in Fig®)-22(d)
(eV units are indicated on the upper axghifts to lower
energy with increasing boron concentration. We would ex-
pect an absorption due to intraimpurity band transitions to
FIG. 3. Fit of the Fano line shapgine), Eqg. (1), to the high resolution  shift to higher energy with increasing B concentration, as the
Sgr‘;agrzzicﬁu_ngf a_f"lfg g’itg‘?]]dzrl_oélocn}*;e(odpe‘i/?a;ié‘:effo;“tﬁzr?ﬁ”; . band broadens. Therefore we consider the second of the
below 13000(:rﬁ1 ('clyoged c.ircile)s is cau.se.d by overlap of the 1200 thn above mechanisms more “ke,ly and §33|gn the Fano interfer-
peak, which was not included in the fit. ence of the Raman phonon in heavily B-doped diamond to

an interaction with a continuum formed from mixtures of

shows the fit of a high-resolution, room-temperature spec‘-axc':[l_ehoI accekptotrng\I/_el and valenct:e dbsnctihstaé_es. tor. Offi
trum of this film to the Fano line shape. There is good agree- € work a was supported by the Director, Lilice

ment of the Fano line shape and the observed peak. Th%f Energy Research, U.S. Department of Energy, under con-
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slight discrepancies away from the line center are attributed 3¢ }
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