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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 infrared~IR! absorption spectroscopy. A Fano line
shape is observed in the Raman spectra for films with a boron concentration in a narrow range near
1021 cm23. 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 phonon~0.165 eV! and transitions from the broadened impurity
band to continuum states composed of excited acceptor and valence band states. ©1995 American
Institute of Physics.
-

.

o-
e

an

t
t
ts

m
g

e-
s

n.
Si
on-
re

n
a-

-
he
The use of diamond as a wide-band gap semiconduc
with attractive electrical and mechanical properties has b
reviewed recently.1,2 Construction of practical devices re
quires methods to maken- andp-type material. Boron is a
p-type dopant in diamond and there is interest in maki
B-doped diamond for semiconductor applications. Due to
small covalent radius, B is easily incorporated into the d
mond lattice; B concentrations in excess of 1021 cm23 are
possible. However, the activation of the acceptor site is li
ited by the large activation energy of substitutional B, 0.
eV, such that at moderate doping levels only;0.2% of the
sites are ionized at room temperature.3 At boron concentra-
tions below 1017 cm23 ~or at low temperatures!, conduction
occurs through holes in the valence band contributed by i
ized substitutional B, andEA of 0.37 eV is measured. At
higher doping levels conduction occurs by nearest neigh
and variable range hopping of holes between ionized
sites.4. This is accompanied by a drop in mobility.5 At very
high doping levels, an impurity band is formed and a met
liclike conductivity is observed. Also at very high dopin
levels B complexing effects are observed.6

Fano line shapes occur when a discrete transition und
goes quantum mechanical interference with a continuu7

The Fano line shape is asymmetric with an enhancemen
one flank of the line and a decrease or a minimum~antireso-
nance! of the other. The Raman phonon of Si has a Fano l
shape in heavily dopedn-type8 andp-type9 material. In this
case, the Raman phonon~discrete! interferes with intersub-
band transitions that occur when the Fermi level moves i
the valence~conduction! band in heavily doped material
Fano line shapes have also been reported in the Raman s
tra of intercalated graphites10,11 and doped C60.

12

Diamond films were grown on unscratchedn- and
p-doped Si substrates. Microwave plasma chemical dep
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tion ~CVD! was used to deposit films with a boron concen
tration of 1018 cm23 or less. Direct-current~dc! plasma CVD
was used to deposit films with higher boron concentrations.13

The dc plasma films are 40 nm thick and polycrystalline
One thick ~50 mm! microwave plasma CVD had the sub-
strate chemically removed to create a freestanding film. B
ron incorporation was measured by SIMS for some of th
films and ranges from 131018 to 531021 cm23.

Raman measurements were performed with a Ram
spectrometer described in detail previously.14 Measurements
were made with the 488~2.54 eV! and 514.5~2.41 eV! lines
of an Ar ion laser at a laser power of 8 mW. The laser ligh
was incident at 65° from the surface normal; scattered ligh
was collected normal to the surface. Most measuremen
were made at 1 cm21 resolution; some high resolution mea-
surements were made with 0.5 cm21 resolution. Low tem-
perature measurements were made with an ultrahigh vacuu
chamber equipped with Raman optics and capable of coolin
samples to 12 K.15

Fourier transform infrared~FTIR! measurements were
made at room temperature and 4 K with a Bomem spectrom-
eter~0.2 cm21 resolution! equipped with a KBr beamsplitter
and a MCT detector. Spectra were obtained from the fre
standing microwave film and on some of the dc plasma film
grown on p-type Si. Films grown onn1 epi Si substrates
could not be measured due to free-carrier absorptio
Background-subtracted spectra were obtained by using a
substrate that had been exposed to the dc plasma under c
ditions that did not grow diamond. The spectra shown he
consist of 256 co-added scans at 2 cm21 resolution.

Raman spectra of a series of films with increasing boro
concentration measured at 488 nm are shown in Fig. 1. R
man spectra~not shown! obtained with the 514.5 nm laser
line are essentially identical, which confirms that all the ob
served peaks are due to Raman scattering. In addition to t
relatively sharp Raman phonon at 1332 cm21, most of the
spectra have a broad peaks at 1500 and 1200 cm21. The44.
51/95/66(5)/616/3/$6.00 © 1995 American Institute of Physics
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broad peak centered at 970 cm21 in Figs. 1~b!–1~e! is
second-order scattering from the Si substrate. The we
broad peak at about 1500 cm21 is attributed to a small amor-
phous carbon impurity. The relative height of the broad fe
ture at 1200 cm21 peak increases with increasing B conce
tration. This peak may be related to the feature observed
1147 cm21 in intrinsic CVD diamond and attributed to dis
orderedsp3 bonding.16 The 50 cm21 shift to higher fre-
quency could be caused by the incorporation of the ligh
boron into the disordered phase.

The diamond phonon observed at 1332 cm21 is a sym-
metric Lorentzian at low boron concentration, cf. Figs. 1~a!
and 1~b!. At boron concentrations of 1021 cm23 the distinc-
tive, asymmetric Fano line shape is observed@Fig. 1~d!#.
There is some asymmetry at@B#5131020 cm23, Fig. 1~c!. In
the most heavily doped sample, Fig. 1~e!, overlap of the
1200 cm21 peak may partially obscure a Fano line shape

The IR spectra of four films with a range of boron con
centrations corresponding to the Raman measurements
shown in Fig. 2~an IR spectrum was not available at th
highest B concentration!. Spectra obtained at 4 K were
nearly identical to the room temperature spectra. The
spectrum of the free-standing microwave film~@B#51018

cm23! is Fig. 2~a!. The peak at 1280 is assigned to defec
activated phonon absorption, which is observed in natu
diamond;17 this peak is also found in Fig. 2~b!. The relatively

FIG. 1. Room-temperature Raman spectra of a series of B-doped C
diamond films at 488 nm. The spectra were collected at a laser power
mW and an integration time of 100 s. The feature at 975 cm21 in ~b!–~e! is
a second-order phonon from the Si substrate. The diamond phonon ap
near 1330 cm21; a Fano line shape is observed in~d!. Some line asymmetry
is observed in~c! and ~d!. The broad features in some of the spectra
;1500 and 1200 cm21 are attributed to amorphous carbon impurities an
disordered diamond, respectively.
Appl. Phys. Lett., Vol. 66, No. 5, 30 January 1995
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sharp peak at 1100 cm21 in Figs. 2~b! and 2~c! is assigned to
nitrogen in the B form.17 The peaks at 2450 cm21 ~304 meV!
and 2840 cm21 ~352 meV!, and the shoulder at 3060 cm21

~379 meV! are assigned to transitions between bound stat
of the boron acceptor. The peak positions are in excelle
agreement with previous measurements on natural type I
semiconducting diamond17 and on boron-doped CVD dia-
mond ~@B#5131019 cm23! by Mort et al.18 In the spectra
shown in Figs. 2~b!–2~d!, the relatively sharp boron transi-
tions broaden and a shift of the peak to lower energy
observed.

The Fano line shape describes a quantum mechanic
interference between a discrete state and a continuum:7

I ~v!5
~q1e!2

~11e2!
1C, ~1!

wheree is a reduced frequency,e5(v2v02Dv0)/G. q is
the asymmetry parameter,G is a width parameter,C is the
background, andDv0 is the shift of the diamond Raman
phonon from the intrinsic value ofv051332.5 cm21. Small
values of q produce asymmetric lines and the Fano line
shape becomes Lorentzian asq→`. The film whose Raman
spectrum is shown in Fig. 1~d! has the most prominent asym-
metric Fano line shape of the films studied here. Figure
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FIG. 2. IR spectra of a series of boron-doped, CVD-grown, diamond films
The spectra have been offset and normalized for clarity. A linear backgrou
term has been subtracted from all spectra. Peaks below 1350 cm21 are
assigned to lattice vibrations. The relatively sharp features in~a! peak at
2450 and 2840 cm21 and a shoulder at 3060 cm21 are assigned to bound
states of the boron acceptor. At higher boron concentrations, individu
states cannot be distinguished and the peak broadens and shifts to lo
energy.
617Ager III et al.
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shows the fit of a high-resolution, room-temperature spe
trum of this film to the Fano line shape. There is good agre
ment of the Fano line shape and the observed peak. T
slight discrepancies away from the line center are attribut
to the overlap of thea-C peak and the 1200 cm21 band. The
peak center is shifted by 2.3 cm21 to lower frequency. This
may be caused by a combination of the self-energy sh
expected for a Fano interaction and tensile stress in the
tice from the incorporation of substantial quantities of boro

In heavily B-doped Si~431020 cm23!, the Fano interac-
tion is caused by intersubband transitions from filled
empty states within the valence band.9 This explanation is
unlikely for B-doped diamond, because of the large ioniz
tion energy of the B acceptor. If empty valence band sta
were involved in diamond, one would expect that the com
plete freezing out of the carriers expected at 15 K wou
lessen the interaction, leading to a more symmetric line
low temperature. However, the high-resolution Raman sp
tra of the film with the most distinctive Fano line shape, c
Fig. 1~d!, at 295 and 15 K~not shown! are identical to within
experimental uncertainty, except for an expected shift of t
Raman phonon to higher frequency in the 15 K spectrum d
to thermal contraction of the lattice.

It is possible that the Raman phonon~0.165 eV! is inter-
acting with a continuum of transitions either:~1! within the
impurity band that is formed at high doping levels or~2!
between the impurity band and states formed from mixtur
of excited acceptor level and valence band states, or bo
Massaraniet al.4 estimated an impurity bandwidth of 200
meV for @B#51020 cm23 using simple Coulomb repulsion
model and assuming 50% compensation. Thus, at the dop
levels at which Fano line shapes are found in this wor

FIG. 3. Fit of the Fano line shape~line!, Eq. ~1!, to the high resolution
Raman spectrum of a film with@B#51021 cm21 ~open circles!. Fit param-
eters areDv0522.3, q515.5, andG56.0. The deviation from the fit at
below 1300 cm21 ~closed circles! is caused by overlap of the 1200 cm21

peak, which was not included in the fit.
618 Appl. Phys. Lett., Vol. 66, No. 5, 30 January 1995
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;1021 cm23, the impurity bandwidth is larger than the en
ergy of the Raman phonon, which would make a Fano inte
action possible with intraimpurity band transitions. Alterna
tively, transitions between the broadened impurity band a
states formed from mixing excited acceptor states and v
lence band states might also form a continuum, which cou
overlap the energy of the Raman phonon.

These two possibilities are evaluated by examining th
IR spectra. In the IR spectrum of the film with the stronge
Fano line shape@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 th
Fano interaction. It is also significant that the broad IR fea
ture centered at 360, 320, and 290 meV in Figs. 2~b!–2~d!
~eV units are indicated on the upper axis! shifts to lower
energy with increasing boron concentration. We would e
pect an absorption due to intraimpurity band transitions
shift to higher energy with increasing B concentration, as th
band broadens. Therefore we consider the second of
above mechanisms more likely and assign the Fano interf
ence of the Raman phonon in heavily B-doped diamond
an interaction with a continuum formed from mixtures o
excited acceptor level and valence band states.
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