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a b s t r a c t

Thanks to its exceptional physical and electronic properties, diamond is an attractive

material for electronic devices working at high temperature and in harsh chemical

environment. Its use as a semiconducting material for electronics is related to the

possibility of doping it in order to control its conductivity. Semiconducting p-type

diamond films can be grown when boron is introduced into the film. In this work,

boron-doped (B-doped) homoepitaxial diamond films are grown by Microwave Plasma

Enhanced Chemical Vapor Deposition. Raman and electrical characterizations are

carried out on the films as a function of boron doping level. As the boron content

increases, we observe systematic modifications in the Raman spectra of single-crystal

diamonds. A significant change in the lineshape of the first-order Raman peak, as well

as a wide and structured signal at lower wavenumbers, appears simultaneously in

samples grown with higher boron content. A single crystal diamond Schottky diode

based on a metal/intrinsic/p-type diamond junction is analysed.

& 2012 Elsevier Ltd. All rights reserved.
1.Introduction

Diamond is an ideal material for the fabrication of
compact solid-state ionizing radiation detectors [1]. Visible-
blindness, chemical inertness, large heat conductance, high
charge mobility and low dark current are the properties that
make diamond particularly interesting for the realization of
photodetectors [2,3]. In addition, due to its low atomic
number, diamond is a tissue equivalent material, and thus
it can be used to realize dosimeters for radiotherapy [4,5].
Natural diamond, mainly because of lack of standardisation,
high cost and inclusion of impurities, is not a feasible
proposal as an engineering material. Homoepitaxial growth
by Chemical Vapour Deposition (CVD) has enabled the
synthesis of high-quality single crystal diamond on low-cost
high-pressure high-temperature (HPHT) diamond substrates.
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Semiconducting p-type diamond films can be grown when
boron is introduced into the film. Heavy boron incorporation
induces metallic conduction in diamond. Boron-doped (B-
doped) diamond has attracted considerable attention for its
application in the fabrication process of novel diamond
based multilayered Schottky diode detectors for X-ray and
ultraviolet radiation [1], alpha particles, thermal and fast
neutrons [6] and radiation therapy dosimetry [7]. In this
paper, a series of B-doped homoepitaxial diamond films
have been analyzed by Raman spectroscopy. The measure-
ments have been performed at room temperature on films
with different boron contents. The conductivity of the
samples has been also measured to evaluate the activation
energy as a function of boron content. A new class of
detectors with a layered structure based on CVD diamond
has been investigated.
2. Experimental

The B-doped homoepitaxial diamond films used in
this study have been grown at the University of Rome
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Fig. 1. Scheme of the typical device configuration of synthetic single

crystal diamond detectors fabricated at the University of Rome ‘‘Tor

Vergata’’.
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‘‘Tor Vergata’’ by Microwave Plasma Enhanced Chemical
Vapor Deposition (MWPECVD) on commercial low cost
synthetic type Ib (100) HPHT single crystal diamond sub-
strates, 4�4�0.5 mm3 in volume. The samples are coded
as A,–D in order of increasing boron content in the grown
layers. The four films have been grown at different con-
centrations of a 100 ppm diborane–hydrogen gas mix
added to a methane–hydrogen source gas. The grown
samples have been electrically characterized by means of
electrical resistance vs. temperature measurements. The
measurements have been performed by placing in turn the
B-doped diamond samples into a temperature controlled
furnace and the resistance vs. temperature data have been
recorded during spontaneous cooling to room temperature,
after a maximum temperature of about 500 1C has been
reached. A Keithley 2000 multimeter has been used for a
2-wire resistance measurement and a Keithley 2001 multi-
meter has been connected to a type-S platinum/rhodium
thermocouple for temperature measurement.

The Raman scattering measurements have been carried
out at room temperature with an Instrument S.A. Ramanor
U1000 double monochromator, equipped with a micro-
scope Olympus BX40 for micro-Raman sampling and with
an electrically cooled Hamamatsu R943-02 photomultiplier
for photon-counting detection or with a CCD detector. The
514.5 nm (2.41 eV) line of an Arþ ion laser (Coherent
Innova 70) has been used to excite Raman scattering. Using
a X100 objective, the laser beam has been focused to a
diameter of approximately 1 mm. A depth resolution of
approximately 4 mm has been obtained with a confocal
aperture of 200 mm. The resolution of the double mono-
chromator is approximately 0.15 cm�1. After normalisation,
all the spectra collected are analysed using a commercially
available spectroscopic analysis software package. Lorent-
zian bands, superimposed to a constant background, are
used to fit the spectra. The wavenumber position, width
(FWHM) and intensity of the bands are chosen by a least-
square best-fit method.

A single crystal diamond Schottky diode detector based
on a metal/intrinsic/p-type diamond junction has been
produced. The multilayered structure is obtained by a well-
established two-step Chemical Vapor Deposition process.
A heavily boron doped CVD diamond film, with a boron
concentration of approximately 0.5�1020 cm�3, is depos-
ited, at first, on a low cost commercial synthetic single crystal
HPHT diamond substrate. A nominally intrinsic diamond
film, which acts as a sensing layer of the device, is then
homoepitaxially deposited on the doped one. This second
step is performed in a completely separate CVD reactor in
order to avoid unintentional boron contamination of the
intrinsic layer. A circular aluminum (Al) electrode, about
3 mm in diameter, is thermally evaporated on the diamond
surface, forming a rectifying Schottky junction with the
intrinsic diamond. An annealed silver (Ag) paint is utilized
in order to provide an ohmic contact to the boron doped
layer. A sketch of the multilayered device structure and of
the electrical connections is shown in Fig. 1. The highly
conductive boron doped diamond film acts as backing
contact. The sensing volume of the detector is the depletion
region that from the Schottky metal–diamond interface
extends into the intrinsic diamond layer [1]. Such a sandwich
geometry has been adopted to avoid any contribution to the
response of the high quality, detector grade intrinsic CVD
sensing layer coming from the HPHT diamond substrate,
with no need to mechanically remove it.

3. Results and discussion

3.1. Electrical characterization of B-doped diamond films

Boron doping makes the diamond films p-type semicon-
ductors [8]. At low boron concentration (�1018 cm�3) an
electrical conductivity on the order of 10�2 O�1 cm�1 has
been measured at room temperature in homoepitaxial
diamond films [9,10]. The acceptor level lies rather deep
into the band-gap with an activation energy of about 0.37 eV
from the valence band [8–10]. When the boron concentra-
tion exceeds the value of 3�1020 cm�3, an impurity band is
formed and a metallic-like conductivity is observed [11,12].
The change in conductivity of diamond film from p-type
semiconductor to metallic diamond is highlighted by the
decrease towards zero of the boron activation energy [9,10].

In order to evaluate the activation energy, the conduc-
tivity of the samples has been measured between room
temperature and 700 K(Fig. 2). Activation energies, reported
in Table 1, have been obtained from the best fit of the
Arrhenius plot of the measured data in the temperature
range 500–700 K. From the activation energy values, the
acceptor densities Na have been roughly estimated by the
model developed by Pearson and Bardeen [13] for silicon:

Ea¼E0�aNa
1/3

where E0 is the ionization energy of an
isolated dopant and a is a material dependent constant,
whose value for diamond is about 6.7�10�8 eV cm. From
this model, for activation energies ranging between 0.23
and 0.04 eV, boron concentrations from �1018 to
�1020 cm�3 are evaluated. Such values are approximate,
due to the low accuracy in the activation energy measure-
ments and the simplified model used for their determina-
tion. The decrease of the values of the activation energy
with increasing boron content highlights the gradual
change of conductivity of the samples from p-type semi-
conductor to metallic diamond.

3.2. Raman characterization of B-doped diamond films

Raman spectroscopy is a nondestructive and powerful
technique to investigate the structure and the properties
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Fig. 2. Conductivity of B-doped homoepitaxial diamond films as function of reciprocal temperature.

Table 1
Frequency position, o and width, G, of the diamond Raman peaks of the

B-doped homoepitaxial diamond films. The activation energy, Ea, and

the boron concentrations, Na, of the samples are also reported.

Sample o (cm�1) G (cm�1) Ea (eV) Na (cm�3)

Substrate 1332.1 2.2 � �

A 1332.3 2.3 0.23 8.7�1018

B 1331.4 3.8 0.13 4.5�101

C 1331.0 7.3 0.07 8.8�1019

D 1331.6 13.7 0.04 1.2�1020
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Fig. 3. Raman spectra of the B-doped homoepitaxial diamond films at

different boron concentrations.
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of diamond. For a high quality single crystal diamond, the
Raman spectrum is dominated by a single sharp line at
1332 cm�1, whose full-width at half-maximum (FWHM)
is approximately 2 cm�1, which corresponds to inelastic
scattering of the laser light by the triply degenerate
optical phonon at the Brillouin zone centre. In B-doped
diamond films, both polycrystalline and homoepitaxial,
the diamond Raman line displays increasing asymmetry
and shifts to lower frequency with increasing B concen-
tration [12,14,15]. The Raman spectrum of heavily
B-doped diamond exhibits not only a pronounced asym-
metry and downshift of the ‘‘1332 cm�1’’ Raman line, but
also two broad bands centred at approximately 500 cm-1

and 1225 cm�1 and another one of small intensity
centred at approximately 1000 cm�1 [14,16,17].

Fig. 3 shows the Raman spectra in the wave number
region of 400–1600 cm�1 measured on the surface of the
samples synthesized at various B-doping levels. At low
boron content, the spectrum of the sample A is very similar
to that of the HPHT single crystal diamond substrate,
exhibiting only the characteristic peak at 1332 cm�1. Two
wide bands at approximately 500 cm�1 and 1225 cm�1

and another one of low intensity at approximately
1000 cm-1 are added on the low frequency side of the
spectrum of the samples grown with higher boron content
(samples B–D). These bands are commonly observed in the
Raman spectra of polycrystalline and homoepitaxial heavily
boron-doped diamond films [14,16], although their origin is
still a matter of controversy. The phonon density of states of
diamond presents a main asymmetric maximum around
1250 cm�1 and secondary maximum around 550 cm�1

and hence their origin has been attributed to the relaxation
of selection rules induced by the high boron content [18].
Later, Bernard et al. [16] have proposed that the 500 cm�1

band originates from local vibration modes of boron pairs.
Fig. 4 shows the line shape of the first-order Raman

peak for the samples investigated. The spectra have been
recorded by carefully focusing the laser spot at the sample
surface. As the boron content increases, the thickness of
the grown films gradually decreases and then it becomes
increasingly difficult to exclude the contribution of the
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substrate. With the exception of the sample with lower
boron content (sample A), all the peaks exhibit a down-
shift and a broadening with respect to the Raman peak of
the undoped substrate. The frequency position, o, and the
full width at half maximum, G, of the peaks are reported
in Table 1. The asymmetric broadening and the downshift
of the one-phonon Raman line of B-doped diamond
observed both in polycrystalline and in homoepitaxial
samples [14–16,19], have been explained as the result of a
Fano-type discrete-continuum interaction between the
discrete zone-centre phonon state and the continuum of
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Fig. 4. First-order Raman peaks of the B-doped homoepitaxial diamond

films at different boron concentrations.
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the electronic states induced by the presence of the dopant
[15,17,19,20]. Moreover, dopant incorporation at substitu-
tional or interstitial sites can produce stress that generally
depends on the doping level. Therefore, it is possible that
the changes observed in first-order Raman peak of the more
doped samples (Fig. 4) reflect both a Fano-type interaction
and the presence of tensile stress. At the doping levels
used in this work, lower than the critical threshold of
�3�1020 cm�3 [21] to clearly observe a strong Fano
deformation of the Lorentzian Raman line, it is difficult to
distinguish between the two mechanisms [22,23].

Although boron concentration of our samples is not high
enough to clearly show the Fano effect, the comparison
between the results of Raman analysis and electrical char-
acterization shows the existence of a correlation between
the full width at half maximum, G, of the diamond Raman
peak and the activation energy, Ea, deduced from conduc-
tivity measurements. An interesting linear correlation is
observed in the log–log plot of G vs. Ea (Fig. 5). Although
further measurements are necessary to check the validity
range of the shown correlation, this finding suggests the
possibility of quickly evaluating the activation energy Ea of
boron-doped samples by simply measuring the linewidth of
their Raman peak, rather than by time consuming electrical
measurements. Then, by using the Pearson–Barden model,
the dopant concentration could be evaluated.
4. Diamond based multilayered detectors

Detectors based on single crystal CVD diamond in a
multilayered metal/intrinsic/p-type configuration have
been recently produced at the laboratories of the Uni-
versity of Rome ‘‘Tor Vergata’’. Such detectors have been
successfully utilized for the fabrication of high perfor-
mance Schottky barrier (SB) particle detectors (alpha
particles, neutrons) [6], photon detectors (vacuum UV,
soft X rays) [1] and radiation therapy dosimeters [7].

The working principle of diamond based multilayer
detectors is based on the existence of a built-in voltage
0.1
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barrier located between the Al metal contact and the
nominally intrinsic layer, and the device acts thus as a
Schottky barrier diode. Such a detector is able to operate
both in photoconductive mode, by reverse-biasing
(VBIAS40 in Fig. 1) the Schottky junction, and in photo-
voltaic mode (VBIAS¼0), by using the built-in potential of
the Schottky barrier. The former configuration is mainly
used for particle detection, achieving highly reproducible
results in terms of 100% charge collection efficiency and
high energy resolution; the latter is used for photon
detection and radiation therapy dosimetry. Such devices
cannot be operated in the forward bias regime (VBIASo0
in Fig. 1) since leakage currents rapidly increase due to
hole injection from the borondoped single crystal diamond
(SCD) layer.

Fig. 6(a) shows the current–voltage characteristic of a
typical UV diamond based multilayered Schottky photo-
diode. Dark current and photocurrent have been measured
vs. applied bias voltage at room temperature by a Keithley
6517A electrometer, using its internal voltage source. The
dark current is lower than 10–13 A for the tested reverse bias
voltages (0 VrVBIASr10 V) and suddenly increases under
forward bias (VBIASo0 V). A very good rectification ratio of
about 108 can be observed at 73 V. Under irradiation with
UV light from a DC gas discharge He–Ne lamp, the diamond
detector clearly shows a photocurrent response at zero
voltage bias, due to the built in potential at the Schottky
barrier (device operated photovoltaic mode). The photocur-
rent is almost constant with increasing positive voltage
(photoconductive mode), while the dark current increases
by about two orders of magnitude. Remarkably, as shown
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Fig. 6. Current–voltage characteristic in dark and in UV light of a SCD

based Schottky barrier photodetector (a). The signal-to-dark ratio (SDR)

vs. the applied bias voltage is also shown (b).
in Fig. 6(b), the best signal-to-dark ratio (SDR) is obtained at
zero bias voltage, which is chosen as the typical, best
performance, operating condition for such detectors.

5. Conclusions

Boron-doped MWPECVD single-crystal diamonds have
been grown at increasing boron content. Raman and
electrical characterizations have been carried out on films
as a function of boron doping level. Activation energies
ranging between 0.23 and 0.04 eV have been evaluated by
conductivity vs. temperature measurements. From these
values, boron concentrations from �1018 to�1020 cm�3

have been estimated. The Raman spectrum of the sample
grown with low boron content exhibits only the char-
acteristic diamond peak at 1332 cm�1. With increasing
doping level, the first-order Raman peak appears broa-
dened and shifted to lower wavenumbers with respect to
the Raman peak of the undoped substrate. In the same
samples, two wide bands at approximately 500 cm�1 and
1225 cm�1 and another one of low intensity at approxi-
mately 1000 cm�1 have been observed on the low fre-
quency side of the spectrum.

Finally, the electrical properties of a typical UV detector
with a structure that acts as a metal/intrinsic/p-doped
diamond photovoltaic Schottky diode have been investigated.
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