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Single crystal (SC) diamond has since years demonstrated its
interest for the fabrication of radiation detectors, especially
where the material properties are providing superior interests
with respect to the detection application. Among the industrial
suppliers able to provide on a commercial basis high-grade
single crystal diamond, IIa-Tech has recently appeared in
the market as a new player. The aim of this paper is to
assess the quality of one SC sample when characterized under
a-particles for the measurement of its carrier transport
properties. We observed that full charge collection could be
observed at biases as low as 0.11V/mm with no space charge

build-up (conventionally typical bias values used are closer to
1V/mm). Velocity reached values of 38mm/ns and 53mm/ns for
electrons and holes, respectively (values probed at 0.33V/mm).
Similarly, the a detection spectrum displays a sharp line
demonstrating the good uniformity of the material over
its surface. By combining the measurements with more
conventional optical observations such as birefringence and
cathodoluminescence spectroscopy, it comes that the material
demonstrates its ability to be used as a detector, with
properties that can compare with the highest grade materials
today available on the market.

� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Ultra high purity single crystal
CVD (scCVD) diamond enables the fabrication of devices
for a variety of radiation detection applications ranging
from high energy physics to medical or X-ray beam
dosimetry, profile or monitoring, and for nuclear contam-
ination detection as well as nuclear production plant
monitoring [1–4]. Several studies have demonstrated how
diamond can offer superior properties to its competitor
material for such applications, and including fast charge
collection, harsh environment resilience, low leakage current,
all at room temperatures as well as in hot environments or
in corrosive media.

Among the available forms of diamond, single crystal
solely exhibits the low defect densities needed for such
applications. So far, only one commercial supplier had
managed to fabricate high-quality materials to the com-
munity over the last years, a material that over took all
its competitors by far, such as no one was ever capable

to match the performances observed [5–7]. More recently,
a new supplier has appeared, namely IIa-Tech, offering
scCVDon themarket.Openquestionshave risenwith respect
to the material performances in terms of electronic and
transport properties. Here, we have used one IIa-Tech single
crystal sample of �900mm in thickness for the fabrication
of one ionization chamber that enabled the measurement
of the transport properties in diamond. Following optical
primarycharacterization,wehaveusedana-particle-induced
transient current technique (TCT) approach that allows to
probe the charge carriers drift velocity as a function of
the applied electric field, the saturation velocity, the charge
collection, the effective trapping time, and to observe the
effective space charge during electron or hole drift. This
approach, further to probingdirectly any spacecharge limited
effects, also enables to evaluate the long-term stability of
the transport properties, due to charge accumulation as
well as trapping.
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2 Experimental
2.1 Sample The sample under study is a high purity

intrinsic diamond <100> oriented, grown from the CVD
technique and delivered by IIa-Technologies Singapore [8].
Lateral size of the sample is 3� 3mm2 and its thickness is of
890mm (Fig. 1). Birefringence image obtained using cross
polarizers shows a couple of point defects to the right of the
sample, although a major part (left of the picture) shows no
dislocation, a remarkable feature for a sample of such a
thickness. For electrical characterization, surfaces of the
sample are cleaned in hot acid solution (saturated H2S04
þKNO3 solution at 290 8C during 20min), rinsed in DI
water, dried and then plated with�200 nm thick Al contacts
by physical deposition (magnetron sputtering) in parallel
plate geometry using shadow masks.

2.2 Cathodoluminescence The single crystal dia-
mond was analyzed by cathodoluminescence (CL) spec-
troscopy to evaluate its optical quality and purity. The CL
spectrum was performed under a 10 keV electron beam
in a JEOL7001F scanning electron microscope (SEM) at
the GEMaC laboratory. The stopping depth of electrons in
diamond is then about 900 nm. The e-beam current was
fixed to 10 nA, measured with a Faraday cup. The single
crystal diamond was coated with a semitransparent gold
layer (50 Å) in order to conduct away electrical charges.
The sample was cooled down at 8K thanks to a GATAN
cold finger using liquid helium. A high sensitivity UV set-
up from Horiba Jobin Yvon SAS was used to analyze the
CL emission. The light was collected by a parabolic mirror
and injected via an achromatic optical bench into a
TRIAX550 monochromator equipped with a 1 800 groves/
mm diffraction grating and an UV enhanced-silicon CCD
camera. The ultimate spectral resolution is 0.02 nm. The
CL equipment allows to analyze the emission in the 200–
1000 nm range.

2.3 TCT (transient current technique) To perform
the TCT measurements, we use a spectroscopic grade Am-
241 radioactive source (5.486 MeV a-particles) as a
generator of excess charge carriers within the diamond
bulk. Metalized diamond sample is mounted in a screened
Al box, clamped between two glass-ceramic printed circuit

boards (pcbs). Pcbs, at the same time, provide the electrical
contact to the read-out electronics and a collimation for
a-particles, to avoid single event upsets located at the
vicinity the sample’s electrodes (Fig. 2). A broad-band
CIVIDEC C2 [9] amplifier was used for signal amplification
(40 dB). Transient current waveforms were measured,
stored and analyzed on a 2GHz bandwidth (20GS/s)
LeCroy oscilloscope. The DC bias was applied to the sample
through an ORTEC 660 power supply. High voltage bias is
supplied through a bias-T. More detailed description of the
TCT set-up can be found in Ref. [7].

2.4 X-ray-induced photocurrents The sample has
been characterized under continuous X-ray exposure from a
mammography low energy tube. The X-ray tube is operated
at 50 keV with 0.5mA current and the X-ray flux can be
instantly turned off thanks to a manual lead shutter. The
photocurrent induced in the sample is measured through an
electrometer Keithley 6517A and recorded on a computer.

3 Results and discussion
3.1 Cathodoluminescence The CL spectrum of the

sample is given in Fig. 3. It is dominated by the band-edge
emissions in the UV region. The free exciton (FE)
recombination assisted with TO, TA, or LO phonons was
the only radiation observed in the bandgap energy region.
The sample reveals a quite narrow FETO peak, with a full
width at half maximum (FWHM) of 3.3meV, to be
compared with the 2meV lowest reported value [10]. Up to
3 OG phonon replica of the FETO were observed as shown in
the inset of Fig. 3. Such a luminescence spectrum is typical
of high purity, high structural quality intrinsic diamond [11].
More specifically, the absence of boron-bound exciton
recombinations [12] demonstrates that the boron acceptor
concentration is below the CL detection limit, which is
1� 1013 cm�3 at liquid helium temperature.

In addition, we observe the luminescence from deep
defects in the visible. The band having a zero phonon line

Figure 2 Principle of transient current technique (TCT) measure-
ment using short-range a-particles as excess charge carrier’s
generator. Right: schematic representation of the current induced,
resulting from the carriers displacement in the sample, and
providing insights of the space charge present in the bulk of the
material. By varying the bias direction, the approach enables to
evaluate whether defects are limiting hole or electron transports.

Figure 1 (a) Aluminium metalized IIa-Tech scCVD sample
before mounting into the TCT setup. (b) Crossed-polarizers
birefringence image of the 3� 3mm2 sample.

2554 M. Pomorski et al.: Charge-carrier transport properties of IIa-Tech SC diamond

� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com

p
h

ys
ic

a ssp st
at

u
s

so
lid

i a



at 540 nm is the most important visible contribution. Its
attribution is not straightforward according to the diamond
deep defect database [13] and would require further
investigations. A weak luminescence from the dislocation
related A-band (435 nm) and the GR1 center (741 nm) could
also be detected. However, it is noticeable that no emission
from the silicone-related center at 738 nm could be detected
neither from the nitrogen-related center at 575 nm. The
CL analysis, thus, confirms the extremely low level of
contamination by boron, nitrogen, and silicon residual
impurities in the IIa scCVD diamond sample.

3.2 Transient current technique (TCT) A short
range (�14mm) a-particle impinges into the tested sample
through the entrance electrode. Due to the ionizing energy
loss, cascades of excess e–h pairs are created within the
diamond bulk. After the thermalization process (a much
shorter period than temporal resolution of the measurement
set-up), meaning that electrons are located in the conduction
band minima, and holes in the valence band maxima, e–h
pairs are separated by the applied external electric field and
start to drift and diffuse to the opposite electrodes, thus,
inducing current on the metal electrodes. Depending on the
direction of the applied electric field and taking into account
short range (14mm) of a-particles compared to the sample
thickness d (890mm), we can assume that the major
contribution to the induced current has only one type of
carriers at once, thus, the charge transport parameters like
drift velocity, mobility, lifetime, and others can be extracted
for both charge carriers separately. Complete mathematical
description of the formation of the transient currents can be
found in diverse publications [14–18]. Here, since we want
only to assess a high quality of the diamond material,
complete mathematical description is dispensable.

In the ideal case of high purity material of parallel
plate geometry, where the lifetime of the charge carriers,
significantly exceeds the transient time tr (defined as a
time needed for the charge cloud to cross from the point
of creation towards the opposite electrode, in our case
�890mm) and there is no internal space charge (e.g., due to
the ionized impurities, or trapped charge), a constant current
is observed in a short period of time tr (Fig. 4) for both
electron and hole majority drift. The shape of the TCT
confirms constant currents thus constant velocity, thus, no
observable space charge either in the bulk nor close to the
contacts. This confirms the absence of space charge under
the contacts, thus, their ohmic nature. Since both carriers
contribute to the drift, a spike of minority carrier drift should
be observed at the very beginning of the TC signal (Fig. 4).
In practice this time (�100 ps) is shorter or comparable to
the bandwidth of the measurements system, thus, this part of
the TC signal is strongly suppressed. The integrals of current
signals over the tr gives the collected charge. If there is
negligible trapping (no charge losses), the collected charge
is equal to the generated charge and saturates quickly to a
constant value, which is proportional to the Ea/eavg, where
Ea is a-particle energy in eV and eavg average energy needed
to create e–h pair in diamond, values from 11.4 eV/e–h to
16 eV/e–h, are frequently reported [19]. Such integrals are
function of the detector bias voltage and are displayed in
Fig. 5. Both electron and hole integrals saturate to the same
value of � 4.25� 10�10 Vs already at weak electric field
of E� 0.2V/mm, a strong indication of complete charge
collection efficiency (CCE) even for sample thickness
approaching 1mm.

In parallel plate geometry, with negligible trapping and
space charge, a good approximation of the transient time, ttr
(the time needed for e or h cloud to cross the sample), is the
FWHM of the TC signals. Thus, from a simple relation d/ttr

Figure 4 Transient current signals as a function of applied bias,
(in red, majority of hole drift, in blue, majority of electron drift)
induced by 5.486MeV a-particles within the IIa-Tech scCVD
diamond sample metallized with parallel plate geometry Al
contacts.

Figure 3 Cathodoluminescence spectrum of the IIa scCVD
diamond sample at 8K. For clarity, the excitonic signals detected at
the second, third, and fourth order of the diffraction grating were
removed. In the inset, the intrinsic diamond emission shows the
free exciton (FE) recombination assisted by TO, TA, and LO
phonons and followed by several OG phonon replica.
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(d being the sample thickness), we can obtain the drift
velocity of charge carriers. Drift velocity in <100>
direction with increasing detector bias (electric field) is
displayed in Fig. 6 for electrons in blue, and holes in red.
Additionally, two continuous lines are put on the graph:
these are empirical fits to the experimental data of the drift
velocity of scCVD diamonds from e6 supplier (about 20
samples measured) from [20]. The empirical formula used
for the fit was first proposed by Coughey and Thomas in [21]

V ¼ Vsat½ðE=EcÞ=½1þ ðE=EcÞbÞ�1=b�; ð1Þ

where V is the measured drift velocity, Ec and b are the
fitting parameters, Vsat is the saturation drift velocity. The Ec

parameter is related to the low field mobility, m0 given by
m0¼Vsat/Ec.

As evidenced by Fig. 6, drift velocity data points of a
IIa-Tech sample fit perfectly to the previously measured
drift velocity characteristics of scCVD diamond. The fitting
parameters of Eq. (1), obtained for e6 scCVD diamonds, are
also valid for the IIa-Tech scCVD sample. They are given
in Table 1.

The physical fit parameters of mobilities are in very
good agreement with previously published values [5, 6].
The saturation velocity for both, e and h, is higher than the
reported values, but in good agreement with theoretical
calculations [22].

A pulse height spectrum measured on the IIa-Tech
diamond under 5.486MeV a-particles is presented in Fig. 7.
A conventional nuclear spectroscopy chain was used for the
measurement, whereas the broad-band amplifier is replaced
by a charge sensitive preamplifier exhibiting a much better
S/N ratio with respect to broad-band. Although the time
information is lost, due to the integration of the signal,
the measurement of the collected charges (here, signal
amplitude) is much more precise in this case. A single
peak, corresponding to a energy of 5.486MeV is visible in
the spectrum, with relative resolution, DE¼ FWHM/xc of
only 0.8%. Such a low value of DE approaches that of
the best quality e6 scCVDs commonly obtained on much
thinner samples (d< 100mm) [7]. During several hours of
continuous measurement, no peak shift was observed. Both

Figure 6 Measured drift velocity of electrons (in blue) and holes
(in red) of IIa-Tech scCVD with increasing electric field. Open
dots are for the experimental data of the IIa-Tech scCVD sample
and lines are for empiritical fits from previous experimental data
obtained on �20 samples from ElementSix Ltd. [20].

Table 1 Fitting parameters for drift velocity of the scCVD
diamonds from IIa-Tech and e6 suppliers.

Ec (kV/cm) m0 (cm²/Vs) Vsat (cm/s) b

electrons 5.779 4551 2.63 � 107 0.42
�0.772 �500 �0.2 � 107 �0.01

holes 5.697 2750 1.57 � 107 0.81
�0.529 �70 �0.14 � 107 �0.01

Figure 7 A pulse height spectrum of 5.486 MeV a-particles (Am-
241 source) measured in vacuum with IIa-Tech scCVD diamond
and charge sensitive electronics, here majority of holes drift.

Figure 5 Integrals of TC signals from Fig. 4, values are directly
proportional to the collected charge, quick saturation to the same
value of 4.25� 10�10 Vs for both of e–h drift, at around 200V
(0.22V/mm), indicates full CCE.
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observations indicate the high homogeneity of the charge
collection efficiency for this IIa-Tech diamond sample, not
only for time (negligible trapping, polarization) but also for
the sample volume (absence of defects affecting the charge
transport).

3.3 X-ray-induced current The sample is exposed
to the X-ray flux at approximatively 1 cm of the external
window. Part of the incoming energy is absorbed in the
sample and e–h pairs are created in the diamond. Here, the
steady-state induced current is measured under a constant
bias applied between the opposite faces of the sample and
collecting the created carriers (Fig. 8).

Although conventional diamonds may exhibit an
unstable response at the initial exposure due to deep or
shallow level carrier progressive trapping [23] (“priming” or
“overshoot,” respectively), almost no effect is observed
here. As the X-ray flux is repeatedly turned on and off to
qualitatively assess the time response of the detector and its
stability, there is no delay neither at the photocurrent to find
a steady equilibrium or to reach background noise. Also, a
very high signal to noise is observed with over 5 orders a
magnitude between on and off photocurrents. Such very
good rising and falling times of the signal depict the high
quality of the IIa-Tech sample with remarkable stability
under steady state X-rays and high signal to noise.

4 Conclusions The stability of the pulse height
spectra with respect to time is a good indication of the
absence of space charge limited effects as observed in poor
quality SC diamonds. Here, acquisition during several tens
of hours demonstrated the very weak effects of carrier
trapping and accumulation, further to be confirmed under
mammography X-ray beam irradiation.

From our experiences, the quality is at least equal to the
best quality scCVD commercially available. Ideally, more
samples should be assessed shortly to probe the reprodu-
cibility of those performances from part-to-part. Since the

test is not destructive, the approach can be tested on a
regular basis for material inspection.
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