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a b s t r a c t

To investigate electrically-active deep levels in high-resistivity single-crystalline diamond, particle-
induced charge transient spectroscopy (QTS) techniques were performed using 5.5 MeV alpha particles
and 9 MeV carbon focused microprobes. For unintentionally-doped (UID) chemical vapor deposition
(CVD) diamond, deep levels with activation energies of 0.35 eV and 0.43 eV were detected which corre-
spond to the activation energy of boron acceptors in diamond. The results suggested that alpha particle
and heavy ion induced QTS techniques are the promising candidate for in-situ investigation of deep levels
in high-resistivity semiconductors.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Single-crystalline diamond is regarded as an ideal material for a
next-generation power devices since it has excellent electrical,
mechanical and thermal properties. In addition, diamond attracts
great attention for particle detectors owing to its high radiation
tolerance [1–3]. For the development of electronic devices based
on diamond, it is important to understand electrically active deep
level defects in diamond because they affect device characteristics
[4–6]. Thus, for the fabrication of electronic devices with designed
characteristics, we have to clarify the origin of defects, such as
vacancy-type, impurities and their complex, introduced during
crystal growth and/or device fabrication process, and find out tech-
niques to control them [7–9]. Although diamond crystal growth
techniques have been advanced in recent years, it is still necessary
to develop further crystal growth techniques for high quality crys-
talline diamond for electronic devices with extremely excellent
characteristics.

Deep level transient spectroscopy (DLTS) is widely and com-
monly used to investigate deep levels in semiconductors [10–12].

However, the general DLTS cannot be well applied to characteriz-
ing defects in high-resistive wafers which are often used for radia-
tion detectors. To improve the operability in such high-resistive
targets, other approach for deep level evaluation was proposed
using laser as an external excitation probe (photo induced current
transient spectroscopy: PICTS) [13] and ions (scanning ion deep
level transient spectroscopy: SIDLTS) [14–16]. Several defect levels
in wide bandgap semiconductors e.g. hexagonal (4H) silicon car-
bide (SiC) substrate were measured from transient properties of
charge induced by alpha particles, which is called as alpha particle
induced charge transient spectroscopy (APQTS) [17]. Furthermore,
similar charge transient spectroscopy using heavy ion microbeams
as probe (heavy ion induced charge transient spectroscopy, HIQTS)
has been developed in a beam line of the 3MV tandem accelerator
at JAEA Takasaki [18]. For SIDLTS and QTS, dense charge (electron
hole pairs) can be generated in samples by energetic charged par-
ticles even if metal electrode covers on the sample surface.
Although most generated electrons/holes are immediately swept
away from a sample to electrodes, some of them are trapped by
deep level centers. Then, those trapped electrons/holes slowly
escape to the conduction/valence band by thermal energy, depend-
ing on the activation energy of each trapping centers. These release
(detrap) of charge from those traps can be observed in time scales
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of several microseconds, which is longer than that for the charge
drift inside of the crystal obtained as a standard IBIC technique.
Therefore, the activation energy of carrier trapping deep levels
can be obtained by measuring cumulative charges slowly collected
from a sample. Using QTS, the analysis of radiation detector based
on SiC was successfully performed using focused heavy ion micro-
probe [17,18]. This suggests that QTS can be widely applicable to
the observation of deep levels in other wide bandgap semiconduc-
tors such as diamond even with high resistivity. It is also expected
that impurity atoms distributed in single crystalline diamond
might act as electrically-active deep levels [19,20], if impurities
have activation energies in ranges above several hundred meV
(because such impurities are not activated to be 100% at room tem-
perature). Especially, it is important to clarify impurities uninten-
tionally doped in diamond during crystal growth in order to
understand their effects on device characteristics as well as to
improve crystal growth condition for high purity crystals. In this
study, we investigate electrically-active deep levels in unintention-
ally doped single-crystalline diamond using APQTS and HIQTS
techniques. Comparing with APQTS results obtained from intrinsic
CVD diamond, we discuss unintentionally impurities doped in the
diamond.

2. Materials and methods

2.1. Sample preparation

A free-standing single crystal unintentionally doped (UID)
(001) diamond substrate with dimension of 3 mm � 3 mm and
thickness of 100 lm was fabricated by lift-off process using ion
implantation [21]. A seed substrate with the size of 9 � 9 mm2

was implanted with 2 MeV carbon ions to the dose of 2 � 1016

ions/cm2. After the ion implantation, single crystal diamond was
grown on the substrate to the thickness of 100 lm by microwave
plasma chemical vapor deposition (CVD) as described in Ref.
[22]. The CVD grown layer was lifted-off by etching the graphitized
ion implanted layer and the obtained plate was cut into 3 � 3 mm
for the fabrication of an ionized particle detector with Ti/Pt/Au
electrodes. In addition, a spectroscopic grade of single-crystalline
intrinsic CVD diamond wafer with size of 4.6 mm � 4.6 mm with
a thickness of 50 lm grown by Diamond Detectors, Ltd was also
employed for comparison [23]. Quite low leakage current was
observed to be less than 10�11 A through metalized uniform
Ti/Pt/Au electrodes deposited on both sides of the diamond.

2.2. Experimental setup

Schematic illustration of charge transient spectroscopy (QTS)
measurement system used in this study is shown in Fig. 1. APQTS
was utilized with an 241Am radiation checking source [17]. The
source emits 5.5 MeV alpha particles with radiation activity of
approximately 106 Bq. The distance of the source to the diamond
was adjusted to obtain the average count rate of approximately
10 cps during the measurement. A similar QTS system developed
on a heavy ion microbeam line of the 3 MV tandem accelerator
at JAEA Takasaki was also used [18]. An ion beam induced charge
(IBIC) collection system is also installed in the heavy ion
microbeam lines [24–26]. Carbon ions with 9 MeV which is one
of the standard beams of the microbeam line was employed as
the probe of HIQTS measurement in this study. To avoid damaging
to the diamond wafers with heavy ions during HIQTS measure-
ments, microbeamwere scanned over detectors with a comparably
large area of 400 � 400 lm. Also, average count rate of approxi-
mately 20 cps was used for the measurement to reduce the perma-
nent damage induced in the crystal by heavy ions. The diamond

detectors on a chip carrier were placed on a sample holder with
cartridge heater and copper cold finger cooled by a liquid nitrogen
(Lq. N2) circulation system. The charges generated in diamond
detector by ion incidence were collected using a charge sensitive
preamplifier (CSP; ORTEC, 142A) and the output signals were
recorded using a digital storage oscilloscope (DSO; Agilent,
DSO2024A). Positive or negative bias voltage up to 50 V was
applied to the detectors during QTS measurement.

Algorithm of the QTS measurement is illustrated in schematic
step by step as shown in Fig. 2. Firstly, ion induced charge in time
ranges up to a few hundred microseconds was recorded through
the CSP by the DSO at various temperatures. Charge detrapped
from deep level centers is observed after charge obtained within
a sub-microsecond range. Therefore, comparing with standard
ion beam induced charge (IBIC), it is necessary to measure charge
transient for longer periods in the case of QTS. In this study, several
output charge signals (pulse signals) obtained at each tempera-
tures were averaged and decay of charge due to the CSP itself
was de-convoluted from the averaged pulse signals as a back-
ground in order to obtain the actual transient signal structures as
shown in Fig. 2(a). The decay constant of the CSP was determined
by the signals obtained from non-damaged silicon and SiC samples.
During measurements, temperature of the sample was monitored
by thermocouples and the feedback was provided to the heater
controller manipulated by the in-house software based on Lab-
VIEW. APQTS were carried out at temperatures ranging from 160
to 360 K while HIQTS were done at temperatures ranging from
180 to 280 K in this study.

Then, rate window signal extraction method, which is similar to
the method used in DLTS measurements [27,28], was employed to
obtain the differences in the amount of cumulative charges at each
time period. The cumulative charges obtained from each time per-
iod (from t1 to t2) was analyzed at each temperature to obtain the
QTS spectrum as shown in Fig. 2(b). For the analyses, some combi-
nations of time constant of t1 and t2 [For example, Index 0:
(t1: 2 ls/t2: 6 ls), Index 1: (t1: 6.8 ls/t2: 20.2 ls), and Index 2:
(t1: 15.2 ls/t2: 45.6 ls) were used for the schematic] were selected
to obtain the differences in cumulative charges at each
temperature.

As a result, QTS spectra from each time period of t1 and t2
(Index 0,1,2. . .) were obtained from the structures of transient sig-
nals obtained at different temperatures. In this study, t1/t2 ratio
was set equal to 3, however QTS analysis system is capable to pro-
cess different ratio of the time span which should be optimized to
obtain the peak in spectrum. If there are any peak appeared in
spectrum, the position of the peak was then analyzed using differ-
ent sets of the time period (t1 and t2) but the same ratio of t1/t2.
Finally, the peak shift of each QTS peaks would be analyzed in
Arrhenius plot as shown in Fig. 2(c). And the activation energy
of the peaks would be delivered from the slope of the Arrhenius
plot.

3. Results and discussion

Fig. 3 shows (a) current–voltage (I–V) and (b) capacitance–volt-
age (C–V) characteristics of UID CVD diamond. From the asymmet-
ric structure of reverse and forward current, the characteristics of
Schottky diode formed on a p-type wafer can be confirmed. Also,
it should be mentioned that negative self-bias of approximately
�6 V was applied to the surface of the wafer as shown in I–V char-
acteristics. The carrier concentration in the UID CVD diamond
wafer was estimated to be approximately 1016/cm3 from the
1/C2�V curve. The depletion layer of the UID CVD diamond at
biases of 50 V which is a standard bias value used for QTS measure-
ments was estimated to be approximately 50 lm. Ions used in this
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