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Band gap states of platinum and iridium in the hexagonal polytype 4H of silicon carbide are investigated by
means of deep level transient spectroscopy(DLTS) in n- as well asp-type epitaxial layers. To establish a
definite chemical assignment of band gap states to Pt and Ir the radioactive isotope188Pt was incorporated into
4H-SiC samples by recoil implantation. During the nuclear decay of188Pt via the unstable188Ir to the stable
188Os, the concentration of band gap states is traced by DLTS whereby characteristic concentration changes
lead to an unambiguous assignment of two band gap states to188Pt. The two levels are interpreted as one
Pt-related defect structure with two different charge states in the band gap of 4H-SiC: a double-negative
acceptor at 0.81 eV and a single-negative acceptor at 1.47 eV below the conduction band edgeEC. Iridium was
found to generate one acceptorlike statesEC−0.82 eVd in the band gap of 4H-SiC. Further, acceptor states at
EC−0.31 eV,EC−0.41 eV,EC−0.50 eV and donor states atEV+0.60 eV,EV+0.90 eV,EV+1.09 eV(EV is the
valence band edge) are preliminarily assigned to defects involving osmium. It was found that recoil processes
taking place during the nuclear decay may generate different complex structures related to Os. Therefore, the
assignment to specific Os structures is not definite. The deep acceptor state of platinum is considered an
interesting candidate for a compensating center close to the midgap position in 4H-SiC in order to produce
semi-insulating SiC layers and control carrier lifetimes.
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I. INTRODUCTION

Silicon carbidesSiCd is a wide-band-gap semiconductor
(Egap between 2.3 eV and 3.3 eV) which is expected to re-
place conventional semiconductors like Si and GaAs in high-
power, high-frequency, high-temperature applications. It oc-
curs in more than 200 different crystal structures, so-called
polytypes, of which each exhibits a characteristic band gap.
Intrinsic defects and impurities in the crystal are known to
give rise to energy levels in the band gap and are, therefore,
crucial for the functionality of any semiconductor device.
Consequently, it is crucial to establish a correlation between
band gap states and certain defect structures. Especially,
there is a general continuous interest in compensating centers
at or close to the midgap position of SiC in order to produce
semi-insulating layers for high-frequency devices. In silicon
carbide the most prominent impurity intentionally introduced
into the crystal to control the carrier lifetime is vanadium.1,2

In addition to this element, the deep acceptor state of tung-
sten was proposed to act as a deep compensating center in
SiC.3 In the case of the traditional semiconductor Si among
other elements, platinum is known to have a midgap state
responsible for recombination processes.4–8 Hence, this
study is directed to the investigation of deep levels of Pt in
4H-SiC and it will be shown that Pt, if introduced into
4H-SiC crystals, will lead to two deep acceptorlike levels in
the band gap and, indeed, to an acceptor state close to the

midgap position which may serve as an efficient compensat-
ing center.

Band gap states in 4H-SiC were characterized by means
of deep level transient spectroscopy(DLTS) with respect to
activation energyET and capture cross sections. Though
this technique is very sensitive to the concentration of a trap,
it does not reveala priori its chemical or structural nature.
To circumvent this deficiency the features of the radiotracer
technique were utilized: instead of stable impurity atoms the
radioactive isotope188Pt was incorporated. It decays with its
well known half-life ofT1/2=10.2 days to188Ir which further
decays to the stable188Os with T1/2=1.7 days.9 The decisive
advantage of combining conventional semiconductor spec-
troscopy with the radiotracer concept is given by the nuclear
decay of the deployed radioactive isotope. It provides an
element-specific signal which allows a definite correlation
between the respective radioactive isotope and concentration
changes, observed by an appropriate spectroscopic method,
which is DLTS in this case. Reviews of the radiotracer DLTS
technique can be found in Refs. 10 and 11.

In the course of this study band gap states were assigned
to Pt, Ir, and tentatively to Os. Furthermore, the generation
of electrically active defects induced by recoil processes tak-
ing place during the nuclear decay is observed.

To confirm the studies on radioactive isotopes and to carry
out further detailed DLTS studies stable isotopes of the ele-
ments Pt and Ir were also implanted in a collateral experi-
ment.
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II. EXPERIMENTAL DETAILS

To electrically characterize Pt-related band gap states the
experiments were carried out usingn- and p-type 4H-SiC
epitaxial layers grown on heavily doped substratess,1019d.
The net shallow doping concentration was determined by
capacitance-voltage profiling to be in the range ofs1–6d
31015 cm−3 for n-type samples(dopant N) and s3–6d
31015 cm−3 for p-type samples(dopants B, Al), respec-
tively. The radioactive isotopes were introduced by recoil
implantation12 at the Ionen-Strahl-Labor(ISL) of the Hahn-
Meitner-Institut in Berlin, Germany, whereas stable Pt and Ir
were incorporated into the samples by ion implantation at the
tandetron accelerator JULIA in Jena, Germany. During every
implantation procedure a part of the samples was covered
with aluminum foil to retain an unimplanted reference.

A. Radioactive isotopes

The tracer atom employed is the radioactive isotope188Pt
which decays to188Ir with a half-life of T1/2=10.2 days. The
isotope188Ir is unstable itself and further decays to the stable
188Os with a half-life of 1.7 days.9

To obtain 188Pt, a 12C primary beam of 90 MeV kinetic
energy was led on a181Ta target foil(thickness,1 mm) in
order to induce nuclear reactions. The compound nucleus
193Au formed by the fusion of12C and 181Ta immediately
emits five nucleons(preferentially neutrons) and ends up as
the neutron-deficient188Au which decays with a compara-
tively short half-life of just 9 min and, therefore, saturates
the desired state188Pt.

As a feature of the compound nuclear reaction, other iso-
topes of the same mass numberA=188 and also mass num-
bers adjacent to that(i.e., A=187 andA=189) are coim-
planted in addition to188Pt. Thus, the samples implanted
with radioactive isotopes were investigated withg-ray spec-
troscopy to reveal the mixture and amount of implanted iso-
topes and to monitor the loss of the188Pt isotopes during
sample preparation. According tog-ray spectroscopy the ini-
tial amount of implanted188Pt atoms in each sample was
9.03108 which corresponds to an implantation dose of 1.5
31010 cm−2 for 188Pt. It was found that 189Ir sT1/2

=13.2 daysd and 188IrsT1/2=1.7 daysd are also relevant for
the present experiments and that other isotopes are negligible
in number or have a half-life not relevant on the time scale of
this experiment. All isotopes found in the samples by means
of g-ray spectroscopy are listed in Table I with their half-
lives and their implanted concentrations.

The implantation energy of the radioactive isotopes re-
sults from the recoil imposed on the reaction products: the
atoms are kicked out of the target foil with an energy of
about 5–6 MeV with a broad distribution to lower energies.
The samples to be implanted are mounted off axis to the
primary 12C beam behind the target foil and are, thus, im-
planted with the recoiling reaction products and, inevitably,
also with stable Ta atoms kicked out of the target foil with-
out nuclear transformation. This implantation technique
leads to a widespread distribution of the atoms within the
samples to a maximum depth of 1mm as calculated with the

TRIM code.13 Considering these facts, the implantation dose
for the isotopes can be converted to a concentration which is
measured by means of DLTS. Assuming a roughly homoge-
neous implantation profile to a maximum depth of 1mm,
concentrations of 1.531014 cm−3 are obtained for188Pt and
631013 cm−3 for 189Ir, respectively.

B. Ion implantation of stable isotopes

In a supplementary experiment stable isotopes of Pt and Ir
were implanted at the tandetron ion accelerator JULIA of the
University of Jena. To achieve a fairly homogeneous impu-
rity concentration of about 231014 cm−3 in a depth between
0.2 and 1.0mm, fourfold implantations of each element with
implantation energies ranging between 1.0 and 5.2 MeV
were performed. The implantation dose used at each energy
was between 4 and 123109 cm−2 as determined with the
TRIM code.13

C. Annealing and diode preparation

To restore the crystal structure and to electrically activate
the implanted impurities, after each implant the samples
were annealed at 1900 K for 5 min in sealed quartz am-
poules filled with argon. Subsequently, they were oxidized in
pure O2 at 1600 K for 30 min. After removing the resulting
oxide layer(thickness,150 nm) by etching the samples in
hydrofluoric acid for 5 min, circular Schottky contacts of
0.5 mm diameter were produced by evaporating Ni on top of
the epitaxial layers. The Ohmic contact was obtained by
evaporating Ti on the entire backside(the highly doped sub-
strate) of the samples. Before annealing and after diode
preparation each sample was investigated withg-ray spec-
troscopy which revealed that an amount of 5–10 % of188Pt
was lost during the annealing and diode preparation, presum-
ably caused by the etching of the sacrificial oxide layer.

D. Electrical characterization

The DLTS measurements were carried out in a setup de-
scribed elsewhere.14 Spectra were recorded in temperature
ranges between 650 K and 40 K(n type) and 650 K and
200 K ( p type) with a temperature rate of 4 K/min from the
higher to the lower temperature. Capacitance transients were

TABLE I. Isotopes found in the SiC samples recoil implanted
with 188Pt. The total amount of each isotope is dated back to the end
of the implantation. The given concentrations were calculated as-
suming a roughly homogeneous implantation to a maximum depth
of 1 mm.

Isotope Half-life(days)
Total number

s108d
Concentration
s1013 cm−3d

186Ir 0.69 0.1 0.2
187Ir 0.44 1.2 2.0
188Ir 1.73 2.0 3.3
188Pt 10.2 9.0 15
189Ir 13.2 3.8 6.0
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measured within three predefined time windows(5 ms,
100 ms, and 2 s), digitized, and processed with a computer.
In this manner emission rates betweens1 msd−1 ands1.5 sd−1

could be filtered from the capacitance transients. Unless oth-
erwise stated, the reverse biasUR was set to −15 V or +15 V
on n- or p-type samples, respectively, to ensure detection
over the full implantation width. To fill traps with charge
carriers, the reverse bias was reduced to zero voltssUP

=0 Vd for 1 ms.
In the present study, DLTS parameters of any trap are

given assuming a temperature-independent apparent capture
cross sectionsa. The correction of the trap energyET for a
possible temperature dependence ofsa can easily be per-
formed by addingnkT (for T−n, n=2–3). For the traps as-
signed to Pt and Ir, the filling pulse widthtp was varied
between 10 ns and 10 ms in order to reveal the capture ki-
netics of these deep levels. The DLTS signal dependence on
the pulse width was evaluated according to Pons15 to obtain
the true capture cross sectionsm. However, for the samples
used the capture process was always faster than the mini-
mum available pulse length, and thus the evaluatedsm val-
ues have to be regarded as a lower limit.

In addition, to investigate the dependence of the emission
time constant on the electric field strength(Poole-Frenkel
effect) the electric field strength that the traps are exposed to
during carrier emission was varied in a manner which is
commonly referred to as thedouble-correlation DLTS
methodin the literature(see, e.g., Ref. 16).

III. RESULTS AND DISCUSSION

DLTS spectra of the samples implanted with the radioac-
tive isotope188Pt were recorded several times onn-type[Fig.
1(a)] as well asp-type [Fig. 2(a)] samples during the nuclear
decay. Clearly, time-dependent DLTS signals can be detected

in the spectra recorded on both the conducting types whereas
the p-type samples were exclusively dominated by signals
increasing in concentration. In almost every case the DLTS
peaks are either superimposed by time-stable signals or ex-
hibit a broadening if compared to the theoretical DLTS peak
shape. It is crucial for a standard DLTS parameter evaluation
that the exact temperature position of a peak is known for an
accurate Arrhenius evaluation.17 Utilizing the fact that the
DLTS spectra are highly reproducible for constant trap con-
centrations, for each specimen the initial DLTS spectrum was
subtracted from all the spectra recorded subsequently in the
course of the nuclear decay. DLTS signals not subject to the
decay of188Pt, i.e., signals stable in time, are, thus, elimi-
nated and the number of peaks is limited to signals related to
traps with time-dependent concentration[Fig. 1(b) for n-type
samples and Fig. 2(b) for p-type samples]. This approach is
justified, as the DLTS signal is directly proportional to the
trap concentrationNt provided thatNt is much smaller than
the shallow doping concentrationNs sNt!Nsd. Hence, traps
with decreasing concentration will turn out as negative peaks
increasing in amplitude, whereas traps with increasing con-
centration will exhibit positive peaks also increasing in am-
plitude. In this manner, not only can band gap states corre-
lating with the nuclear decay chain be uniquely distinguished
from stable states resulting from electrically active defects
caused by irradiation, but also the accuracy of the Arrhenius
evaluation of deep level parameters is improved as the time-
dependent peaks are isolated from constant overlapping sig-
nals.

First, decreasing peaks will be discussed and then increas-
ing signals are treated. Finally, attention is drawn to band gap
states not subject to the radioactive decay, i.e., stable signals.

A. Traps of decreasing concentration

Deep levels with decreasing concentration were exclu-
sively found in then-type samples. In this section we will

FIG. 1. (a) DLTS spectra recorded several times on ann-type
4H-SiC sample implanted with188Pt. The spectra correspond to
emission rates of(0.85 sd−1. (b) Difference spectra obtained by sub-
tracting the initial spectrum from the sequencing spectra recorded
during the188Pt decay.

FIG. 2. (a) DLTS spectra recorded several times on ap-type
4H-SiC sample implanted with188Pt. Rate window:s45 ms−1d. (b)
Difference spectra calculated from(a). No decreasing signals are
detectable inp-type material.
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show that these band gap states are associated with Pt and Ir.
The difference spectra obtained from then-type samples
[Fig. 1(b)] exhibit a broad signal in the temperature range
between 280 K and 380 K consisting of two overlapping
peaks(labeled Ir1 and Pt1) and one broad decreasing peak at
614 K labeled Pt2. The difference spectra were deduced for
several rate windows to establish a more precise determina-
tion of the energy positions of Ir1, Pt1, and Pt2. The deep
level parameters calculated from the difference spectra are
given in Table II. The difference signal Pt2 and, thus, the
concentration of the corresponding trap decreases exponen-
tially with a time dependence reflecting the half-lifeT1/2
=10.2 days of the nuclear decay of188Pt [Fig. 3(a)]. The
correspondence between the nuclear decay of188Pt and the
decrease of the trap concentration with time unambiguously

assigns Pt2 to a defect structure containing one Pt atom. For
the two overlapping peaks Ir1 and Pt1 the situation is more
complex. In order to clarify the structure of these signals
DLTS spectra corresponding to an emission rate of
s12.5 msd−1 are presented[Fig. 4(a)]. Here, the broad DLTS
signal Ir1 /Pt1 can be further resolved, facilitating a more
accurate evaluation of the concentration changes. A least
squares fit of an exponential function representing a single
nuclear decay reveals a half-life of 10±1 days for Pt1, which
corresponds well to the188Pt decay. However, for Ir1 fitting
a function representing a single exponential decay to the
peak height versus time data[Fig. 4(b)] a half-life of
12±2 days is obtained. Within errors this value still roughly
corresponds with the half-life of188Pt. However, it is further-
more observed that the amplitude of the decrease of Ir1 is a
factor of 1.5 smaller than that of Pt1. Especially the latter
fact is a strong hint that the band gap state Ir1 does not
correspond to188Pt. In the following it will be shown that Ir1
corresponds to a defect structure containing one Ir atom and
Pt1 to a defect structure containing one Pt atom.

TABLE II. Deep level parameters and interpretation of band gap states of time-dependent concentration.
The capture cross sectionsm is given as an upper limit as the shallow doping concentration was too high for
accurate capture kinetics measurements. The assignment and interpretation of Os1–Os6 to osmium are
preliminary.

Label EnergyseVd sa s10−15 cm2d sm s10−16 cm2d Interpretation

Ir1 EC−0.82s2d 70 .4 Ir s0/−d
Pt1 EC−0.81s2d 4 .1 Pts−/−−d
Pt2 EC−1.46s4d 3 .1 Pts0/−d
Os1 EC−0.31s2d 0.4 Oss0/−d
Os2 EC−0.41s2d 1 Oss0/−d
Os3 EC−0.50s2d 0.5 Os+defects0/−d
Os4 EV+0.60s2d 0.5 Os+defects+/0d
Os5 EV+0.92s2d 30 Oss+/0d
Os6 EV+1.09s3d 9 Oss+/0d

FIG. 3. (a) Peak height versus time of Pt2 found inn-type ma-
terial. It decreases with delay time reflecting the half-life of188Pt of
10.2 days. The data refer to the difference spectra shown in Fig.
1(b). (b) displays the peak height versus delay time for peaks found
in p-type samples. For clarity, the other time-dependent traps found
in n-type 4H-SiC are treated in Fig. 4.

FIG. 4. (a) Difference spectra extracted from DLTS measure-
ments on n-type samples corresponding to emission rates of
s12.5 msd−1. This results in a higher resolution and the peaks Ir1
and Pt1 were further resolved. In these high-resolution spectra the
different time behavior of Ir1 and Pt1 becomes obvious. Clearly, Ir1
and Pt1 represent deep levels resulting from different electrically
active defects.(b) Peak height versus time data. The solid lines are
exponential functions fitted to the peak height data taken from(a).
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As outlined in Sec. II A,188Pt decays to188Ir with a half-
life of 10.2 days. The isotope188Ir itself is unstable and de-
cays to the stable188Os with a half-life of 1.7 days, which is
approximately 17% of the half-life of188Pt. Thus, the state
188Ir is continuously fed by the transmutation of188Pt but
decays relatively fast to188Os. If only 188Pt were present in
the samples after recoil implantation, the concentration of the
corresponding Ir-related band gap state would behave as de-
noted in Fig. 5 by the double-dot-dashed curve. According to
the given half-lives there would be a saturation(maximum)
of the188Ir concentration about 5 days after the188Pt implan-
tation, but because of the sample preparation lasting about
40 h and the188Pt decay taking place already during the
implantation procedure(duration,24 h), it is not possible to
observe the saturation of Ir. In addition to the feeding of the
188Ir state by188Pt, 189Ir (and some188Ir) is also coimplanted
in a non-negligible amount(see Table I), as determined by
g-ray spectroscopy. Taking both these facts into account, the
feeding of Ir and its coimplantation, the theoretical behavior
of the iridium concentration deviates from a single-
exponential behavior. The dash-dotted curve in Fig. 5 dem-
onstrates the Ir concentration versus time in samples im-
planted with an isotope mixture as listed in Table I. A fit of a
function representing a single exponential decay to such a
concentration course leads to anapparent half-life of
13 days. This is in close agreement with the value obtained
for the half-life of Ir1. Hence, Ir1 is assigned to a defect
which involves one Ir atom, whereas Pt1 corresponds to a
structure containing one Pt atom. These conclusions will be
further confirmed in Sec. III C while discussing the samples
implanted with stable Pt and Ir isotopes.

B. Increasing signals

In the n-type samples a set of three rising DLTS peaks
Os1, Os2, and Os3 is detected in the temperature range
between 100 K and 300 K(Fig. 1 and 4). These three
peaks correspond to deep levels located at 0.31 eVssa

=4310−16 cm2d, 0.41 eVssa=1310−15 cm2d, and
0.50 eVssa=5310−16 cm2d below Ec. A straightforward in-
terpretation of Os1–Os3 would be to assign them to the final

product of the nuclear decay, i.e.,188Os. However, radioac-
tive isotopes may in the course of their decay be subject to
recoil processes which are capable of forming probe-related
defects, e.g., a vacancy and an interstitial atom, as the impu-
rity atom is kicked from its initial location in the lattice.18,19

These recoil effects can be initiated by an emittedg ray,
neutrinon, or charged particle that may generate defects cor-
related to the tracer probe. Within the decay scheme of188Pt,
the energy differenceQEC of the 0+ state of188Pt and the
ground state of188Ir is 507 keV.9 The dominating decay path
is the electron capture with an abundance of 47% with ener-
gies of 312 keV and 195 keV of the emitted neutrino andg
ray, respectively. AsEn,g=pn,gc holds, the recoil energyER
imposed on188Ir by the emission of ag ray or neutrinon can
be calculated from the transferred momentumpg,n:

ER =
pg,n

2

2M
=

Eg,n
2

2Mc2 , s1d

where c is the speed of light andM the mass of the188Ir
nucleus. Therefore, along with the decay of188Pt to 188Ir a
maximum recoil energy of only 0.28 eV is imposed on the
nucleus through the emission of a neutrino. If this value is
compared to the displacement energy threshold, which is es-
timated to be in the range20 between 13 eV and 30 eV in SiC
it appears unlikely that188Ir is kicked from its position in the
lattice or that other defects are formed. In contrast, the decay
from 188Ir to 188Os takes place with an energy difference of
QEC=2809 keV whereby large fractions ofg rays with at
least 2.2 MeV are emitted.9 This corresponds to a recoil en-
ergy of 15 eV which is of the order of the displacement
energy threshold and, in addition, impurity atoms are antici-
pated to have a smaller displacement energy than the host
atoms. Therefore, the generation of more complex defect
structures during the nuclear decay cannot be excluded. On
the other hand the decay of the coimplanted189Ir takes place
with an energy differenceQEC of 532 keV leading to a maxi-
mum recoil of just 0.8 eV imposed on the nucleus. Hence, a
displacement of the atoms is not expected from this decay.
As osmium could not be implanted as a stable isotope an
exact interpretation for the defects arising in then- and
p-type samples during the nuclear decay is not possible. Fur-
ther studies covering this subject in detail are in progress.21

At this stage the assignment of the band gap states Os1–Os6
to osmium is preliminary: the concentration increase of Os3
and Os4 exhibits a close agreement with the half-life of the
188Pt decay and an assignment of Os3 and Os4 to a complex
containing one Os atom resulting from the188Pt decay ap-
pears to be plausible. Due to the recoil of 15 eV imposed on
the daughter atom188Os, Os3 and Os4 are most likely due to
an Os atom which was displaced from the site where the
188Pt atoms were residing after implantation and subsequent
annealing. The defects Os1,Os2, and Os5,Os6 on the other
hand may result from the decay of coimplanted isotopes to
189Os. In this case, the maximum recoil energy is only
0.8 eV and a displacement is not expected. This is also an
indication that these levels are due an isolated(substitu-
tional) Os atom though the involvement of other defects(in-
trinsic or extrinsic) cannot be excluded. Further evidence in

FIG. 5. Theoretical concentration course of Pt, Ir, and Os. Due
to non-negligible coimplantation of189Ir and 188Ir the true Ir(dash-
dotted line) and Os (dashed line) concentrations deviate from
simple exponential behavior. The curves were calculated for an iso-
tope mixture as determined in Table I and are normalized to the
initial implanted188Pt concentration.
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favor of the latter conclusions is given by the half-lives ob-
tained for the concentrations of these presumably Os-related
defects: Os3 and Os4 appear with the half-life of 10 days
determined by the188Pt decay whereas Os1,Os2, and Os5,
Os6 increase with half-lives close to that of189Ir s13.2 daysd.
Consequently, there must exist at least two different electri-
cally active defect structures related to the formation of Os,
i.e., one resulting from the188Ir transmutation to Os and one
from the transmutation of189Ir to Os, which each obviously
lead to band gap states. Whether each decay chain produces
only one defect structure leading to deep levels of different
charge states(no Poole-Frenkel effect was observed for ei-
ther trap) cannot be unambiguously decided.

C. Stable isotopes

The DLTS spectra of the samples implanted with stable Pt
[Fig. 6(a)] exhibit two dominating peaks labeled Pt1S and
Pt2S (the letter S denotes the implantation of stable ele-
ments). According to the standard DLTS evaluation, Pt1S
and Pt2S can be described by a thermal activation energy of
0.83s3d eV and 1.48s6d eV, respectively. These values are in
good agreement with that of Pt1 and Pt2 derived from the
radiotracer experiment. Consequently, the conclusions drawn
from the radiotracer experiments are confirmed and Pt1Sand
Pt2S are conclusively assigned to Pt. In this context it is
pointed out that the deep level parameters derived from the
radiotracer experiments are more accurate than those from
the stable implants due to the elimination of underlaying
stable defects not corresponding to platinum. The same cri-
teria apply for the DLTS spectra recorded on the samples
implanted with stable Ir[Fig. 6(c)]. Here, one dominating
peak Ir1S is observed corresponding to an activation energy

of 0.82 eV and an apparent capture cross sectionsa of 8
310−14 cm2 which very well correspond to the parameters
obtained for the Ir-related level Ir1. Comparing Fig. 6(b),
showing the difference spectrum obtained from the ra-
diotracer experiment, with the spectra recorded on the
samples implanted with[Fig. 6(a)] stable Pt and[Fig. 6(c)]
stable Ir, the close correlation between the two types of ex-
periments becomes obvious.

The electrical activation of the implanted stable Pt and Ir
atoms was derived from the DLTS spectra shown in Fig. 6.
The concentration of the Pt-related levels Pt1Sand Pt2S is in
the range ofs1.5–2d31014 cm−3, which is in close agree-
ment with the nominally implanted platinum concentration
of 231014 cm−3. For the Ir-related level Ir1Sa concentration
of s1–1.5d31014 cm−3 is obtained, which is slightly less
than the concentration of implanted iridium. Taking into ac-
count systematic errors of 50% for absolute concentrations
derived from DLTS measurements and uncertainties in the
determination of small implantation doses, the difference is
not remarkable. The high degree of electrical activation of
the implanted Pt of more than 50% is not only evidence for
the correct assignment of Pt1Sand Pt2S to one and the same
defect structure containing one Pt atom but also a strong
indication that the impurity atoms reside on substitutional
lattice sites, presumably Si sites. The latter also applies for
Ir1S which is most likely due to a substitutional Ir atom
residing on a Si site.

D. Influence of the electrical field strength

The electric field dependence of the emission time con-
stants(Poole-Frenkel effect) of the Pt- and Ir-related traps
was investigated. This was done at constant temperatures in a
manner to keep the probed part of the depletion region con-
stant and as small as possible, i.e., to minimize the error in
the mean electric field applied.22 The method is commonly
referred to as double-correlation DLTS(see, e.g., Ref. 16).
The variation of the electric field strengthF from
50±20 kV/cm to 150±30 kV/cm revealed no significant
field enhancement of the carrier emission either from the
Ir-related trap Ir1 or the Pt-related traps Pt1 and Pt2. Hence,
there is no field-induced barrier lowering of a Coulomb cen-
ter which could be interpreted as a donorlike state according
to the Poole-Frenkel effect. Therefore, the centers Ir1, Pt1,
and Pt2 are interpreted to be acceptorlike, whereas the cen-
ters Pt1 and Pt2 are most likely due to the same defect struc-
ture (containing one Pt atom) leading to a double-negative
sPt1d and single-negativesPt2d acceptor state in the band
gap.

E. Defects not related to the nuclear decay

Deep levels not related to the nuclear decay, i.e., signals
stable with respect to time, are labeled with greek letters.
Their trap parameters(see Table III) are compared with
DLTS signatures of deep levels found during other DLTS
studies under similar experimental conditions. This compari-
son mainly refers to experiments treating defects induced by
irradiation, i.e., complexes involving intrinsic defects. No

FIG. 6. DLTS spectra recorded onn-type 4H-SiC implanted
with stable(a) Pt and(c) Ir. (b) shows a difference spectrum ob-
tained from a sample implanted with radioactive188Pt. The arrows
clarify the match of the radiotracer and the stable experiments.
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studies on intrinsic defects inp-type 4H-SiC are reported in
the literature.

IV. CONCLUSION

DLTS investigations were performed onn- as well as
p-type 4H-SiC samples implanted with either radioactive
188Pt or stable Pt. Band gap states of time-dependent concen-
trations have been observed in both conducting types, but the
p-type samples exhibit only arising deep levels. A definite
chemical assignment of band gap states originating from Pt
and Ir was obtained: Pt has one double acceptor state Pt1
located atEC−0.81s2d eV and a remarkable single acceptor
state Pt2 close to midgap atEC−1.46s4d eV. The deep accep-
tor state of Pt is, besides vanadium, the deepest impurity-
related center in 4H-SiC identified up to now, and very suit-
able for the accomplishment of semi-insulating SiC. No
Pt-related defect was found in the lower part of the band gap
observed with an uncertainty of 5% of the total Pt concen-
tration s,231014 cm−3d.

In the case of Ir, one acceptorlike state Ir1 atEC
−0.82 eV was observed and unambiguously identified to in-
volve one Ir atom.

A set of three growing levels was found in bothn- and
p-type samples, i.e., six deep levels emerge during the decay
of 188Pt. The two levels Os3 and Os4 located atEC

−0.41s2d eV andEV+0.60s2d eV are tentatively assigned to a
defect containing one Os atom resulting from the transmuta-
tion of 188Ir to 188Os and are most likely associated with
recoil effects taking place. The traps Os1 atEC−0.15s2d eV,
Os2 atEC−0.31s2d eV, Os5 atEV+0.92s2d eV, and Os6 at
EV+1.09s3d eV are assigned to Os-related defects of a struc-
ture different from the latter. In this case no recoil effects are
expected and the probe atoms should remain on their lattice
sites, presumably substitutional on Si sites. The exact struc-
ture of the Os-related defects is the subject of a further
study.21
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