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ABsTrACT: Future hadron collider experiments will require sensing materials that withstand stronger
radiation fields. Therefore, either a frequent replacement of detectors, a significant increase in radiation
hardness of Silicon, or a shift to different materials is needed. Wide-bandgap materials are a natural
choice, due to their significantly reduced leakage currents, even after irradiation. In recent years,
substantial progress in the production of high-quality monocrystalline Silicon Carbide of the 4H
polytype has led to a renewed interest in this material.

In this article, a study of electrically active defects in a n-type epitaxial 4H Silicon Carbide
diode is presented. By employing spectroscopical measurement methods, like Deep-Level Transient
Spectroscopy (DLTS) and Thermally Stimulated Currents (TSC), energy levels in the bandgap are
investigated. Defect parameters like concentration, activation energy and capture cross-section are
stated. A simulation framework was utilised to compare and match the results from the two methods.

This study is made in the context of a study of radiation hardness of 4H Silicon Carbide sensors.
Other studies investigating macroscopic properties of the material, like their charge collection efficiency
after irradiation, were performed on the same kind of diodes.

This study provides a first set of measured defect parameters in state-of-the-art 4H-SiC material,
from defects present prior to irradiation. These defects are intrinsic, such as vacancies, related
to impurities and doping imperfections, or are growth related. The Z;, defect and a Nitrogen
related defect were identified.
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1 Introduction

Silicon (Si) as a material has been dominating the field of particle tracking detectors in the last
decades. This decades long experience with the material and the performed research on its properties
make it the obvious choice for building tracking detectors. However, Si detectors suffer greatly from
radiation damage, and future hadron collider particle detector experiments will require their detectors
to withstand even higher radiation fluences. A lot of effort is being put into increasing the radiation
hardness of Si, by means of defect engineering or new detector geometries [1]. Another path to take is
exploring different materials. Silicon Carbide (SiC) as a sensing material for high energy particle
physics (HEP) experiments has gained newfound interest by researchers in the last years. This interest
can be partly attributed to improvements in the SiC material quality. This is fuelled by industry
interest, due to the electrical properties of SiC, favourable for high efficiency power devices. For
HEP experiments, some of the material properties of SiC give indications of a possible increased
radiation hardness and ease of operation in a detector system, compared to Si. As a consequence of
the large bandgap of SiC, extremely low leakage currents at elevated temperatures, under ambient
light conditions and after irradiation are observed [2].

In this article, a 4H-SiC n-type diode from IMB-CNM [3] is investigated. The same kind of
diodes have been previously studied by other authors to investigate their macroscopic properties like
charge collection, current and capacitance characteristics, before and after irradiation [2, 4, 5]. This
article adds information about the presence of defects in the material. The measured defect parameters
can be used to simulate the detector performance for these diodes. A follow up article will report
on defect parameters after different types of radiation.

Defect spectroscopy methods, specifically the Thermally Stimulated Current and the Deep-Level
Transient Spectroscopy techniques, are used to study the presence of defects. In-depth explanations
about the used measurement methods can be found in ref. [6, chapters 4.4 & 4.5] and the references
therein. The used cryostat can only reach a maximum temperature of 350 K. To scan the full bandgap
of 4H-SiC, temperatures of up to 800 K are required. Therefore, only a fraction of the full bandgap is
shown, and potential defects situated at higher temperatures are missed.



2  Devices

The diode under investigation is produced by IMB-CNM [3]. The wafer was bought from Ascatron
AB (later acquired by II-VI/Coherent Corp.). A schematic drawing of the diode is shown in figure 1.
Articles on similar structures can be found in refs. [2, 4, 5]. The diode has an active, n-doped,
epitaxially grown layer of 50 um 4H-SiC on top of a 350 pm thick, highly doped substrate wafer. The
n-type doping is achieved using Nitrogen. The active area is 0.1 cm?. From Capacitance-Voltage

measurements, the effective doping concentration of the epi layer is calculated to be 1.6 - 10! cm™3.
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Figure 1. Schematic, cross-sectional view of the investigated 4H-SiC diode. The feature-size is not to scale.
Adapted with permission from ref. [3].

3  Thermally Stimulated Currents (TSC)

The results from TSC measurements are displayed in figure 2(a), for different filling temperatures
Tsn. 11 defects are observed in the temperature range of 20 K to 350 K. Since the measured diode is
unirradiated, all observed defects must be either intrinsic (interstitials, vacancies, anti-sites), extrinsic
(impurity and doping (Nitrogen, Aluminium, etc.)) or growth related. A match of the measured
defects with known defects from literature is possible for the Z, defect, labelled here as E241K. This
electron trap is often referred to as the main lifetime killer in SiC [7].

Filling temperature. To observe the dependence on Tyj;, the diode was repeatedly measured under
identical measurement conditions, while only varying Tq;; between 20 K and 250 K. This was measured
for forward bias (majority and minority carrier) and 0 V (majority carrier) filling conditions, see
figure 2(a) for selected Tqy. All defects display a dependence on the filling temperature. Some
defects are only filled at certain conditions. This is also shown in figure 2(b) where the extracted
defect concentrations are plotted versus T5;;. While some defects located at high temperatures are
not filled at low temperatures, some are exclusively filled at low temperatures, e.g. the two defects
located between 150 K and 200 K. While the majority carrier injection shows a good filling at 20K
and 30 K, the forward bias filling measurements show an optimal filling temperature of 40 K, with
suppressed filling at higher and lower temperatures. Observing the hole trap H/02K, located at
~ 100K, reveals a double peak structure, not visible for Tg;; < 45 K. There are two overlapping trap
levels, and one must have a stronger capture cross-section or a larger concentration than the other,
completely overshadowing its signal at certain filling conditions.
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Figure 2. (a) TSC spectra for different 7. Solid lines indicate forward biased and dashed lines 0V filling
conditions. The spectra have been shifted for the sake of clarity. (b) Defect concentrations versus Ty, extracted
from the forward biased filling measurements (majority & minority carriers).

The Z,, defect exhibits no dependence on 75y between 60 K and 220K for the 0V filling.
However, it is not being filled at 20 K or 30 K. An explanation through the amount of available charges
(i.e. effective doping concentration) being the limiting factor here is revoked through the observation
of the forward biased injection. There, no limitation in available charge carriers is present. No filling
of this defect at low temperatures is observed as well. Therefore, it is more plausible that this defect
has a very low capture cross-section at low temperatures.

Heating rate measurements. By measuring at various heating rates, the energy levels of the defects
can be extracted. The results are shown in figure 3. An Arrhenius relation is used to calculate the
energies from the shift of the peaks’ positions (see figure 4), following the procedure described in
ref. [8]. The energy values always indicate the relative energetic distance to either the valence or
conduction band. It is not possible to extract the energy for E35K, since it is overlapping to such
an extent with E32K, that a discernible extrema is not readily apparent. The (low) accuracy of the
heating rate method is discussed in section 5.

Table 1 lists the complete set of extracted defect parameters from the previously described
measurements. For overlapping defects, an extraction of their concentration is not possible.
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Figure 3. Heating rate scans for (a) T = 20K and (b) 100 K.
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Figure 4. Arrhenius plot from the measurements in
figure 3(a) and (b). The black lines represent linear fits
onto the data points, used to obtain the energy from
their slopes.

Table 1. Defect parameters from TSC measurements.
The e & h columns indicate electron or hole traps.
The last column indicates if the peaks’ positions
depend on the reverse bias.

Delayed heating measurements. For a more precise determination of the energy level, a delayed
heating measurement was performed for the Z,, defect (E241K). The waiting time fy,j, Spanning
from the end of charge injection to heating initiation, is varied between 10 s to 4000 s. This allows for
an increased emission of charge carriers, resulting in a reduction of the peak current I;,x in the TSC
spectrum. Tgy; is chosen to be slightly below the temperature of the peak’s maximum of the investigated
defect. For each chosen Ty, TSC spectra are recorded for every ty,i;. From each measurement, Iy, is
extracted and the logarithm of its value, corrected for a common offset value /g, is plotted against
the waiting time to obtain a linear relation (figure 5(a)). The inverse slope of a linear regression is used
to obtain the time constant 7 of the de-trapping process at each filling temperature. This set of T values
follows an Arrhenius relation and in a linearised form yields the energy level of this defect from the
slope of a linear regression (figure 5(b)). An uncertainty of 5 % is estimated for the energy value. This
combines fit uncertainties from both the time constants and the Arrhenius relation, the uncertainty on
the extraction of the peak currents and includes estimates on the stability of the temperature ramp.

The results from the measurements of the Z;,, defect are shown in figure 5. For both plots the
expected linear behaviour is observed. The extracted value for the energy level of the Z;,, defect is
(0.725 £ 0.036) eV. This value has an uncertainty of roughly 5 % and deviates by about 1.8 o~ from
the one obtained from DLTS measurements, see table 2, and 1.5 o from the usually quoted value
of 0.67 €V in literature, see ref. [7] and references therein.

4 Deep-Level Transient Spectroscopy (DLTS)

DLTS measurements were carried out with a reverse bias of —10V, a pulse voltage of —0.6 V for
majority carrier injection and 3 V for a forward biased majority and minority carrier injection. The
pulses have a duration of 1 ms and the capacitance transients are recorded for 3 different rate windows:
20 ms, 200 ms and 2 s. The transients are analysed with 23 correlator functions see ref. [6, chapter
4.4.3]. The resulting spectrum for a rate window of 2 s and the b1 correlator is displayed in figure 6(a).
An Arrhenius plot for these measurements is displayed in figure 6(b), and the extracted properties of
the defects are shown in table 2. The reverse capacitance is displayed in figure 7. The capacitance
remains stable enough for an accurate extraction of defect parameters above 50 K. Below that, a
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Figure 5. (a) Extraction of the time constants 7 for different filling temperatures. The maximum current
released from the Z,; defect is displayed as a function of #,;. (b) Logarithmic display of the extracted time
constants as a function of the reciprocal filling temperature.

drop in capacitance is observed, hindering extraction of precise values. This is known as dopant
freeze-out, which describes the apparent deactivation of dopant atoms due to temperature. Since
the dopant was Nitrogen, defect 1, observed in figure 6(a) below 50K, is assumed to be related to

the Nitrogen doping. Its concentration of 8 - 103 cm™3

is nearly half of the manufacture specified
doping concentration of 2 - 10'* cm~3. However, the strong drop in capacitance in that temperature
region makes an accurate extraction through capacitance-based DLTS impossible, which could explain
the difference. The extracted energy value also fits with in literature quoted values for a Nitrogen
substitute on a Carbon cubic lattice site (k-site), see ref. [9] and sources therein.

To estimate an uncertainty on the extracted values, the measurements were repeated and user
defined parameters in the analysis process were altered to observe their influence. The variation of
these values for the extracted parameters are of different orders. The energy value is the most stable
one, where the variations stay below 4 %. The defect concentration values vary in the order of up to
5 Y%, and the capture cross-sections exhibits strong variations of up to 25 %.

The applied reverse bias of =10V results in a depleted depth of about 9.4 ym. This means that
only defects up to this depth are contributing to the measurements. The obtained values for the defect
concentrations are normalised to the depleted volume. Assuming a homogeneous defect distribution
throughout the bulk, no new defect types should appear or a change in (normalised) concentrations be
observed with increased reverse biases. Repeating the measurements with reverse biases up to —100 V
(=~ 26.2 nm depleted depth) only showed an increase in the DLTS signal amplitude (due to the larger
depleted volume contributing to the signal generation), but no new defect types appeared.

5 Disscusion of DLTS & TSC results

Comparing the number of defects and their extracted parameters measured by TSC and DLTS (see
tables 1 and 2) yields significant differences. The sometimes large differences in the extracted energy
level values between the two measurement methods can be explained by the imprecision inherent in
the TSC heating rate method. To obtain an accurate linear regression from the shift of the defect peak
maxima, the range of heating rates must be significantly larger. Currently, the heating rate is only
varied by about a factor of two. To obtain accurate results, this variation should span three or more

orders of magnitude. However, if the heating rate is increased beyond the normally used 11 K min™!,
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Figure 7. Reverse capacitance vs. temperature. Table 2. Defect parameters from figure 6(a).

a significant temperature gradient will form within the diode’s bulk. This will lead to distorted TSC
spectra due to the inhomogeneous thermally stimulated release of trapped charges at different depths
within the sample. Going to heating rates below 5 Kmin~! results in spectra where the peaks are
extremely flat and start to fall within the level of electronic noise. This limited variation in the heating
rate causes the linear regressions to be heavily dependent on statistical fluctuations of the data points.

To facilitate comparison and untangle these differences, the custom python framework py7'SC [10]
is used to simulate TSC spectra from a set of input defect parameters. The values for energy levels,
defect concentrations and capture cross-sections are taken from DLTS measurements. The results
from these simulations (not shown here) show an agreement between the two measurement methods.
Peak positions and widths agree for the measured defects, only the amplitudes deviate. These results
support, that TSC and DLTS did indeed measure the same defects, albeit TSC a few additional ones.
The TSC heating rate method is simply not precise enough, due to the aforementioned arguments.
In essence, both methods determined the same emission time constants 7, but differ only in their
calculation accuracy of the energy levels and capture-cross sections. The DLTS values for theses
parameters are orders of magnitude more precise and reliable, and should be used as the final results
from these measurements.



6 Conclusion

The TSC and DLTS methods were used to perform defect spectroscopy on an unirradiated, n-type,
4H-SiC diode, and revealed a multitude of defects already present in the unirradiated diode. Therefore,
all defects observed must be either intrinsic, doping or impurity related. Simulations were performed
to match the results from DLTS with TSC, which revealed an overall agreement between the two
methods, but also that some defects were only observed in either one method. The defect parameters
obtained from the DLTS measurements are of much higher precision and reliability than those from
TSC, hence should be perceived as the final results. Properties of one defect was matched with known
literature values, the Z;,, defect. A strong temperature dependence for it’s capture cross-section was
observed for low temperatures. One defect was matched to be substitutional Nitrogen on a Carbon
cubic lattice-site (k-site). To further investigate the present defects and ascertain their chemical
structure, multiple irradiation campaigns are being carried out to compare damage created by protons,
neutrons and gammas. This might give further insight in the defects observed in this work, in particular
giving an understanding if those defects can or cannot be generated by radiation damage and if they
are point-like or clustered. To understand if 4H-SiC detectors are more radiation hard than Si, further
studies have to be performed comparing their performance and degradation after radiation.
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