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We investigated the effect of metallization and spatial homogeneity on the charge collection of sensors prepared
from high purity semi-insulating 4H-SiC bulk wafer. We used Au, Ni, Cr or graphene electrical contacts subse-
quently prepared on the same chip. We also tested sensors prepared from different positions on the wafer. Laser-
induced transient current technique (L-TCT) and alpha spectroscopy were used to characterize the charge
transport in the sensors. It was found that different sensors polarize at DC bias in the time interval of 0.2-270 s.
We observed significant deviation of current transients measured on the sensor with a graphene contact from the
sensors with metal contacts, which is attributed to the surface plasmon formed on the graphene-SiC interface. We
demonstrated that the sensor polarization is independent of the metallization, whereas it strongly depends on the
location on the wafer from which the sensor was cut. This testifies to a significant spatial inhomogeneity of the
wafer. We also tested the electrical current relaxation after step-DC biasing as a simple method for the char-
acterization of the sensor polarization. We found that the relaxation profile has extremes in the similar positions
as the L-TCT profiles of collected charge. We also showed that using pulse biased L-TCT we are able to choose
suitable sensors with slow polarization and to design optimal pulsing conditions including necessary depolari-
zation times for the alpha spectroscopy measurement and L-TCT techniques to achieve long-term stable charge
collection. In case of 2*'Am alpha spectroscopy charge collection efficiency 5-24 % was observed. We framed up
model depicting all observed phenomena assuming the space charge formation induced by a blocking cathode in

an n-type material and related lifetime reduction. We evaluated the space charge formed in the sensors after 10* s
-3

biasing, which ranged from 1.7 x 10** em™3 to 7 x 10'* cm

in respective sensors.

Introduction

Wide band-gap silicon carbide (SiC) is usually used for the produc-
tion of electronic components operating in extremely harsh environ-
ments such as in space, and in the automotive, aeronautic and nuclear
industries. SiC is currently being explored as an alternative to high-
temperature silicon (Si) to overcome the temperature and radiation
limitations of commercial Si. SiC has over Si the twofold thermal con-
ductivity, eightfold maximum breakdown electric field intensity, high
maximum current density and favourable radiation hardness [1-4].
These properties predetermine SiC to be promising in the thermally
stable high—power semiconductor applications and for the production of
radiation detectors in which much higher bias can be applied, resulting
in higher carrier drift velocities and high charge collection efficiency.

One of the key problems of the wider production of the high per-
formance SiC radiation detectors is the lack of the high-quality large-
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volume epitaxial layers or bulk single crystals with a low concentration
of structural defects and impurities. After the bias application these
defects cause the lifetime shortening of photo-generated carriers, low
charge collection efficiency and gradual warping of the internal electric
field, called detector polarization. Carbon vacancy called ‘Z; /5 centre’
has been identified as the primary lifetime-killing defect in the n-type
SiC epitaxial layers and bulk material with density strongly dependent
on the growth conditions [5-7].

Polarization of semi-insulating SiC is a common problem in the
design of radiation detectors and other electronic components. The
essence of the negative effect of polarization (space charge formation) is
the deformation of the internal electric field [8,9,10,11,12]. The pre-
disposition of semiconductor detectors to polarization is, according to
our findings, highly influenced by the material quality that has been
used in the detector fabrication (mainly the trap density and the sub-
strate inhomogeneity). A previously published fact is that forming of
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Ohmic metal electrical contacts influences chemical reactivity of 4H-SiC
with most metals at elevated temperatures. Many metals react with SiC
at relatively low temperatures to form silicides and carbon or carbides.
The role of carbon in ohmic contact ranges from carbon precipitates,
which are responsible for contact degradation, to carbon/graphite,
which is a key factor for their ohmic properties. [13-16]. Over decades,
the quality of the SiC epitaxial layers has enhanced. Schottky barrier
diode (SBD) detectors produced on the epitaxial layers show no polari-
zation effects [17,18,11,19] and their charge collection efficiency ap-
proaches 100 %. It was found that the charge collection properties are no
longer affected by the defects due to the high quality of epitaxial 4H-SiC
substrate [11].

Transport and spectroscopic properties of the bulk 4H-SiC detectors
fabricated from the HPSI 4H-SiC wafers were investigated in detail
during last decade [20,10,11]. The authors reported, that the bulk 4H-
SiC detectors quickly polarized and the energy resolution was quite
poor in contrast to the epitaxial SBD. The maximum CCE for bulk de-
tectors reaches only 75 % [10] and 28 % [11] at bias —200 V and —500
V, respectively, just after bias application. From the fact that they ob-
tained different values of the maximum CCE (even lower value for
higher applied bias) we can deduce that the sufficient spectroscopic
quality of the SiC wafers has not yet been reached.

Laser-induced transient current technique using DC or pulsed bias is
widely used for the characterization of the charge transport and
collection efficiency in radiation detectors, and for the determination of
the kinetics of the detector polarization [21,12,22]. Applying pulsed
bias, we are able to measure detector characteristics in the depolarized
state [23,24,25,12,22]. The bias is periodically applied for a short time
not sufficient for the space charge formation and then set to zero volts
allowing temporarily formed space charge relaxation. Recently, Belas et.
al. [26] used the pulse and DC biased L-TCT for the characterization of
transport properties of the HPSI 4H-SiC bulk detectors equipped with
gold electrodes. They had to overcome the problems with a very short
electron lifetime observed in as-grown bulk samples, but also with fre-
quency limitation and parasitic phenomena caused by the properties of
the L-TCT electronic circuit. They actually observed current waveforms
in the form of oscillations not sensitive to the applied bias, which
completely overlapped the original current waveforms. They identified
very short carrier lifetime < 1 ns and the electric-field-induced damping
of electron drift mobility. They also derived that the electron drift ve-
locity saturates and the evaluated saturated value is 8.7 x 10° cm s~ 1.
They evaluated the defect level with the ionization energy of Ep = 0.85
eV and identified the wide impurity band below the Fermi level. The
theoretical model developed in [26] is used and shortly described in this
paper at the analysis of all experimental data. The principle of the model
stems from an assumption of a saturated electron mobility at high bias
and an existence of dispersed impurity level/band localized below Fermi
energy, which is continuously charged due to electron depletion.

In this article, we investigate the effect of the metallization using
metallic or graphene electrical contacts and the 4H-SiC wafer spatial
homogeneity on the charge transport and spectroscopic properties of the
bulk 4H-SiC sensors by the pulsed or DC biased L-TCT and alpha spec-
troscopy measurement. We also measure the time dependent variation
of the space charge formation (detector polarization) using pulse biased
L-TCT and present the long-term stable charge collection and energy
resolution for alpha particles. The dynamic of the space charge forma-
tion is simulated by the theoretical model introduced in [26].

Experimental

We used undoped high purity semi-insulating (HPSI) 4H-SiC wafer
produced by Cree Inc. with diameter ¢ = 10 cm, that was specified as an
epitaxy-ready substrate (both sides were already polished). 4H-SiC
material was n-type with the electrical conductivity 6(300 K) = 3 x
10719 'em™! dominated by a surface shunt. Free electron concen-
tration n(300 K) = 500 cm 2 was derived from the temperature
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dependent Hall effect measurement by an extrapolation of n(T) from the
high-temperature data [26].

Wafer was cut to the chips with dimensions of 5 mm x 5 mm and
thickness of 350 um. Single sensors were prepared on the chips taken
randomly from this set. We did not polish or etch sensors before (first)
contact preparation. Sensors were only ultrasonically cleaned in
toluene, acetone, methanol and isopropanol. We examined five types of
sensor metallization using Au/Au, Ni/Ni, AuCr/CrAu, Cr/Cr (thermal
evaporation) and graphene/graphene (G/G) semi-transparent electrical
contacts. Graphene contacts were prepared by the thermal decomposi-
tion of SiC. The growth temperature was 1650 °C for 5 min in the
pressure of 1 barr of Ar ambient. Ar pressure together with a 1 mm hole
in a graphite crucible controls the partial pressure of silicon and the
sublimation rate, as described in more detail in another paper of our
group [27]. We verified the successful graphene layer growth by Raman
spectroscopy.

We use our L-TCT experimental setup in pulsed or DC bias regimes to
characterize SiC transport properties [25,12,26]. This setup is based on
the high-frequency amplification of the current pulse passing on the AC
coupled detector anode that is recorded by an ultrafast digital sampling
oscilloscope. Due to the 4H-SiC energy band-gap Eg = 3.26 eV, we use
above band-gap UV optical pulses (335 nm wavelength, ~ 500 ps as
FWHM and an illuminated spot of ~ 1 mmz) for generation of electron-
hole pairs. UV pulses are generated as a second harmonic in the BBO
crystal using the pulsed white continuum laser which is synchronously
triggered by the master arbitrary waveform generator. Measuring con-
ditions are characterized by four parameters; laser pulse delay (LPD),
bias pulse width (BPW), depolarization time (DT) and laser pulse period
(LPP). Pulsing parameters are kept the same for all sensors but they
differ at respective measuring modes. The scheme of the L-TCT setup
identical to [26] and detailed explanation of the L-TCT measurement
conditions including time correlation of the optical and bias pulses are
presented in the Supplement Sla.

Alpha spectra (>**'Am) of the SiC sensors were recorded using a
standard spectroscopic setup extended by the sensor depolarization
functionality. Block scheme of the experimental setup is presented in
Fig. 1(a). We are using in-house made charge sensitive preamplifier with
the shortened recovery time (Gain = 50 mV/MeV, rise time ~ 50 ns,
trecovery ~ 200 ms, Fall time ~ 15.5 ps, noise FWHM 7 keV at 100 pF),
shaping amplifier (Ortec 671) and MCA easy multi-channel analyzer
(Ortec Easy 2 K). In order to eliminate the effect of the sensor polari-
zation during alpha spectroscopy measurement we used pulsed bias and
multi-channel analyzer (MCA) data acquisition synchronous gating. The
gating was used to eliminate noise originating from bias switching. MCA
gating with variable gate delay GD (relative to bias pulse) is also
convenient for studying alpha spectra evolution. Timing of the bias pulse
and MCA gate is shown in Fig. 1(b). During the first 250 ms the shaping
amplifier is fully saturated by the bias step and cannot process any signal
correctly. This region is highlighted in red in the timing diagram
(Fig. 1b). Additional information on response characteristics of both
amplifiers to the bias pulse can be found in the Supplement S1b. Alpha
spectra are only acquired over the duration of the gate window
throughout multiple bias pulses to obtain a sufficiently high number of
counts. It is important to note that for studying alpha spectra shortly
after biasing (250 ms-5 s) it is crucial to use a short gate window (GW =
50 ms-300 ms) as the samples are usually evolving quickly. Spectra
evolution at later time (>5 s) can be studied in either pulsed or DC bias
regime. However, acquisition time in a pulsed bias regime needs to be
significantly longer due to prolonged depolarization time. We have
found that DT at least twice the length of the bias pulse is sufficient for
sample depolarization. In DC regime, the overall principle of measure-
ment is the same, except that the collection window (30 s) is set by PC
instead of MCA gate. However, we are still using GD to describe the
relative position of the bias switch on and centre of the collection
window.
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Fig. 1. (a) Alpha spectroscopy experimental setup. (b) The timing diagram of the bias pulsing and MCA gating. Bias pulsing period was set to 6 s with the detector
depolarization time (DT) = 5.4 s. A delay time of 250 ms is set before the data collection begins. Data acquisition lasted 350 ms.

Results and discussion
Effect of metallization

First, we tested the effect of the metallization on the charge transport
in the HPSI 4H-SiC bulk sensor prepared with Au/Au, Cr/Cr, Ni/Ni,
AuCr/AuCr or graphene/graphene (G/G) electrodes. Metals have been
chosen on the basis of scientific literature [13-16]. We selected one
sensor cut from the wafer (sensor-T) and repeatedly deposited different
metal contacts on the same sensor. Each metallization was polished off
and then sensors were etched in hydrochloric acid before depositing a
new type of contact. We believe this process had little to no effect on the
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surface layer (metal to metal substitution). Repeated preparation of Ni/
Ni contacts on the same sensor led to almost the same current waveform
shape and temporal evolution. In the case of graphene there may have
been the same changes in the material due to the graphene growth
process as is discussed later (Alpha spectroscopy of sensors). Using pulse
biased L-TCT (see the Supplement Sla) we measured the sensor in an
unpolarised state. We found that pulsing parameters BPW = 150 us, LPD
=100 ps and DT = 100 ms are optimal to avoid space charge formation
in all used sensors. BPW = 150 ps ensures that the space charge does not
have enough time to form and DT = 100 ms allows its extinction (if any
space charge had formed) before the next bias pulse. At these conditions,
the sample’s bulk may be assumed to be neutral immediately after
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Fig. 2. Normalized pulsed L-TCT electron CWFs for sensor-T with (a) Au/Au, (b) Ni/Ni, ¢) Cr/Cr electrodes and d) for SiC-K with G/G electrodes.
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biasing (LPD = 100 ps). Consequently, current waveforms (CWFs) ob-
tained using these parameters are also stable long-term. In Fig. 2(a-c) we
show normalized electron CWFs measured in the sensor-T with Au/Au,
Cr/Cr, and Ni/Ni electrodes. The shape of the CWFs for the AuCr/CrAu
contact was very similar to Au/Au. Therefore, we don’t show the data
here. Simultaneously we prepared another sensor (sensor-K) from a
different part of the wafer, which was equipped with G/G contacts.
CWFs for this sensor are presented in Fig. 2(d) for comparison.

Typical shape of current transient measured in good quality sensors
with favourable mobility-lifetime product at pulse bias is characterized
by a nearly constant weakly damped current transient. This shape rep-
resents the charge passage through the sensor, which is terminated by an
abrupt damping when the charge reaches the collecting electrode
(anode) [12]. In contrast to such behaviour, here in SiC we observed
high-frequency attenuated oscillations for all metal electrodes identi-
cally with that observed in [26]. These oscillations with the period about
6 ns are caused by a RLC response of the electronic circuit to the fast rise
and drop of the CWF. Significant component of damped harmonic os-
cillations was observed for Au/Au and AuCr/CrAu contacts and almost
aperiodic waveforms are visible for Ni/Ni contacts. Nevertheless, the
frequency of the oscillations is the bias independent for all metal con-
tacts, while only amplitude increases with the bias. Observed oscilla-
tions are mostly affected by the short lifetime of charge carriers, the
limited frequency bandwidth (3 GHz) of the amplifier and by parasitic
inductances. These oscillations completely overlap the true CWFs and
neither the drifting charge nor transit time representing the time when
generated carriers reach opposite electrode can be determined [26]. We
use complete sensor replacement circuit to determine the transfer
function that has been used in theoretical simulation of CWFs using
calculated values of single components. Detailed scheme and analysis of
the replacement circuit is given in the Supplement S2.

The current transients of graphene-contacted sensor-K presented in
Fig. 2(d) show significantly delayed non-oscillating CWFs with signifi-
cantly extended afterglow about 100 ns comparing a few ns in case of
sensors with metallic contacts. The fact that the unusual shape of CWFs
appears selectively in the G/G sensor shows that the shape is directly
related to the special design of the G/G sensor and the way of its prep-
aration. We suggest following model explaining specified effects. The
extended drift of photo-induced charge through the sensor is not caused
by the charge propagation through the sensor but it is induced by a
delayed collection of the signal in the graphene layer. As it was reported
in [28,29], the graphene-semiconductor interface is a convenient host
for surface plasmons localized on the graphene-semiconductor interface.
We expect that plasmons may temporarily store the charge collected at
the graphene cathode and slow-down the CWF detection. Obtained
graphene waveform also has longer rise-time (compared to its metallic
counterparts). We believe it is caused by different surface resistance and
capacitance of the graphene contacts (more detailed discussion in the
Supplement S2).

Based on obtained results we conclude that the damping and the
oscillating shape of the electron CWFs is affected by specific conduc-
tivity of the contacts and the overall parasitic inductances.

Space charge formation in 4H-SiC sensors with metal contacts

Complementary to the analysis of the shape of CWFs affected by
different metallization, we also investigated the space charge formation
using the same sensor-T prepared with various electrical contacts.
During this measurement, we use pulse and DC biased L-TCT, where
CWFs were acquired at variable LPDs. It was found out that for LPD less
than 100 ms fixed DT = 100 ms was sufficient for sample depolarization.
For larger LPD, BPW scaled proportionally to LPD roughly as BPW ~ 1.1
LPD and DT = 2 BPW was used for depolarization. For LPD > 10 s, DC
biasing was used with LPP = 10 ms. The scheme of pulsing conditions is
presented in the Supplement Sla. We found out that the sensor-T po-
larizes similarly with any metallic contact manifesting the same progress

Results in Physics 43 (2022) 106110

after biasing. Fig. 3(a) shows the gradual evolution of the electron CWFs
measured at DC bias —400 V for sensor-T with Au/Au electrical contacts.
The amplitude of the oscillations rises for the initial 500 ms and then
decreases for a long time. As we deduced in [26], the inactive region
starts to form beneath the anode at this time. Further widening of the
inactive region, i.e. the shortening of the depleted region, then leads to
the decrease in collected charge. Simultaneously, the extrema of oscil-
lations slightly shift to a shorter time, which was explained and
confirmed by numerical simulations in [26] as a result of the shortened
collection time in the detector with a significantly thinned depleted
region in the polarized sensor. This behaviour is presented in more detail
in Fig. 3(b), where we show time evolution of the collected charge of
sensor-T with Au/Au, Ni/Ni and Cr/Cr contacts, respectively, for vari-
able LPD using both pulsed or DC bias —400 V. The collected charge was
calculated by integration of the CWFs over the first period of the oscil-
lations. These dynamics of the space charge formation are independent
on the sensor metallization.

Testing of the 4H-SiC wafer homogeneity

To explore wafer homogeneity, we used five sensors cut from
different positions of the same 4H-SiC wafer. Three sensors labelled C, S
and T were equipped with Au/Au electrodes and sensors E and K with
AuCr/CrAu and G/G electrodes, respectively. The last two sensors were
added for comparison, supposing space charge formation is independent
on the type of metallization (see Fig. 3(b)). The collected charge
dependence on variable LPD measured at pulsed and DC bias —400 V
compared for sensors from different positions on the same wafer is
shown in Fig. 4. Measuring conditions were the same as in the Section
3.2. The data for different sensors were normalized at initial time and
then offset for better clarity. We can see that collected charge de-
pendency has similar profile for each sensor, the only difference is the
LPD position of the maximum of the collected charge. An evident shift of
the maximum of the collected charge was found in sensors cut from
different positions of the same wafer. According the Shockley-Read-Hall
defect model [30,31], the rate of the space charge formation, which is
closely tied to the position of the collected charge maximum, depends
only on the concentration of defects, their position in the band gap and
their capture cross-section. Results in Fig. 4 therefore suggest that either
type and/or concentration of defects vary spatially in the studied
Sensors.

Theoretical curves in Fig. 4 were calculated based on the model
overviewed in the Supplement S3, we are also presented model pa-
rameters. Using this model, we calculated the space charge density that
reached rather high value in the 14th order. Respective values are shown
for measured sensors in Table 1. This is a pretty large charge density for
the radiation detectors and is in agreement with unsatisfactory sensor
characteristics.

We also tested electric current relaxation measurement in sensors
step-biased by DC bias as a simple method of the characterization of
sensor polarization. This method could be a less experimentally
demanding procedure instead of L-TCT. The temporal evolution of the
electric current of various sensors (same as in Fig. 4) after step-biasing to
the DC bias 400 V is presented in Fig. 5.

We may see that most of samples revealed characteristic profiles
composed of a weak initial drop followed by steady current enhance-
ment. We assign the drop by an initial exhaustion of electron traps,
which supply electrons to a depleted sensor shortly after the biasing.
Subsequent current increase is then affected by the electron supply at the
cathode due to an amplified electric field in this region. Most of samples
(T, S, K, and C) show the minimum at the time similar to the position of
maximum in CCE in Fig. 4. However, we have to note here, that the
measurement of the electric current relaxation is not a general method
for the characterization of the sensor polarization. We can see that for
the slowly polarizing sensor E current does not pass the minimum in
Fig. 5. The same effect is assumed for a sensor with very fast polarization
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Fig. 3. (a) Time degradation of the electron CWFs for Au/Au sensor-T at DC bias —400 V. (b) The collected charge dependence on variable LPD using pulsed and DC
bias —400 V of sensor-T with Au/Au, Ni/Ni and Cr/Cr contacts, respectively. The black solid line represents fitted dependence according to the theoretical

model [26].
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the step 0.3 for the better resolution.

Table 1
Space charge density in respective sensors biased at 400 V and 10*s.

Sensor T (Au, Cr, S (Au) C (Au, E (CrAu) K (G)
Ni) Cr)

Space charge densityat 1.7 x 1.8 x 3.7 x 6.1 x 7.0 x

10* s (em ™) 10™ 10" 10" 10™ 10"

at the time of less than 1 s.

Based on the obtained results we conclude that the different metal-
lization has only a minor effect on the dynamics of the space charge
formation of the sensor. The principal reason of unlike behaviour of
respective sensors is their variable defect structure, i.e. an in-
homogeneity corresponding to different position of the sensor on the
wafer. Discovered correspondence between the time evolution of
collected charge and the rate of the space charge formation allows
finding places in the wafer with slow polarization using L-TCT.
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Fig. 5. Temporal evolution of electric current in investigated sensors biased at
400 V.

Alpha spectroscopy of sensors

We tested sensor response for alpha particle radiation using the
21 Am alpha source for all five sensors mentioned in Section 3.3. In
Fig. 6 we show strong time-degradation of the alpha spectra for sensor-S
with Au/Au contacts at DC bias —400 V. The respective temporal evo-
lution of the charge collection efficiency (CCE) measured at pulsed (up
to GD = 10 s) and DC (GD > 10 s) bias —400 V using our alpha spec-
troscopy setup with depolarization functionality is shown in Fig. 7 for
SiC sensors cut from the different wafer positions, each prepared with
Au/Au electrodes. Sensors E and K with AuCr/CrAu and G/G electrodes,
respectively, were again added for the comparison. Comparing Fig. 4
and Fig. 7, we see good agreement in the position of maxima at CCE in
all cases. Consistently with the results presented in Fig. 4, we observe the
onset of CCE initially and subsequent decrease in the efficiency of the
charge collection in all sensors. On the other hand, the peak shape in
Fig. 6 seems to narrow with decreasing charge collection. This is,
however, only the smearing of the spectra due to the fast CCE evolution
in the beginning (collection window 30 s). As the space charge forma-
tion slows down collected spectra become symmetric and their FWHM
also decreases.

Maximal collected channel) was

theoretical charge (MCA
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determined using CdTe detector and recalculated to SiC using their
electron-hole pair creation energies E..,(CdTe) = 4.50 eV and E(SiC)
= 7.28 eV [32,33]. We found that the used pulsed bias with pulse
detection gating leads to long-term stabilization of the charge collection
for all types of metallization as well as sensors. This makes it possible to
successfully use such an inhomogeneous SiC wafer to fabricate an alpha
detection sensor.

Particular attention should be paid to the sensor equipped with
graphene contacts due to their different behaviour and possible unique
properties [35-39]. Although the basic features of results obtained on
this sensor are similar to the sensors with metal contacts, we may
identify significant deviations. They may be characterized by following
results: (i) The time evolution of collected charge behaves differently
when measured by L-TCT and alpha spectroscopy. In the case of L-TCT it
does not pass through the maximum detected at sensors with metal
contacts, see Fig. 4. (ii) The alpha spectrum evolves unusually, splitting
to the low energy and high energy peaks, see Fig. 8. The collected charge
is, however increased, see Fig. 7. (iii) After changing the graphene
contact to the chromium one, the CWF shape transformed to the

Results in Physics 43 (2022) 106110

Counts

Channel

Fig. 8. Time dependence of the alpha spectra shape for the sensor-K with G/G
contacts for —400 V DC bias.

oscillatory-type shape analogous to Cr/Cr contacted originally, see Fig. 2
(c). The splitting of the alpha-spectra and enhanced CCE further out-
lasted. Not shown in this paper.

Items (i)-(iii) probably relate to the method of the sensor’s prepa-
ration involving the heating to 1650 °C for 5 min. This process probably
led to a change of the subsurface layer inducing an abundant formation
of micro pipe defects hourly reported in the literature [34]. Simulta-
neously, a severe inhomogeneity of the defect structure and of electric
properties could appear there. Item (i) may be then explained by
different depth profiles of photo-excited carriers induced by the laser
light and alpha radiation in SiC [37,11]. Assuming that the light absorbs
more likely closer to the surface, where the electric field could be partly
screened by additional charged defects and the lifetime of electrons
could be further lowered, the expected maximum in CCE could be sup-
pressed as it is seen in Fig. 4. In contrast to the surface damage, the
electron lifetime in the sensor’s bulk is enhanced by the annealing, that
is represented by the CCE accentuation, Fig. 7. The enhancement of
carrier lifetime in annealed SiC was reported in [7]. (ii) Splitting of the
alpha spectrum points to principal lateral inhomogeneity of the sensor
showing two characteristic regions. These regions are distributed
randomly through the whole sensor’s plane since the spectra splitting
was observed in different spots of the sensor. We suggest micro pipe
defects are responsible for this feature. When the alpha particle is
captured in the unperturbed region of the sensor, the collected charge is
large and a contribution to the high-energy peak is accounted. Oppos-
ingly, the capturing near micro pipe results in the low CCE mediated by
enhanced trapping in that region. The effect cannot be observed at L-
TCT, which covers the macroscopic area and microscopic features at the
surface cannot be distinguished. Item (iii) proves our concept confirm-
ing that the shape of CWFs is connected with the type of contact while (i)
and (ii) are induced by the treatment at the sample’s preparation.

Finally, we conclude that the electron CWFs shape is affected by
specific conductivity of the contacts and the overall parasitic in-
ductances. In contrast, different metallization has only a minor effect on
the dynamics of the space charge formation of all sensors. The polari-
zation rate of the individual sensors is influenced by the wafer spatial
inhomogeneity of the defect structure.

Summary
We investigated transport properties of HPSI 4H-SiC bulk sensors

equipped with different types of electrodes and the effect of spatial in-
homogeneity on the space charge formation in the prepared sensors
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using L-TCT and alpha spectroscopy. We found that SiC sensors polarize
quickly after applying DC bias. By application of pulsed bias with the
depolarization time DT > 100 ms, we were able to fully depolarize the
detector and achieve long-term stable charge collection for any used
contact and sensor. The shape of the L-TCT current waveforms in the
depolarized sensors depends on the specific conductivity of the used
electrodes and parasitic inductances. In the case of a sensor with gra-
phene contacts, the shape of CWFs differs significantly, due to the lower
graphene conductivity and a formation of subsurface damage layer
caused by sample heating during the graphene formation. The dynamics
of space charge formation in all sensors is insensitive to the used elec-
trodes, but strongly depends on the sensor’s original position on the
wafer, suggesting spatial inhomogeneity of the used wafer. We observed
continuous space charge formation leading to CCE evolution with the
local maximum appearing 0.2 s-270 s after biasing for different sensors.
The space charge formation was successfully depicted by the presented
theoretical model, which allowed us to simulate the space charge for-
mation and fit the charge collection efficiency data. The space charge
density exceeding 10'* cm™ after long term biasing was obtained in all
samples. Similar dynamics of the polarization was deduced from the
electric current relaxation measurement, where the position of the
current minimum reflects CCE maxima. Careful analysis of current re-
laxations can be used as an experimentally less demanding alternative to
L-TCT. Finally, we can say that using the L-TCT method we are able to
find places in the wafer with slow polarization and prepare sensors with
long-term stable charge collection efficiency.

Charge collection evolution studied by >*'Am alpha spectroscopy
further affirms the results obtained by L-TCT and current relaxation
analysis. We found that CCE ranges from 5 % (fastest polarizing sam-
ples) to 24 % (at CCE maximum of G/G sensor). The unusual behaviour
of the G/G sample represented by the splitting of the spectrum was
attributed to the graphene preparation method, which may have
affected the sensor’s structure.
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