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ARTICLE INFO ABSTRACT

Keywords:
Graphene
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CVD

High-temperature electrical properties of p-type hydrogen-intercalated quasi-free-standing epitaxial Chemical
Vapor Deposition graphene on semi-insulating vanadium-compensated on-axis 6H-SiC(0001) and high-purity
on-axis 4H-SiC(0001) originate from the double-carrier system of spontaneous-polarization-induced holes in

graphene and thermally-activated electrons in the substrate. In this study, we pre-epitaxially modify SiC by
implanting hydrogen (H*) and helium (He") ions with energies ranging from 20 keV to 50 keV to reconstruct
its post-epitaxial defect structure and suppress the thermally-developed electron channel. Through a combination

Ton implantation
Defect levels

HRPITS

Transport properties of dark current measurements and High-Resolution Photo-Induced Transient Spectroscopy between 300 K and
Hall effect 700 K, we monitor the impact of ion bombardment on the transport properties of SiC and reveal activation
Sensor energies of the individual deep-level defects. We find that the ion implantation has a negligible effect on 6H-SiC.

Yet in 4H-SiC, it shifts the Fermi level from ~600 meV to ~800 meV below the minimum of the conduction band
and reduces the electron concentration by two orders of magnitude. Specifically, it eliminates deep electron traps
related to silicon vacancies in the charge state (2-/-) occupying the h and k sites of the 4H-SiC lattice. Finally,
we directly implement the protocol of deep-level defect engineering in the technology of amorphous-aluminum-
oxide-passivated Hall effect sensors and introduce a mature sensory platform with record-linear current-mode
sensitivity of approximately 80 V/AT with -0.03-%/K stability in a broad temperature range between 300 K and

770 K, and likely far beyond 770 K.

1. Introduction

Transfer-free p-type hydrogen-intercalated [1-5] quasi-free-standing
(QFS) epitaxial Chemical Vapor Deposition [6] (CVD) graphene on
semi-insulating (SI) vanadium-compensated nominally on-axis 6H-
SiC(0001) [7-9] and SI high-purity (HP) nominally on-axis 4H-
SiC(0001) [10] has been verified as a high-sensitivity platform, suitable
for magnetic field detection at significantly elevated temperatures, as
high as 770 K [11,12], and under neutron radiation [13,14]. It is a likely
alternative to thin-film active layers based on bismuth [15-18], anti-
mony [19,17], chromium [17], ceramic-chromium [20], gold [21,17],
molybdenum [17], tantalum [17], copper [17], NiFe [22,23], InSb
[24-28], AlGaN/GaN [29-31], and La-Sr-Mn-O [32].

* Corresponding author.
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Unfortunately, the electrical properties of QFS graphene on SI 6H-
SiC(0001):V and SI HP 4H-SiC(0001) are stable up to only ~573 K, at
which point the single-carrier conductivity governed by spontaneous-
polarization-induced holes in graphene evolves into a double-carrier
conductivity that involves holes in graphene and thermally-activated
electrons in the SiC substrate [11,12] (schematic in Fig. 1). Thermal
progression of the SiC-related electron channel was quantified through

dark Hall effect measurements. Based on the assumption that the
—(Ec-EF)
emission of electrons follows the Arrhenius exponent e 8"  where
(E¢ — Ep) is the Fermi level position below the conduction band mini-
mum Eg, kp is the Boltzmann constant, and T is the absolute tempera-

ture, its dominant origin was confronted with literature and tentatively

Received 24 July 2023; Received in revised form 6 October 2023; Accepted 9 October 2023

Available online 13 October 2023

2667-0569/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/cartre
mailto:tymoteusz.ciuk@imif.lukasiewicz.gov.pl
https://doi.org/10.1016/j.cartre.2023.100303
https://doi.org/10.1016/j.cartre.2023.100303
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cartre.2023.100303&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Ciuk, R. Koztowski, A. Romanowska et al.

Schematic diagram of the double-carrier transport involving
spontaneous-polarization-induced holes in QFS graphene
and thermally-activated electrons in semi-insulating SiC
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Fig. 1. Conceptual diagram of the thermally-activated double-carrier conduc-
tivity at the interface between p-type QFS graphene and hydrogen-saturated
semi-insulating on-axis SiC(0001).

ascribed to a deep acceptor level of vanadium in the hexagonal (#) site
of the SI 6H-SiC:V substrate [11], or to a deep acceptor level related to
silicon vacancy V;;/ ~ occupying the cubic (k) site of the SI HP 4H-SiC
lattice [12]. This observation led us to conclude that high-temperature
electric charge transport at the interface between QFS graphene and
SI SiC depends on the SiC defect structure; hence, its thermal stabil-
ity could improve if one intentionally suppressed the build-up of the
substrate-bound electron channel.

In this study, we experimentally verify the pre-epitaxial modifica-
tion of SI SiC substrates by implanting hydrogen (H*) and helium
(He") ions to purposely modify the post-epitaxial defect structure of
SI SiC and mitigate the thermal transition from the single-carrier to
the double-carrier transport. The effect of implantation, followed by
the heat exposure associated with graphene CVD epitaxy, is monitored
through a temperature-dependent (300 K to 700 K) survey of dark
current within the SI SiC substrate, as well as through a detailed anal-
ysis and identification of deep traps by High-Resolution Photo-Induced
Transient Spectroscopy (HRPITS) [33-35]. The dark current characteri-
zation aims to assess the Fermi level position (E. — Ef) and to estimate
the bulk electron concentration » and resistivity p at the near-surface re-
gion of the substrates. The HRPITS addresses the identification of those
deep-level defects that can be thermally activated at temperatures be-
tween 300 K and 700 K and contribute to the electron build-up at the
graphene-SI SiC interface.

The impact of the modification is analyzed separately for SI 6H-
SiC:V and SI HP 4H-SiC. Conclusions are drawn, and the ion modifi-
cation is directly implemented in the technology of high-temperature
amorphous-aluminum-oxide-passivated (a-Al,03;) Hall effect sensors
manufactured on SI HP 4H-SiC(0001) [12]. The sensors have their
current-mode sensitivity and mobility assessed as a function of temper-
ature between 300 K and 770 K and compared with the referential un-
modified technology reproduced from Ref. [12]. Thus, the titular deep-
level defect-engineered graphene-on-SiC platform for high-temperature
magnetic field sensing is introduced.

2. Experimental details
2.1. Pre-epitaxial modification of SI SiC substrates with ion implantation

For the experiment, five 10-mm x 10-mm samples were diced from
a 4-in 500-um-thick SI 6H-SiC:V wafer purchased at II-VI Inc., and five
10-mm X 10-mm from a 4-in 500-um-thick SI HP 4H-SiC wafer supplied
by Wolfspeed Inc. One SI 6H-SiC:V and one SI HP 4H-SiC sample served
as a reference and were not pre-epitaxially modified. The other eight,
with their (0001) surface in as-purchased epi-ready condition, were sub-
ject to room-temperature (RT) hydrogen (H*) and helium (He™) ions

Carbon Trends 13 (2023) 100303

Table 1
Summary of conditions for the pre-epitaxial room-temperature SI SiC substrates
modification by ion implantation.

Semi-insulating vanadium-compensated 6H-SiC(0001)

Sample Ton Dose [cm™2] Energy [keV] Exp. range [nm]
Reference X X X X

1 H* 1x10 20 156

2 H* 1x104 40 259

3 He* 1x10'4 25 154

4 He* 1x10'4 50 263

Semi-insulating high-purity 4H-SiC(0001)

Sample Ion Dose [cm2] Energy [keV] Exp. range [nm]
Reference X X X X

1 H* 1x1014 20 156

2 H*Y 1x10 40 259

3 He* 1x10 25 154

4 He* 1x10'4 50 263

implantation at a fixed dose of 1x10'% cm™ and energies in the range
of tens of keV. The expected penetration depths (d) assessed with the
Stopping and Range of lons in Matter program (SRIM) varied between d
= 154 nm and d = 263 nm. The conditions of the implantation exper-
iment aimed to possibly equalize the expected penetration depths for
the two considered ions. Hence, 20 keV (d = 156 nm) and 40 keV (d
= 259 nm) in the case of H*, and 25 keV (d = 154 nm) and 50 keV
(d = 263 nm) in the case of He*. Details of the substrate modifications
are summarized in Table 1.

2.2. Graphene epitaxy through Chemical Vapor Deposition

Each of the two reference samples (one SI 6H-SiC:V and one SI HP
4H-SiC), as well as the eight pre-epitaxially ion-implanted ones, had
in-situ hydrogen-intercalated [5] quasi-free-standing (QFS) graphene
(branded GET®[36]) grown on them in a hot-wall Aixtron VP508 re-
actor using the epitaxial Chemical Vapor Deposition (CVD) method in
argon flow at 1600°C [6] and thermally decomposed propane as a
source of carbon. The flow of argon was adjusted to create optimum
conditions to form a boundary layer that simultaneously inhibits the
sublimation [37-40] of the top-most silicon atoms from the SiC(0001)
surface and enables mass transport of propane. The deposition was pre-
ceded with in-situ etching of the SiC(0001) surface in a purely hydrogen
atmosphere at 1600 °C and chamber pressure of 100 mbar, and followed
by in-situ hydrogen intercalation at 1000 °C under 900-mbar argon at-
mosphere.

Directly after the deposition process, graphene RT transport prop-
erties were monitored at / = 1 mA with a 0.55-T Ecopia HMS-3000
direct-current Hall effect measurement system to verify whether the
charge carrier type and sheet concentration was consistent with the the-
oretically postulated [41-43] p®# ~ 7.5%x10'2 cm™2 and P~ 1.2x1013
cm? and whether the charge carrier mobility was comparable with
the one expected for conventional processes on unmodified substrates
[44-46].

2.3. Test samples preparation and electrical characterization

Once their charge carrier concentration and mobility were mea-
sured, all ten samples had the graphene layer fully etched away in
oxygen plasma so that bare SI 6H-SiC(0001):V and SI HP 4H-SiC(0001)
surfaces remained. Then, onto these surfaces, square-shaped co-planar
2.5-mm X 2.5-mm Ti/Au (10 nm/90 nm) contacts were electron-beam-
evaporated, with an inter-distance of 0.7 mm. The samples were diced
into rectangular 4-mm x 7-mm chips, each containing a pair of elec-
trodes separated by the 0.7-mm exposed SI SiC channel. As a result,
the samples for the electrical characterization took the form of 4-mm x
7-mm X 500-um slabs.
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300 K-700K

Fig. 2. Schematic of the broad-temperature (300 K to 700 K) experimental
setup for the characterization of dark current and the photo-induced current
transients. The 4-mm X 7-mm x 500-um SiC(0001) sample with two co-planar
contacts is polarized with a constant voltage bias and periodically illuminated
with a 375-nm (3.31-eV) laser.

Dark current (1,,,,) and HRPITS characterization of the chips were
conducted in a vacuum thermal chamber equipped with a LakeShore
331 temperature controller (300 K to 700 K with a step of 10 K).
Fixed 20-V inter-electrode voltage bias was applied with a Keithley
2410 SourceMeter. Measured current values were fed into a Keithley
428 current amplifier and further into a computer as a function of the
temperature, voltage bias, and laser power control settings. A 15-mW
Power Technology semiconductor laser with a beam wavelength of 375
nm was used to provide 3.31-eV photons. The photon flux was regu-
lated with the aid of filters. The absorption coefficient « for 6H-SiC
is ~530 cm’! at room temperature and ~2000 cm™ at 700 K [47,48].
The associated penetration depths 6, are 19 um and 5 um, respectively.
The absorption coefficient for 4H-SiC is ~25 cm™! at room temperature
and ~280 cm’! at 700 K [47,48]. The associated penetration depths are
400 pm and 36 um, respectively. In all the cases, the penetration depths
significantly exceeded the expected sub-micron ion penetration range.

It was assumed that the effective density of states in the SiC conduc-
tion band is given by No = 1.73x101573/2 cm™ for 6H-SiC and N =

3.25><10155T3/ 2 em for 4H-SiC and the bulk electron concentration n
—

= Nce*sT, where E, is the conductivity activation energy represent-
ing the Fermi level position (E. — Ef). Therefore, the measured 1,,,, is

-E
proportional to T3/ 20757, Correspondingly, it was expected that the re-
sistivity p = (enu,)”!, where e is the unit charge, the low-electric-field
Caughey-Thomas [49] electron mobility y, equals 415 ¢cm?/Vs in SI
6H-SiC [50]1, and 947 cm?2/Vs in SI 4H-SiC [50], and both decline with

temperature T by a factor (300L1< )y (y = -2.5 for 6H-SiC [51] and y =

-2.4 for 4H-SiC [51]) due to lattice scattering.

In the HRPITS method, the excess charge carriers were generated by
illuminating the gap between the two contacts with 9.7 x 101%-cm2s’!
fluxes of 375-nm (3.31-eV) photons, all lasting for 10 ms and repeated
each 500 ms. The photo-current was amplified with a 12-bit amplitude
resolution and 1-pus temporal resolution and averaged 250 times to im-
prove the signal-to-noise ratio. For a subsequent data analysis resulting
in the calculation of spectral maps, photo-current relaxation waveforms
were retrieved from the photo-current transients using the advanced
numerical procedures described by Kamiriski et al. [34,35]. Each re-
laxation waveform was normalized to its amplitude at the end of the
pulse. Fig. 2 depicts the schematic of the characterization setup. The
photo-induced current transients measurements were performed in the
temperature range between 300 K and 700 K with a 5-K step.

VESTA software [52] was used to build an auxiliary graphical model
and visualize the defects. Necessary structural parameters, i.e., the co-
ordinates, were assumed based on the Crystallography Open Database
data [53-61] with lattice constants from a book chapter by Goldberg et
al. [62]

The design of the test device, although determined by the HRPITS
apparatus, was conceptually convergent with the van der Pauw Hall
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B=0.55T

300K -770K

Fig. 3. Schematic of the amorphous-aluminum-oxide-passivated graphene-on-
SiC Hall effect sensor operating between 300 K and 770 K.

effect structures that had historically helped describe the thermal ac-
tivation of the double-carrier transport in QFS graphene on SI 6H-SiC:V
[11] and SI HP 4H-SiC [12]. In these works, the cross-shaped [46] QFS
graphene mesas had also been removed by etching in oxygen plasma,
leaving bare SI SiC(0001) substrate between the contacts. The concep-
tual convergence lets us believe that the conclusions of this section are
to be directly implementable in the Hall effect sensor technology.

2.4. Implementation in the Hall effect sensor technology

The pre-epitaxial ion modification was implemented in the tech-
nology of 1.4-mm x 1.4-mm Hall effect sensors, manufactured in the
number of 96 out of each SI SiC substrate in the 20-mm X 20-mm
standard, as previously introduced in Ref. [63]. Through a series of
optical lithography-based steps involving metal electron-beam deposi-
tion, oxygen plasma etching and atomic layer deposition, the substrates
were turned into van der Pauw structures, each featuring a cross-shaped
[46] 100-um x 300-um QFS graphene mesa, Ti/Au (10 nm/90 nm)
ohmic contacts, and a 100-nm-thick a-Al,05 passivation synthesized
from trimethylaluminum (TMA) and deionized water at 770 K in a Pico-
sun R200 Advanced ALD reactor [64]. Individual sensors were mounted
onto and bonded to in-house-made 6.6-mm x 6.6-mm sapphire holders
equipped with four Ti/Au (10 nm/190 nm) corner contacts enabling
electrical characterization at I = 1 mA in a 0.556-T direct-current
Ecopia AHT55T5 automated Hall effect measurement system between
300 K and 770 K. Schematic of the Hall effect sensor is depicted in
Fig. 3, while its real-life implementation evoked in the results and dis-
cussion section.

3. Experimental results and discussion
3.1. Transport properties of QFS graphene on the modified SI SiC substrates

The post-growth RT Hall effect characterization of the QFS graphene
on pre-epitaxially ion-implanted substrates was performed at I = 1-mA
direct current. The measurements revealed that the material is p-type,
with the sheet hole concentration p ~10% higher than predicted by
theory for unmodified SiC, yet consistent with the reference samples
and the statistical data for conventional processes on unmodified SI 6H-
SiC:V and SI 4HP 4H-SiC [44,45]. Further supported by hole mobility
H, of 2000 - 3000 cm?/Vs, the graphene transport properties implied
that the CVD epitaxy followed by in-situ hydrogen intercalation was
successful despite the substrate pre-epitaxial modification (Table 2).

3.2. Temperature dependence of dark current in reference and
pre-epitaxially ion-implanted SI SiC substrates

For samples polarized with U = 20-V direct bias, the room-
temperature dark current 7,,., was of the order of 1 nA, and up to tens
and hundreds of xA at 700 K. Plotted in the form of a natural logarithm
of IT”f/’f as a function of the inverse of kT, the collective dark cur-
rent characterization revealed that the pre-epitaxial ion bombardment
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Table 2

As-grown room-temperature direct-current Hall-effect-derived
transport properties of QFS graphene on reference and pre-
epitaxially ion-implanted substrates at I = 1 mA.

QFS graphene on SI vanadium-compensated 6H-SiC(0001)

Sample p [x10'2 cm2] , [em?/Vs] R, [Q/sq]
Reference 8.58 1733 420

H*: 20 keV 8.17 3304 231

H™: 40 keV 8.21 3127 242

Het: 25 keV 8.50 2678 275

He': 50 keV 8.18 1389 550

QFS graphene on SI HP 4H-SiC(0001)

Sample p [x1013 ecm2] u, [em?/Vs] R, [Q/sq]
Reference 1.46 666 644

H': 20 keV 1.27 2602 189

H™: 40 keV 1.31 2738 174

He': 25 keV 1.31 2305 206

He*: 50 keV 1.25 2737 183

with H* and He™ ions had hardly any effect on post-epitaxial thermal
activation of the electron channel in SI 6H-SiC:V but a significant sup-
pressive effect in S HP 4H-SiC. The Arrhenius plots of the reference and
the modified substrates are illustrated in Fig. 4. The reader is advised
to mind that the dark current is plotted as 'T"f/’§ , which is a decreasing
function as long as the I,,,, remains under the detection threshold of
the apparatus (especially visible in Fig. 4 (b)).

In the referential SI 6H-SiC:V substrate, the growth of IT"f/’é‘ becomes
prominent above 380 K, with the conductivity activation energy E, of
710 meV. Similar temperature thresholds and activation energies are
witnessed for the pre-epitaxially ion-implanted samples, namely 719
meV for H" 5 ey, 722 meV for H 4 ey, 718 meV for He ™ o5 1.y, and
727 meV for the He™ 5 oy ions.

In the referential SI HP 4H-SiC sample, the growth of 1T”§;§ becomes
prominent above 350 K, with the conductivity activation energy E, of
615 meV. This time, however, the pre-epitaxially ion-implanted devices
prove significantly extended temperature thresholds (approx. 450 K)
and increased activation energies, i.e. 820 meV for H* 5 1.y, 833 meV
for H* 4 kev> 799 meV for Het 55 .y, and 803 meV for the He ™ 5 yeoy
ions.

-E

Assuming that the bulk electron concentration n = Nce"B_Af, the
ion bombardment only slightly lowered » in SI 6H-SiC:V, yet by nearly
two orders of magnitude SI HP 4H-SiC. Correspondingly, the estimated
resistivity p only moderately increased in SI 6H-SiC:V, yet by almost two
orders of magnitude in SI HP 4H-SiC. The extracted activation energies
E, and the related approximate values of n and p at 573 K and 700 K
are summarized in Table 3. The thermal profiles of n and p are plotted
in Fig. 5 and Fig. 6, respectively.

The above-presented results indicate that the pre-treatment with H*
and He™ ions had barely affected SI 6H-SiC:V. On the other hand, it
holds great promise for diminishing the electron concentration in SI HP
4H-SiC and improving the thermal stability of Hall effect sensors.

3.3. High-resolution photo-induced transient spectroscopy of reference and
pre-epitaxially ion-implanted SI SiC substrates

Recorded photo-current relaxation waveforms related to the thermal
emission of charge carriers from deep-level defects were transformed
into spectral maps of specific temperature-dependent emission rates e,
with the help of either a correlation procedure or the inverse Laplace
transform [65]. An exemplary correlation map is illustrated in Fig. 7
(a). It represents a top view of 3-dimensional folds spanning the tem-
perature T and thermal emission rate e; axes. Corresponding spectral
fringes obtained with inverse Laplace transformation are depicted in
Fig. 7 (b). Ridgelines of the fringes (marked as black, solid lines in
Fig. 7 (b)) differentiate individual constituents of the collective wave-
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Fig. 4. Natural logarithm of dark current plotted against the inverse of kzT in
the range between 300 K and 700 K measured in reference and pre-epitaxially
modified (a) semi-insulating vanadium-compensated on-axis 6H-SiC(0001) and
(b) semi-insulating high-purity on-axis 4H-SiC(0001). The modification in-
cluded bombardment with hydrogen (H*) and helium (He") ions.

forms, i.e., the desired defect levels. These lines follow the temperature
dependence of the charge carrier emission rates for individual defect
centers according to the Arrhenius equation [65]:

“aren(-55)
er(T) = AT* exp (€8}
kp
where kp is the Boltzmann constant, E, [eV] describes activation en-
ergy of the individual trap, while the pre-exponential factor A [K2s1]
is a product of the apparent capture cross-section and a material-related
constant [34].

Based on both the correlation and the Laplace spectral fringes de-
rived from the photo-current relaxation waveforms recorded in the
range of 300 K to 700 K for the reference and the pre-epitaxially
ion-implanted samples, the experimentally determined temperature de-
pendencies of the charge carrier emission rates were fitted with the
Arrhenius equation to determine the A and E, parameters and iden-
tify the individual defect centers. The centers are tentatively identified
by comparing their parameters with the reported electronic properties
of point defects in SI SiC [34,35,66]. Obtained values, accompanied by
appropriate literature-reported point defect symbols, are summarized in
Table 4 (SI 6H-SiC:V) and Table 5 (SI HP 4H-SiC).

In the case of the SI 6H-SiC:V samples, ion implantation did not
result in significant changes in the defect structure, except for the trap
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Table 3
Dark-current-derived activation energy values in reference and pre-epitaxially ion-implanted SI
SiC substrates, based on results shown in Fig. 4 (a) and Fig. 4 (b). The specific bulk electron
concentrations n and resistivities p are calculated for T = 573 K and 700 K.

Semi-insulating vanadium-compensated 6H-SiC(0001)

Carbon Trends 13 (2023) 100303

573K 700 K
Sample E, [meV] n [x10'3 ecm3] p [kQcm] n [x10' ecm3] p [Qcm]
Reference 710 + 6 1.35 + 0.16 5.63 + 0.68 2.47 + 0.24 506 + 50
H*: 20 keV 719+6 1.12 + 0.14 6.77 + 0.84 2.12 +0.21 589 + 59
H*: 40 keV 72247 1.07 + 0.16 7.09+ 1.07 2.05 + 0.25 611 +75
He*: 25 keV 718 + 6 1.14 + 0.14 6.65 + 0.80 2.16 + 0.21 580 + 57
He*: 50 keV 727 +7 0.95 + 0.13 7.95 + 1.11 1.86 + 0.21 671 + 77
Semi-insulating high-purity 4H-SiC(0001)
573K 700 K
Sample E, [meV] n [x1013 ecm3] p [kQcm] n [x1013 em3] p [Qcm]
Reference 615+ 4 17.5+1.53 0.18 + 0.02 226 +16.2 223 +1.6
H*: 20 keV 820 + 16 0.27 + 0.09 11.4 + 3.60 7.50 + 1.93 672 + 173
H*: 40 keV 833+ 15 0.21 + 0.07 14.8 + 4.64 6.06 + 1.55 831 + 213
He*: 25 keV 799 + 12 0.42 + 0.09 7.39 + 1.60 10.7 + 1.90 470 + 83
He": 50 keV 803 + 14 0.38 + 0.11 8.10 + 2.32 9.93 + 2.33 507 + 119
aNE+10 . . . 3
2) 1e+16 . . . — n ' ' LT E
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Fig. 5. Estimated thermal changes in bulk electron concentration between
300 K and 700 K in reference and pre-epitaxially modified (a) semi-insulating
vanadium-compensated on-axis 6H-SiC(0001) and (b) semi-insulating high-
purity on-axis 4H-SiC(0001). The modification included bombardment with

hydrogen (H*) and helium (He") ions.

Temperature [K]

Fig. 6. Estimated thermal changes in resistivity between 300 K and 700 K in ref-
erence and pre-epitaxially modified (a) semi-insulating vanadium-compensated
on-axis 6H-SiC(0001) and (b) semi-insulating high-purity on-axis 4H-SiC(0001).
The modification included bombardment with hydrogen (H*) and helium
(He™) ions.
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Fig. 7. (a) Spectral map and (b) spectral fringes of the charge carrier emission
rate values between 300 K and 700 K for deep-level defects in semi-insulating
high-purity on-axis 4H-SiC, pre-epitaxially modified through H* 4 .y bombard-
ment. The map was obtained by means of a two-dimensional analysis of the
collective photo-current relaxation waveforms using the correlation procedure.
The fringes were calculated by means of a two-dimensional analysis of the col-
lective photo-current relaxation waveforms using the inverse Laplace transform
algorithm. The black lines follow the Arrhenius equation describing the emis-
sion rate temperature dependencies for the detected centers.

labeled T1¢y. This trap, observed only for the He " 55 1.y sample, may be
associated with an interstitial defect [67]. The following three detected
traps, T2gy, T3y, and T4y, are likely to be attributed to electron traps
related to vanadium acceptors located at the h and k lattice sites, respec-
tively [34]. These defects were observed in all 6H-SiC samples, with no
effect of the ion implantation on their characteristics. The differences
between the activation energies of the T5¢y, T6¢y, and T74y traps are
minor and were detected only by the analysis involving the inverse
Laplace transform. The scale of differences and the fact that they re-
main in the range of 1320 meV - 1400 meV allow us to assign them to
hole traps attributed to vanadium donors located at the A, k;, and &,
sites, respectively [35,66]. The T8¢y trap poses identification difficulty
on the grounds of the available literature. Finally, the T9g¢y; trap is likely
a vanadium donor-related complex defect [67]. It should be added that
traps T84y and T9¢y were not detected in the He ™ 5 .y sample.

As evidenced by the above-presented results, the ion implantation
evoked changes in the SI HP 4H-SiC defect structure. The electron trap
labeled T1,y can be assigned to a hole trap related to a boron ac-
ceptor [69], a residual unintentional impurity. The T2,y might be an
electron trap, previously described as EH1 by deep-level capacitance
spectroscopy [70]. Both T1,y and T2,y defects were only detected in
the reference sample. The T34y and T4,y traps have parameters con-
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Fig. 8. (a) Schematic visualization of key trap levels detected with High-
Resolution Photo-Induced Transient Spectroscopy in semi-insulating high-
purity on-axis 4H-SiC. (b) Atomic model illustrating the location of the deep-
level defects eliminated by pre-epitaxial bombardment with hydrogen (H*) ions
(labels T54; and T64y4). (c) Corresponding atomic model for the defects elimi-
nated by pre-epitaxial modification with helium (He ™) ions (labels T34, T10,4y,
T11,y, and T12,y). The T5,y and T6,y were also eliminated but not displayed
for better readability.

sistent with those reported for Z; or Z;,, centers. They are likely to
be attributed to electron traps related to carbon vacancy acceptors in
the (2-/-) and (2-/0) charge states located at the h and k lattice sites,
respectively [73]. The T3,y defect was not observed in He-implanted
samples.

The T5,y and T64y traps are likely electron traps related to silicon
vacancy acceptors in the (2-/-) charge states at the h and k lattice sites,
respectively [72]. In turn, the T74y and T9,y traps can be assigned
to an electron trap related to the carbon antisite-vacancy pair (Cg;V)
donors in (0/+) charge state located at the two of four lattice sites com-
binations, namely hh, kh, kk, and hk [71,74]. The T8,y and T104y are
likely hole traps identified with the divacancy (Vg V) donors in the
(+/0) charge states located at the two of the four hh, kh, kk, hk lattice
sites combinations for the constituents [71,74]. The T114 and T12,4y4
are likely hole traps attributed to the silicon vacancy acceptors in the
(-/0) charge states at the / and k lattice sites, respectively. On the other
hand, the 134 and 164y traps are likely to be identified with electron
traps related to carbon vacancy donors in the (+/0) charge states lo-
cated at the h and k sites, respectively [71]. We do not identify the
T14¢y trap. Finally, traps T154y and T17,4y are likely associated with
hole traps related to carbon vacancy in the charge state (2+/+) located
at sites h and k, respectively [71,74]. The measured defect structure,
along with the proposed identification, is graphically summarized in
Fig. 8.
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Table 4
Summary of deep-level defects in SI 6H-SiC:V determined by HRPITS and their tentative literature-based identification.

Semi-insulating vanadium-compensated 6H-SiC

Trap Sample label Proposed Identification

Reference H*: 20 keV H*: 40 keV He*: 25 keV He*: 50 keV

Ty [L‘[‘es\f]l] : : : . ) interstitial defect, [67]
T26y i” [Eies\i]' ] ?450‘1 0 3.5807-1 0 158071 0 ZZ(;I 0 Z.SS()7-1 0 electron trap, vanadium acceptor at 4 site, [34]
T3¢u i“ [E?ESY]I] 2(23001 o ??922'1 o ';;(;221 o 23.0922.1 o ?'0922'1 o electron trap, vanadium acceptor at k, site, [34]
T4ey i“ [E{Ifs\ﬂ] §45821 o 23582'1 0 2_4582.1 o §45821 0 245821 o electron trap, vanadium acceptor at k, site, [34]
TSe iu [LTes\g] 2?527?107 ;.35273?107 ;?527%107 fssz ;.3527?107 hole trap, vanadium donor at f site, [68]
T6exs iﬂ [LTzes\g—l] ;38307-107 2?8307-107 .L13.38307~107 22307-107 ;.38307-107 hole trap, vanadium donor at k, site
176 ia [E?fs\i]'] 2?19535107 &13.31985.107 515?19;107 éiiiw ;.319;107 hole trap, vanadium donor at , site
T8eu 1E\a [;Tfs\i]l] 113.‘;365-10(’ 11’,.41365-106 ;.41365&0(’ 113.41365-10(’ unidentified defect
T9%x ia [g{les\ﬂ] 2‘710;107 2'71064'107 (13'710;107 (15‘710;107 vanadium donor-related complex, [68]

Table 5

Summary of deep-level defects in SI HP 4H-SiC determined by HRPITS and their tentative literature-based identification.

Semi-insulating high-purity 4H-SiC

Trap Sample label Proposed Identification

Reference H*: 20 keV H*: 40 keV He*: 25 keV He*: 50 keV

E, [meV], 335 - - - .

Tl A [K’zs“] 4.75.10* R a B ; hole trap, boron acceptor, [69]

T2y ia [Eflfs\fll] ‘2‘_7447' 106 ) ) ) ) electron trap, EHI, §/8,, [66,70]

T34 i” [I[(rilzes\f]'] 2'8645_105 2.8645_105 2.8645.105 : electron trap, V; at h site, (2-/-), Z, 5, [71,34]
T4 iﬂ [%Tfs\f]'] ;.0677-106 2.0677106 Z%qoﬁ 2.0677106 ;.0677106 electron trap, V¢ at k site, (2:/0), Zy 2, [71,34]
T5,4 ia [g{lfs\f]]] Z()681 10° : : electron trap, V; at & site, (2-/-), [72,71]
T6,4y i“ [{(rles\i]]] 2.5332'107 : : electron trap, Vy; at k site, (2-/-), [72,71]
T [I[:?es\f]‘] 414105 41410° 41410 41010 41410 electron trap, Cs Vg at A site, (0/+), [71]
T8an iﬂ [1[?2{]'] 3.1978-106 2.197&106 3.197&106 2.1978-106 2.197&106 hole trap, V;V at 4 site, (+/0), [71]

T iﬂ [Eﬁles\q] ?.322107 ?.328&107 ?:3288»107 ?.3283.107 ?.328&107 electron trap, Cg; Ve at k site, (0/+), [71]
T10,y i" [E{lfs\ill] 3263'106 ‘9:;063-10" 3%63.106 i hole trap, VgV, at k site, (+/0), [71]

T gy iu [I[?Zes\f]‘] ;.47230»109 1.43152109 1.4318?109 i i hole trap, Vy; at k site, (0/-), [71]

124 iﬂ [I[?Zes\f]'] 1.2509109 1.44?(3109 1.‘11509109 i 1.44?(?-109 hole trap, Vs, at 4 site, (0/-), [71]

T3y [E?SSY]'] 411.42‘:30.10* 411.424;10* 411.42?108 1245108 411.424;10* electron trap, ¥ at A site, (0/+) [71]

Tl 1E\u [E{Ifs\fll] 2.46469-107 2?2107 2.4646?107 2.46469- 107 2?2107 unidentified defect

T34 ia [E{lzes\f]'] 113.46859»107 :1’:.?59-107 ;,185?107 ;28;10’ ;.4:59-10’ hole trap, V at / site, (2+/+), [71]

1644 iﬂ [I[?Ze:f]'] 51353(;3-108 ;7.5303108 2.53073408 ;.5307%108 Sso;flos electron trap, Vg at k site, (0/+), [71]

11740 iﬂ [g{lfs‘ﬂ] 257101.107 31(;107 ;?7101.107 ;?7101.107 ;57101.107 hole trap, V¢ at k site, (2+/+), [71]
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Fig. 9. Nomarski interference contrast optical image of the technology imple-
mentation. (a) Close-up of a single structure featuring a cross-shaped 100-pm
X 300-um epitaxial CVD QFS-graphene mesa on SI HP 4H-SiC(0001), all passi-
vated with a 100-nm-thick atomic-layer-deposited amorphous aluminum oxide
layer. (b) Individual wire-bonded 1.4-mm X 1.4-mm Hall effect sensor. (c) Batch
of Hall effect sensors mounted onto 6.6-mm X 6.6-mm custom-made sapphire
holders.

3.4. Verification of the pre-epitaxial ion implantation in the technology of
Hall effect sensors

The pre-epitaxial modification with H* 54 1oy, H* 40 kevs He ™ 25 kevs
and He™ 5.y ions was implemented in the technology of a-Al,05-
passivated Hall effect sensors. Fig. 9 illustrates successive close-ups
of the realization of the platform and exemplary structures awaiting
broad-temperature verification between 300 K and 770 K.

For visual clarity, five Hall effect sensors for each modification had
their current-mode sensitivity (S;) and hole mobility profiles plotted
against a collection of reference curves reproduced from Ref. [12] rep-
resenting sensors on unmodified SI HP 4H-SiC(0001). The S; is defined
as the sensor voltage response to the magnetic field:

oU
;= =2 /T=1/(e) )

where Uy, is the Hall voltage, B is the magnetic field, I is the feed cur-
rent, p is the hole sheet concentration, and e is the unit charge. Fig. 10
illustrates the effect of the H* o4 oy and H* 44 .y implantations on the
S;.

Even though the dark-current characterization and the detailed
HRPITS analysis did not bring out a noticeable difference between the
effect of H* 5y and HY 4oy modification, the two resulted in a
substantially miscellaneous performance of the sensors. The H* o yoy-
modified sensors display comparable current-mode sensitivities with
regard to the reference ones, while the H 4, . -modified structures
have their sensitivities lowered and dispersed. Both modifications result
in the curves being more linear yet downward inclined. The expected
thermal stabilities of S; defined as:

T T

STy~ Ty)
where T} = 300K and 7, = 770K, are a = -0.03%/K for H* 5 ;v and
a = -0.06%/K for H* 4 .y. Fundamentally, within the critical sub-
range of 700 K to 770 K (Fig. 10 (b)), both modifications eliminated
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Fig. 10. Representative curves of current-mode sensitivity of Hall effect sensors
fabricated on SI HP 4H-SiC(0001), pre-epitaxially modified through H¥ 5 ey
(orange) and H* 4.y (red) bombardment. The curves are plotted against a
collection of reference data (black) for unmodified SI HP 4H-SiC(0001) repro-
duced from Ref. [12]. (a) Full temperature range between 300 K and 770 K.
(b) Close-up of the critical sub-range between 700 K and 770 K.

the characteristic bending that is a hallmark of the thermally-activated
double-carrier conductivity.

For comparison, sensors on He™ oz .y-modified and He™ 5jey-
modified ST HP 4H-SiC(0001) have their S; curves inclined at a greater
angle of -0.06%/K and -0.08%/K, respectively, and nominally lowered
versus the unmodified ones. Still, within the critical high-temperature
sub-range, both modifications brought the expected elimination of the
symptomatic bending (Fig. 11).

The Hall-effect-derived hole mobilities in sensors on hydrogen-
modified SI HP 4H-SiC(0001) display a slightly more linear and down-
ward inclined character. Their nominal value remains unaffected by
the H* 54 .y implantation, yet to some extent is deteriorated by the
H™* 4o ev modification (Fig. 12 (a)). Sensors in the helium-modified
technology have their mobilities steeper and reduced compared with
the unmodified ones (Fig. 12 (b)).

It is evident that all the considered pre-epitaxial modifications re-
constructed the post-epitaxial defect structure of SI HP 4H-SiC and
mitigated the thermal build-up of the detrimental electron channel. Of
the two ions, the H* serves the sensory platform better than the He™
ones. Preferably, the energy of the hydrogen ions is lessened to sub-20
keV to meet optimum performance.

Interestingly, the magneto-thermal response of the Hall effect sen-
sors on modified SI HP 4H-SiC is by far more complex and miscella-
neous than the detailed High-Resolution Photo-Induced Transient Spec-
troscopy would suggest. In particular, the HRPITS analysis did not dis-
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Fig. 11. Representative curves of current-mode sensitivity of Hall effect sensors
fabricated on SI HP 4H-SiC(0001), pre-epitaxially modified through He* 55 oy
(cyan) and He* g .y (navy blue) bombardment. The curves are plotted against
a collection of reference data (black) for unmodified SI HP 4H-SiC(0001) repro-
duced from Ref. [12]. (a) Full temperature range between 300 K and 770 K.
(b) Close-up of the critical sub-range between 700 K and 770 K.

cern between the H* 54 .y and H™ 4, .y modifications. Yet, their effect
on the current-mode sensitivity and hole mobility curves of the sensors
is admittedly different, implying that the a-Al,03/QFS-graphene/4H-
SiC could serve to monitor subtle changes in the SI HP 4H-SiC electrical
properties.

4. Summary and conclusions

In this report, we have conducted pre-epitaxial room-temperature
modification of Si-terminated on-axis semi-insulating vanadium-
compensated on-axis 6H-SiC and semi-insulating high-purity on-axis
4H-SiC by implanting a fixed dose of 1x10'* cm™ of hydrogen (H*) or
helium (He ™) ions, with energies ranging from 20 keV to 50 keV. Then,
the SI 6H-SiC:V and SI HP 4H-SiC underwent graphene Chemical Vapor
Deposition epitaxy at 1600 °C, followed by in-situ hydrogen intercala-
tion. Upon subsequent removal of the quasi-free-standing graphene in
oxygen plasma, reference and the modified samples had their electrical
properties assessed through dark current measurements between 300 K
and 700 K.

We found that the ion bombardment had a negligible effect on SI 6H-
SiC:V, yet a substantial one on SI HP 4H-SiC. Specifically for SI HP 4H-
SiC, the modification brought about a shift of the Fermi level position
from ~600 meV to ~800 meV below the minimum of the conduction
band, which resulted in an estimated reduction of room-temperature
bulk electron concentration from ~1x10° cm™ to ~1x10°® cm™, and an
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Fig. 12. Representative curves of hole mobility in Hall effect sensors fabricated
on SI HP 4H-SiC(0001), pre-epitaxially modified through (a) H* 5.y (orange)
and H* 4y .y (red) bombardment, or (b) He* 55,y (cyan) and H* 5.y (navy
blue) bombardment. The curves are plotted against a collection of reference
data (black) for unmodified SI HP 4H-SiC(0001) reproduced from Ref. [12].

estimated increase in room-temperature resistivity from ~1x107 Qcm
to ~1x10'° Qcm.

Details of the defect structure of reference and the pre-epitaxially
modified SI SiC were revealed through High-Resolution 375-nm Photo-
Induced Transient Spectroscopy, exploiting either a correlation pro-
cedure or the inverse Laplace apparatus to transform the collective
photo-current relaxation waveforms into spectral maps of specific
temperature-dependent emission rates and to discern individual con-
stituents related to the activation energies of the SI SiC deep trap lev-
els.

We identified nine trap levels in SI 6H-SiC:V and seventeen in ST HP
4H-SiC. The choice of the ion type (H* or He™ ) and energy had a minor
effect on the post-epitaxial defect structure of SI HP 4H-SiC. Yet, each
modification eliminated deep electron traps related to silicon vacancies
in the charge state (2-/-) occupying the h and k sites of the SI HP 4H-SiC
lattice.

Next, we directly implemented the protocol of pre-epitaxial H* or
He* ions implantation in the technology of a-Al,O5-passivated Hall
effect sensors featuring quasi-free-standing epitaxial Chemical Vapor
Deposition graphene on SI HP 4H-SiC(0001). The sensors had their
current-mode sensitivity and mobility assessed as a function of tem-
perature between 300 K and 770 K and compared with the referential
unmodified technology. Within the critical range of 700 K to 770 K,
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all modifications eliminated the characteristic downward bending of
the current-mode sensitivity, previously identified as a hallmark of the
thermally-activated double-carrier conductivity.

Specifically, the H* 5y modification resulted in the Hall effect
sensor having record-linear current-mode sensitivity of approximately
80 V/AT with a thermal stability of -0.03%/K in a broad tempera-
ture range between 300 K and 770 K. The linearity of the sensitivity
curves indicated that the deep-level defect-engineered a-Al,O3/QFS-
graphene/4H-SiC sensory platform is likely operational far beyond
770 K.

Interestingly, the magneto-thermal response of the a-Al,053/QFS-
graphene/4H-SiC system to the pre-epitaxial ion implantation protocol
is by far more pronounced than the High-Resolution Photo-Induced
Transient Spectroscopy would imply. It suggests that the composition is
not only suited for high-temperature magnetic field detection. It could
also serve as a high-sensitivity platform to evaluate even subtle changes
in the electrical properties of semi-insulating high-purity 4H-SiC.
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