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ABSTRACT

This Letter reports on the active dopant profiling and Ohmic contact behavior in degenerate P-implanted silicon carbide (4H-SiC) layers.
Hall measurements showed a nearly temperature-independent electron density, corresponding to an electrical activation of about 80% of the
total implanted dose. Using the Hall result as calibration, the depth resolved active P-profile was extracted by scanning capacitance micros-
copy (SCM). Such information on the active P-profile permitted to elucidate the current injection mechanism at the interface of annealed Ni
Ohmic contacts with the degenerate n-type 4H-SiC layer. Modeling the temperature dependence of the specific contact resistance with the
thermionic field emission mechanism allowed extracting a doping concentration of 8.5� 1019 cm�3 below the metal/4H-SiC interface, in
excellent agreement with the value independently obtained by the SCM depth profiling. The demonstrated active dopant profiling methodol-
ogy can have important implications in the 4H-SiC device technology.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0012029

Owing to its superior properties, silicon carbide (4H-SiC) is an
excellent candidate to replace silicon devices,1 obtaining a better
energy efficiency in high-temperature, high-power, and high-
frequency applications.2,3 Because of the low diffusivity of the dopant
species in SiC, ion-implantation is the method of choice for selective
area doping in the fabrication of devices, such as Schottky diodes,
metal oxide semiconductor field effect transistors (MOSFETs), and
junction barrier Schottky (JBS) diodes.1,4 N-type regions are usually
formed by nitrogen (N) or phosphorus (P) ion-implantation, while
aluminum (Al) is used as the p-type dopant. After implantation,
annealings at very high temperatures (>1500 �C) are necessary for the
electrical activation of the dopants.

Understanding and controlling the ion-implantation doping in
4H-SiC is extremely important because the implanted regions are crucial
parts of the devices. In particular, high concentration (>1020 cm�3) Al-
or P-implanted regions are present in both JBS diodes andMOSFETs to
minimize the resistance of Ohmic contacts on the p- or n-type regions.

Hall-effect measurements represent the standard method to eval-
uate the carrier density and mobility in high-dose implanted 4H-SiC

layers. In the case of Al-implanted 4H-SiC layers, the activation energy
and the active fraction of the p-type Al-dopants are evaluated from the
temperature dependence of the hole density applying the neutrality
equation.5,6 For the nþ-type 4H-SiC layers, the neutrality equation has
been successfully applied to evaluate the electrical activation only for
P-concentrations up to 1019 cm�3.7 On the other hand, higher P-
concentrations result in a degenerate semiconductor.8–12 Since the
substitutional P-fraction cannot be inferred from the neutrality equa-
tion in degenerate semiconductors, the common approach to evaluate
the electrical activation is to calculate the ratio of the electron concen-
tration from Hall measurements with respect to the overall P-
implanted dose. As an example, for the P-concentration of
1� 1020 cm�3, an electrical activation of more than 70% was mea-
sured,9,12 while an almost complete activation was estimated for a dose
of 2� 1020 cm�3.11

While Hall-effect measurements provide an average value of the
carrier concentration over the implanted thickness, for many applica-
tions, a depth resolved information on the dopant concentration is
desired. For this purpose, in the past decades, carrier profiling
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methods, such as scanning capacitance microscopy (SCM) and scan-
ning spreading resistance microscopy (SSRM), have been employed in
the n- and p-type implanted 4H-SiC.13–16 In particular, the SCM tech-
nique, based on differential capacitance measurements, is able to pro-
vide direct information on the active dopant concentration in 4H-
SiC.13,14 On the other hand, the SSRM technique, based on resistance
measurements, is sensitive to the resistivity profile in the implanted
4H-SiC, which is related to both the carrier concentration and the
mobility.15 However, quantitative active dopant profiling in the degen-
erate n-type doped 4H-SiC has not been reported so far, as dedicated
calibration procedures must be developed for this purpose.

In this Letter, the active dopant profiling and the Ohmic con-
tact behavior in high P concentration (�1� 1020 cm�3) 4H-SiC
implanted layers have been elucidated by the combination of inte-
gral carrier density measurement by the Hall-effect and SCM depth
carrier profiling.

4H-SiC wafers with an n-type epitaxy (1� 1016 cm�3 nitrogen
doping) were the starting materials for these experiments. A p-type Al-
implantation doping on the order of 1� 1017 cm�3 was performed
before the high concentration P-implants, to achieve a vertical isolation
of the nþ implanted layer. In this way, parallel conduction effects during
electrical measurements are prevented, as the current flows in the highly
conductive nþ implanted layer. The P-implants were carried out at a
temperature of 400 �C using multiple energies (from 30 to 200keV) and
ion doses (7.5� 1013–5� 1014 cm�2). The post-implantation annealing
at 1675 �C was performed in Ar ambient, with the wafer surface coated
by a carbon capping layer.17 After annealing, the carbon capping layer
was removed with an oxidation process.17 Then, the depth profile of the
implanted P was measured by secondary-ion mass spectrometry
(SIMS). Therefore, Van der Pauw (VdP) and Transmission Line Model
(TLM) test patterns were fabricated to evaluate the electrical properties
of the implanted layer. The VdP test patterns were fabricated by creating
isolated n-type implanted square structures with Ni2Si Ohmic contacts
at the four corners, defined by lithography, lift-off, and annealing at
950 �C of 100nm Ni films.18 These contacts were small with respect to
the entire sample size, thus allowing using the classical VdP formula
without correction factors for the analysis of the electrical data.19 Sheet
resistance and Hall-effect measurements on these structures were car-
ried out using a variable temperature Hall-effect measurement system
from MMR Technologies. To determine the specific contact resistance
(qc), TLM structures were fabricated by defining Ni2Si contacts placed
at different distances and were laterally isolated by trench etching.19 The
current–voltage (I–V) measurements on the TLM structures were per-
formed in a Karl Suss Microtec probe station equipped with a HP
4156B parameter analyzer, in a four-point probe configuration. Active
phosphorous profiling by SCM was carried out on a 4H-SiC wafer with
the n-type epitaxy directly implanted with P, i.e., without the p-type ver-
tical isolation implant. The samples were cross-sectioned using the pro-
cedure described in Ref. 14, and analyses were performed with a DI
3100 microscope with a Nanoscope V controller.

Figure 1 reports a comparison of the experimental chemical P-
profile determined by SIMS analysis with the profile simulated using
the SRIM code (The Stopping and Range of Ions in Matter).20 As can
be seen, a good agreement between the experimental data and the sim-
ulation is obtained, except for the discrepancy observed at larger
depths (above 250nm), which is due to channeling effects occurring
during the implantation of 4H-SiC.4

Then, VdP and Hall-effect measurements were carried out from
300 to 500K to investigate the temperature dependence of the sheet
resistance and the carrier density, which determine the carrier trans-
port in this high P-concentration implanted layer. Since the nominal
dopant level of the nþ implanted layer is on the order of 1020 cm�3,
the contribution of minority carrier (holes) conductivity is negligible
and Hall-effect measurements give information on the electron
concentration.

Figure 2 shows the temperature dependence of the sheet resis-
tance RSH (a) and of the electron density n (b). At room temperature,
the implanted layer has a sheet resistance of RSH¼ 181 X/sq and an
electron density of n¼ 1.44� 1015 cm�2. While RSH exhibits a slight
increase from 181 to 212 X/sq with increasing the measurement tem-
perature from 300 to 500K [Fig. 2(a)], the electron density remains
nearly constant in the same temperature range [Fig. 2(b)]. Such a
behavior is typically observed in degenerate semiconductors.8,9

The insets of Fig. 2 report the behavior of p-type 4H-SiC layers
implanted with Al at similar dose and subjected to the same annealing

FIG. 1. Comparison of the experimental chemical P-profile obtained by SIMS with
the SRIM simulated profile.

FIG. 2. Temperature-dependence of the sheet resistance RSH (a) and the electron
density (b) in the P-implanted 4H-SiC. The insets show the results obtained on the
p-type 4H-SiC layers implanted with Al at an equivalent dose and annealed under
the same conditions.21 The insets are adapted with permission from Spera et al.,
Mater. Sci. Semicond. Process. 93, 274–279 (2019).21 Copyright 2019 Elsevier Ltd.
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temperature.21 As can be seen, in the case of the p-type doped 4H-SiC,
the sheet resistance strongly decreases with the temperature, while the
hole concentration increases. This different behavior is due to the high
ionization energy of the p-type dopant specie (Al) with respect to the
n-type one (P).7,22 Hence, the electrically active fraction of the p-type
Al dopant and the compensation can be evaluated by fitting the
temperature-dependent Hall density with the neutrality equation, as
described in Refs. 21 and 23.

Fujhiara et al.7 used the neutrality equation to analyze the behav-
ior of the n-type 4H-SiC samples implanted with lower P concentra-
tions (in the range of 1017–1019 cm�3) and estimated an electrical
activation of about 98%.

However, in the present case of the nþ-type (�1020 cm�3) P-
implanted 4H-SiC layer, the neutrality equation cannot be applied
since the electron density is almost independent of the temperature.
Under these degenerate doping conditions, the donor energy level
broadens and merges with the 4H-SiC conduction band. Therefore, it
is reasonable to assume that most of the P donors (occupying a substi-
tutional position in the 4H-SiC lattice) are ionized. Hence, the ratio
between the electron density from Hall measurements and the P-dose
from SIMS measurements can be taken as the lower limit to the elec-
trical activation. In our case, a peak concentration of �1� 1020 cm�3

at a depth of �100nm and a total implanted dose of 1.72� 1015 cm�2

can be determined from the SIMS profile (see Fig. 3). Hence, an elec-
trical activation of more than 80% of the implanted P-ions can be
deduced.

Achieving a high electrical activation represents a prerequisite for
fabricating low resistance Ohmic contacts on the n-type 4H-SiC.
However, the determination of the depth distribution of the electrically
active dopant in the implanted region, and, specifically, the concentra-
tion value at the interface with the metal, is essential to quantitatively
describe the mechanisms of electronic transport at the metal/4H-SiC
interface.

Hence, the n-type implanted 4H-SiC layer has been studied by
means of SCM on a cross-sectioned sample. The quantification of the
SCM raw data (dC/dV) into an electrically active P-profile was
obtained by normalizing the area under the SCM profile to the

electron dose evaluated by Hall measurements. Figure 3 shows the
comparison of the electrically active P-concentration profile by SCM
with the SIMS chemical profile. Noteworthy, the SCM profile is nearly
coincident with the SIMS profile in the surface region and in the tail of
the P implant, whereas it exhibits a plateau of �(8.5–9) � 1019 cm�3

in the depth range from 70 to 160nm. The lower concentration level
in this plateau region and the slight differences in the width of the two
profiles can be ascribed to the presence of implantation-induced
defects, leading to an incomplete activation of implanted P.

This depth resolved distribution of the active dopant concentra-
tion determined by SCM is important to shed light on the mechanism
of the current injection in nickel silicide (Ni2Si) Ohmic contacts on the
highly n-type doped 4H-SiC, which represent the standard source-
contacts in power MOSFETs. The formation of Ni2Si Ohmic contacts
upon annealing at 950 �C of the Ni film causes the consumption of the
4H-SiC material and the recession of the Ni2Si/4H-SiC interface below
the original surface. During reaction, carbon clusters are uniformly
distributed inside the silicide layer, with a slight accumulation a few
nanometers far away from the interface with SiC.18

Considering the reaction associated with the Ni2Si formation
(SiCþ 2Ni! Ni2SiþC), the molar amount of Ni consumed by this
reaction is double with respect to that of SiC (nNi¼ 2nSiC). Then, con-
sidering that qSiC¼ 3.21 g/cm3 and qNi¼ 8.9 g/cm3 are, respectively,
the density of SiC and Ni, and MSiC¼ 40.11 g/mol and MNi¼ 58.7
g/mol are the molar weights for SiC and Ni, the thickness ratio
between the original Ni layer (tNi) and the consumed SiC layer (tSiC) is
given by24

tSiC
tNi
¼ 1

2
qNi

MNi

qSiC

MSiC

� ��1
¼ 0:95; (1)

where qNi
MNi

and qSiC
MSiC

give the atomic density of Ni and SiC, respectively.
Considering the 100nm Ni films used in our experiment, a con-

sumption of about 95 nm of SiC has been estimated, thus indicating
the depth of the Ni2Si/4H-SiC interface.

While the SCM analysis permits evaluating the electrically active
P-profile throughout the implanted layer, the study of the current
transport mechanism at the metal/semiconductor interface by means
of TLM patterns gives information about the doping at the interface
created after the silicide formation. For this aim, the electrical behavior
of the nickel silicide Ohmic contact on the degenerate n-type doped
4H-SiC layer has been studied.

First, TLM measurements at room temperature gave a specific
contact resistance of qc¼ 5.4� 10�6 X � cm2 and a sheet resistance of
RSH¼ 180 X/sq.

Then, the specific contact resistance qc has been monitored as a
function of the measurement temperature T, between 300 K and
400K. Figure 4 reports the temperature-dependence of qc, where the
qc values decrease with the increase in the measurement temperature.
The study of the current transport mechanism permits the evaluation
of the donor concentration at the metal/4H-SiC interface. A useful
parameter to determine which current transport mechanism is pre-
dominant through the contact is the characteristic energy E00, related
to the doping concentration ND according to

E00 ¼
qh
4p

ffiffiffiffiffiffiffiffiffiffi
ND

eSm�

r
; (2)

FIG. 3. Electrically active P-profile obtained by SCM (left scale) and chemical P-
profile by SIMS (right scale). The SCM profile has been normalized considering the
electron density determined by Hall-effect measurements as the calibration.
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where q is the electron charge, es is the semiconductor permittivity, h
is Planck’s constant, andm� is the effective electron mass.

Considering the electrically active P-concentration determined
by the SCM analysis, a value of E00� 90meV can be estimated, which,
compared with the thermal energy kT at room temperature, gives a
ratio E00

kT �3:6. Hence, the TFE mechanism is estimated as the domi-
nant mechanism of the current transport in the metal/semiconductor
junction.19,25 Indeed, as can be seen in Fig. 4, the experimental qc data
are well described with the TFE model, considering a donor concen-
tration of ND¼ 8.5� 1019 cm�3. This value corresponds to the donor
concentration at the recessed metal/4H-SiC interface after the Ni2Si
formation. Noteworthy, this ND value extrapolated by the TFE fit is in
very good agreement with that obtained by the SCM measurement in
the plateau region. This latter demonstrates that the silicide formation
process did not affect the active P-dopant profile.

In conclusion, active dopant profiling in the degenerate n-type
doped 4H-SiC layers, fabricated by high-dose P-implantation (1020

atoms/cm3), has been demonstrated by the combination of the Hall-
effect integral carrier density measurement and scanning capacitance
microscopy. An electrically active P-dose >80% and a plateau active
concentration of (8.5–9) � 1019 cm�3 have been estimated from these
analyses. The current transport mechanism at Ni2Si Ohmic contacts
fabricated on the degenerate n-type doped 4H-SiC layers was investi-
gated by the temperature-dependent specific contact resistance mea-
surements. In particular, the donor concentration at the Ni2Si/4H-SiC
interface, evaluated by fitting the qc behavior with the thermionic field
emission model, was in excellent agreement with the value indepen-
dently obtained by the SCM depth profiling, also confirming that the
current transport in this degenerate doping regime can still be
described by the TFE.

The demonstrated active profiling methodology and the insights
into the transport mechanisms of Ohmic contacts to degenerate n-
type 4H-SiC can have important implications in the 4H-SiC device
technology.

The authors would like to acknowledge their colleagues S. Di
Franco and D. Corso for their valuable support during the clean
room sample processing and Hall-effect measurements.
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