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Due to its intriguingly electrical, thermal and optical characteristics, single-crystal silicon carbide (SiC), one of
the most significant wide-bandgap semiconductors, has been receiving intense attention. Up to date, SiC has been
investigated for applications in high-power and high-frequency electronics, ultraviolet optoelectronics and
quantum computing, which all critically have a strict requirement on the doping of SiC. To improve the quality
and reliability of SiC devices, the amounts of both intentionally and unintentionally doped impurities as well as
the doping-dependent characteristics like resistivity must be characterized with accuracy and convenience. This
article reviews these characterization methods, including elemental analysis, electrical and optical methods.
Among those, the term “elemental analysis” dominantly introduces the secondary ion mass spectroscopy tech-
nique (SIMS). Meanwhile, for the electrical methods, we will discuss the mature techniques used in laboratory
including the Hall effect method, the electrical scanning probe techniques, etc. Moreover, the optical methods
introduce the optical absorption method, Raman spectra analysis and photoluminescence spectroscopy. Addi-
tionally, a focus is placed specifically on the characterization of the carrier concentration distribution in SiC

wafer, which meets the practical requirement for in situ diagnostics of SiC wafers.

1. Introduction

Single-crystal silicon carbide (SiC) inherits the remarkable properties
of wide bandgap semiconductor, such as high thermal conductivity, high
breakdown field and high saturation velocity. SiC has a variety of
excellent properties with the different polytypes (Tab. 1), and therefore
provides benefits in devices operating at high frequency, high power,
high temperature, as well as in a harsh environment. Furthermore, SiC
has been used in a variety of useful devices including High-Electron
Mobility Transistor (HEMT) [1], Metal-Oxide Field Effect Transistors
(MOSFETs) [2], Insulated Gate Bipolar Transistor (IGBT) [3] and
Junction Field-Effect Transistor (JFET) [4]. Moreover, SiC is used for
manufacturing integrated circuits and inverters, with the development,
it has been applied in the civil field such as powertrain of electric ve-
hicles [5,6]. In addition, utilizing certain defects in SiC have emerged as
a promising platform for quantum communication [7,8]. It is worth
noting that the formation of these defects depends on dopants. For

example, the dopants are of importance for the stability and charge
states of these defects and may lead to the formation of dopant-related
vacancy-complexes [9,10]. In order to manufacture these devices and
products, accurately controlling dopant and impurity levels of n-type,
p-type and semi-insulation of SiC are essential.

Physical vapor transport (PVT), also known as the Modified Lely
method, is a common technique for preparing single-crystal SiC [14,15].
To obtain n-type SiC [16], nitrogen (N) or phosphorus (P) is usually
doped. Additionally, aluminum (Al) or boron (B) is generally doped to
obtain p-type SiC [17,18], and vanadium (V) is doped to obtain
semi-insulating SiC [11,19,20]. Background impurities comprising
different metallic impurities like Al, Ti, B, Fe [21] and non-metallic
impurities such as N, P, S always have an adverse effect on the forma-
tion of SiC single crystals. Tab. 2 displays the background impurity
concentration in one certain SiC powder source and the nominally
undoped as-grown SiC sample for reference. In general, a low and
controlled electrically active impurities background is required for the
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Table 1
Some critical properties of 4H-SiC, 6H-SiC, 3C-SiC and Si [11,12].
4H-SiC 6H-SiC 3C-SiC Si
Bandgap (eV) 3.26 3.02 2.39 1.11
Breakdown field (10 [6] V/cm) ~3 ~3 ~4 ~0.25
Thermal conductivity (W/cm/K) 4.9 4.9 5 1.5
Electron saturated drift velocity (10 [7] 2.2 1.9 2 1
cm/s)
Table 2

Chemical analysis (GDMS) of impurities in SiC powder (source) and a nominally
undoped as-grown SiC sample [13].

Units (ppm N P S B Al \Y Cu Ni
wt)

Source <500 0.17 1.5 0.28 0.5 0.02 20 062
Crystal 6 0.03 011 0.08 0.02 <0.005 0.1 0.04

reproducible growth of semi-insulation SiC wafers and lowly doped SiC
epi-layers, so it is important to accurately characterize the diverse
electrically active impurities which can introduce donor or acceptor
energy levels [22]. Moreover, knowing how many impurities have been
incorporated into SiC is a prerequisite for achieving a specific doping
concentration. As a result, to obtain approved SiC wafers, accurate and
practical inspection technologies are necessary, which can provide ad-
vantages for mass manufacture of high-quality SiC devices.

It is crucial to precisely determine the concentrations of impurities
doped in SiC intentionally and unintentionally. One of the elemental
analysis techniques, secondary ion mass spectroscopy (SIMS), is a strong
contender to determine the concentrations of all impurities in SiC with
excellent resolution and a low detection limit. However, SIMS is a micro-
area analysis method that only measures the chemically incorporated
impurity concentration and is rarely used to measure over the whole
wafer with a larger area. It is also unable to distinguish whether the
measured impurities are electrically active or not in SiC wafer. Most of
the time, it is preferable to measure electrical characteristics such as
carrier concentration and resistivity that are associated with the impu-
rities incorporated into SiC wafer, since electrical characteristics directly
show the interaction results of all active impurities in SiC wafer.
Therefore, electrical methods including the Hall effect measurement
method for measuring average carrier concentration and resistivity, and
contactless resistivity mapper techniques for measuring the spatial dis-
tribution of resistivity are comprehensively discussed in this paper.
Nevertheless, it is worth noting that the parameters derived by the
conventional electrical methods are average values for the entire area
detected and therefore the resolution is low. Hence, a precise mea-
surement method is essential that is able to measure the characteristics
of every micro-region of SiC wafers. Electrical scanning probe tech-
niques have been explored to measure the lateral and cross-sectional
distribution of electrical characteristics of SiC materials and subse-
quent devices in nanoscale. However, to guarantee high resolution, the
electrical scanning probe techniques could only detect small region and
therefore is not suitable for wafer-scale measuring. Fortunately, some
certain optical methods can make up for this shortcoming. The optical
methods, as the representative contactless measuring methods, are
generally used to characterize the spatial distribution and even depth
profile of carrier concentration in SiC within a much larger region with a
resolution of micrometers. In this paper, the optical methods including
optical absorption method, Raman spectra analysis, and photo-
luminescence spectroscopy are discussed, which are practical for process
monitoring due to their less time consuming. However, prior to use for
quantitative determination, the data from the optical methods must be
calibrated with some electrical methods. Overall, this paper will provide
a thorough review and comparison of elemental analysis, electrical and
optical methods (Fig. 1).
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Fig. 1. Skeleton diagram of common characterization methods for the doping
of single-crystal SiC.

Virtually all of the existing research literature has focused on a
particular characterization technique for single-crystal SiC, but none of
the updated review publications has so far summarized the pertinent
problems. This review aims to provide a concise summary of popular
characterization methods regarding SiC doping. In section 2, elemental
analysis techniques sensitive to the whole impurities existing in single-
crystal SiC are covered in detail. The electrical methods are then pro-
vided and contrasted in section 3 in terms of measuring the resistivity
and carrier concentration of SiC. Additionally, section 4 discusses the
optical methods for determining the spatial distribution of carrier con-
centration. Finally in section 5, some observations and conclusions are
offered together with predictions for the future of this topic.

2. Elemental analysis

Through component analysis, it is possible to directly characterize
the concentration of genuine doped elements, among which secondary
ion mass spectroscopy (SIMS) is one representative test method for
material surface composition analysis [23]. SIMS can be broadly divided
into Dynamic Secondary Ion Mass Spectrometry (D-SIMS) and
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). Sputter-
ing rate and ion yield are the main differences between D-SIMS with a
higher primary ion current and ToF-SIMS which is referred to as “static”
SIMS with a low primary ion current [24]. In addition, X-ray photo-
electron spectroscopy (XPS), among other elemental analysis methods,
is one of the semi-quantitative elemental analysis tools with a fairly
lower sensitivity than SIMS that can reveal chemical bond information
[25,26]. This section focuses on SIMS since it is frequently used to
characterize the impurities in SiC due to its high mass resolution and
high sensitivity to trace elements or compounds.

2.1. Fundamental principle and applications of SIMS

SIMS instruments use an internally generated beam of either positive
or negative ions (primary ion current) focused on a sample surface to
generate single ions and molecules with electric charges (secondary
ions) that are then separated by a high electrostatic potential and
detected by a mass analyzer (Fig. 2b). Despite being a semi-quantitative
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Fig. 2. Schematic diagram of the SIMS technique. a, Detection area (green) and scan area (purple) in SiC sample characterized by SIMS. b, Primary ion current

bombard the SiC surface liberating single ions and molecular compounds.

analysis method, SIMS can nevertheless be used to measure the impu-
rities concentration with a detection limit of ppm level and even ppb
level. It can examine a sample to a depth of several atomic layers within
1-10 nm that can be used to measure surface contamination. Further-
more, the SIMS technique has a high spatial resolution which is deter-
mined by the spot size of the primary ion current. In detail, a focused
primary ion current has a spot size between 1 pm and 20 pm, and uti-
lizing the scan mode, all the pixels split from the scan area can be used to
create an image of impurity concentration distribution on the sample
surface (Fig. 2a).

The distribution of various impurities along the depth direction can
be obtained in depth profiling mode, which is one of the classic and
usual techniques of SIMS used in SiC and especially in ions implantation
profiles and the interface of SiO/SiC [27-29]. In order to inject
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specified electrical dopants into SiC in the device manufacturing pro-
cess, ion implantation is indispensable, which embodies the importance
of the depth profiling technique of SIMS [30]. High resolution is
necessary for SIMS, because as a result of ion mixing and knock-on ef-
fect, artifact depth profiles will be shown with a broadening in depth. In
recent years, the resolution of depth profiling has been developed to
sub-nm by using dual-beam ToF-SIMS, which can suppress ion mixing
and knock-on effect [31]. Additionally, the scan mode can be used with
the depth profile analysis approach to capture spectral images of every
pixel in the scan area at every depth. Fig. 3a displays the depth distri-
bution of three species using the depth profile analysis method, and the
spectral images (summed over all depths) of the scan area are shown in
Fig. 3b [32]. Additionally, three-dimensional (3D) images of surface and
internal chemical components can be obtained with the help of sample
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Fig. 3. | The impurities distribution in SiC measured from SIMS. a, Depth distribution of three species [Na® (red), K* (blue), and Ca™ (green)] which were not
expected to be in SiC. b, Spectral images of B*, Na*, K", and Ca® (summed over all depths) constructed from the depth profile shown in a. The scan area is 200 x 200
um? with a pixel density of 128 x 128. Reproduced from Ref. [32], copyright 2021, AIP Publishing LLC. ¢, 3D SIMS image of the ''B concentration for a 4H-SiC
sample (the brighter region represents higher boron concentration). Reproduced from Ref. [33], copyright 2006, Elsevier B.V. d, Impurity analysis of V-doped SiC
ingot using dynamic SIMS along growing direction. Reproduced from Ref. [34], copyright 2018, Elsevier B.V.
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surface scanning and depth profiling. Fig. 3c shows a 3D image of the
distribution of boron doping concentration, where the brighter region
represents higher boron concentration [33]. Even though the 3D image
has a high resolution, only a very tiny bulk of SiC can be displayed.
Whereas for large bulk SiC on the size of centimeter or above, it is a good
choice to measure several areas along the same direction selected by
SIMS. For instance, divide the SiC ingots into multiple wafers and use
SIMS to measure the concentration of the impurities in the selected areas
of the wafers. Fig. 3d shows the impurity distribution measured by SIMS
along the growing direction in a vanadium-doped SiC ingot [34], where
the donor-acceptor is the difference between the donor impurities con-
centration and acceptor impurities concentration.

2.2. Challenge and the solution

SIMS can be used to identify several electrical dopants in SiC such as
N, P, Al, Band V as well as some background impurities such as O, Ti, Ni,
and Cu. The impurities in SiC crystals are more detrimental to semi-
insulating and light doping single-crystal SiC. Therefore, it is crucial to
have a precise measuring technique with a low enough detection limit to
quantify the influential impurities such as N. Tab. 3 shows the detection
limits of the main elements in SiC by SIMS [35]. Generally, a faster
sputter rate with high ion yield will produce high ionization efficiency
and greater detection limits, but result in worse depth resolution and
fewer data points. Furthermore, it is necessary to select appropriate
primary ion beam current to control sputter rate. To improve the
detection limits of the impurities by SIMS, raster change technique is
developed [36], which alters the size of the primary ions beam during a
profile at the same position on the SiC sample. Raster change technique
has been reported to obtain a low detection limit for N in single-crystal
SiC [37].

SIMS also has evident shortcomings. SIMS is a destructive and time-
consuming measurement method with expensive and cumbersome
equipment, that has no experimental repeatability. Only the chemically
incorporated concentration of the element can be determined by SIMS,
whereas other information like ionized impurity concentration or carrier
concentration can not be determined, which is the key parameter for SiC
wafer. Other methods must be combined with SIMS to characterize the
doping of SiC, otherwise it is difficult to directly obtain the electrical
parameters of SiC wafer.

3. Electrical methods

The electrical properties of SiC wafers related to their doping directly
determine whether or not their quality meets the requirements for
manufacturing  qualified  devices. = Meanwhile,  appropriate

Table 3
The detection limits of common elements in SiC under depth profile conditions
[35].

Element  Primary beam Monitored Ion Detection limit
(atoms/cm3)

N (10-145kev)  (*2C+N) - 2 x 10'%, 3 x 10
Cs* (bulk)

P (10-145kev)  Slp* 2 x 10
Cs*

Al (3-8 keV) O3 2Z7A1* 2 x 10'3

B (3-8 keV) O3 g+ 2 x 10%°

o} (10-145kev) %0~ 5 x 10'%,1 x 10
Cs* (bulk)

Ni (3-8 keV) O3 58N+ 3 x 10

Cu (3-8 keV) O3 53cut/%Scut 2 x 10'*

Fe (3-8 keV) O3 S%Fe*/5CFe* 5 x 1013

Na (3-8 keV) O3 2Na* 2 x 10"

K (3-8 keV) O3 3K+ 5 x 102

Cr (3-8 keV) O3 S2¢rt 5 x 1013

Ti (3-8 keV) O3 “8Ti* (no*®Ca™)/*7Ti" 5 x 102

(no*®Ca™)
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characterization techniques are also required to ascertain whether the
electrical characteristics of SiC wafers are qualified for practical appli-
cations. A precondition for enhancing the SiC material quality and de-
vice performance is the precise characterization of its electrical
properties. Therefore, we write at great length here about the electrical
characterization methods for measuring resistivity and carrier concen-
tration of SiC wafer. The conventional techniques such as Hall effect
method tend to be used to measure SiC wafers or simple devices.
Whereas, the novel electrical scanning probe techniques have usually
been applied to characterize SiC interfaces and the inner structure of
various devices like the channel region in SiC super-junction.

3.1. Conventional techniques

3.1.1. Characterization of resistivity

The on-state resistance and hence the power loss of the devices are
directly impacted by the resistivity of SiC. Therefore, reliable and
practical techniques for the characterization of resistivity are crucial.
The resistivity is influenced by both carrier concentration and carrier
mobility, and for the typical type of SiC wafer the carrier concentration
is the determinant factor of resistivity. Hence, the characterization of
resistivity can reveal the doping level of SiC.

Resistance is the ratio of voltage to current, and the probe method is
effective in obtaining voltage and current values. In operation, with a
constant current flowing into several regions of the SiC wafer, a mapping
of voltage can then be obtained, and subsequently the mapping of re-
sistivity is extracted from the voltage mapping image [38]. Nevertheless,
this method is seldom employed as it lacks the precision of character-
ization and sample preparation is complicated. The non-contact eddy
current method is a feasible method to determine the resistivity of
conductive SiC wafers. But it still has some shortcomings. For instance,
the non-contact eddy current method can only provide the average re-
sistivity throughout the entire wafer, which also needs to be calibrated
with a standard sample. Except for the above methods, Hall effect can be
used to determine the resistivity of SiC wafer using van der Pauw
measurement method [39]. An extended function of van der Pauw
method is measuring the variation of resistivity with temperature
change. Fig. 4a depicts the resistivity variation of the bulk
semi-insulating 4H-SiC sample during the cooling and heating process
[40]. Additionally, a drifting of device reading due to the trap effect
throughout the temperature increase cycle is present.

Resistivity mapping techniques are a more effective method to
quantify the distribution of resistivity in SiC wafer. A powerful diag-
nostic tool to evaluate the resistivity of semi-insulating SiC with high
precision and repeatability is the COREMA system, a representative of
the contactless resistivity mapper technique. The COREMA system uses
a capacitive detector to measure the charge dynamic distribution in SiC
wafers to calculate the resistivity, and the measurement time is less than
a minute, which takes significantly less time than that of traditional
resistivity measurement methods. Fig. 4b shows a resistivity mapping of
V-doped semi-insulating SiC wafer, where high resistivity parts are
displayed as red regions. Similarly, n-type or p-type SiC wafer can as
well be characterized using resistivity mapper techniques [41,42].
Fig. 4c and d, respectively, show a resistivity mapping of SiC doped with
high aluminum content [43] and a resistivity mapping for an Al and B
co-doped 4H-SiC wafer [44]. Besides, the histograms of the resistivity
occupancy ratio for both cases are demonstrated on the right.

3.1.2. Characterization of carrier concentration

Carrier concentration and resistivity are related, but as the exact
value of mobility is hard to determine, they are typically measured
separately. Furthermore, the measurement of carrier concentration can
be used to estimate the doping concentration if the SiC wafer is homo-
geneously doped and free of other impurities except for dopants.
Otherwise, the concentrations of the carrier and doping can differ
significantly for non-homogeneous doping. And additionally, for n-type
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Fig. 4. The resistivity images measured
by various electrical methods. a, Re-

Resistivity (Q cm)  gistivity of bulk semi-insulating 4H-SiC

1.00x10"2  determined by van der Pauw measurement
2.00x10" while cooling and heating. Reproduced from
3.98x1010 Ref. [40], copyright 2012, IEEE. b, Mapping
7.98x10° of the resistivity distribution in V-doped
1.58x10° semi-insulating 4H-SiC substrate by using
3.16x108 COREMA-WT (red indicates resistivity
6.31x107 higher than 10'2Qcm). Reproduced from
1.95x107 Ref. [41], copyright 2020, Springer Nature.
2 51x105 ¢, Resistivity mapping of a p-type 4H-SiC
——— wafer with the histogram of resistivity oc-
1'00X105 cupancy ratio. Reproduced from Ref. [43],

copyright 2020, IEEE. d, Resistivity mapping
for an Al-B co-doped 4H-SiC wafer with the
histogram of resistivity occupancy ratio.
Reproduced from Ref. [44], copyright 2019,
Elsevier B.V.
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SiC, the carrier concentration is the difference between the concentra-
tion of doped donor impurities and acceptor impurities. All in all, this
section will go into great detail regarding the electrical measurement of
the SiC carrier concentration.

The average carrier concentration of SiC wafers can be determined
by the capacitance-voltage (C-V) method as well as the Hall effect
method, which are traditional characterization techniques for deter-
mining carrier concentration. For the C-V method, a space charge region
is essential as it needs to create a junction capacitance in SiC. Typically,
the conventional non-invasive method is the mercury probe Hg-CV with
liquid Hg-SiC contact [45,46]. There is a linear relationship between
1/C [2] and the voltage applied in the diode, and the slope of the 1/C [2]
versus voltage plot can be used to determine the carrier concentration of
SiC (Fig. 5) [47]. As the detection depth of the C-V method is deter-
mined by depletion region width, a deeper profile of carrier concen-
tration in SiC can be detected with the increase of applied voltage and
the decrease of doping concentration according to the theory in the
modulation of the depletion region thickness [48]. It is worth noting that
the carrier concentration obtained by the C-V method is the active
carrier concentration and may not be equal to doping concentration.

Resistivity (Q cm)

Moreover, the G-V method only has a detection limit of 1 x 10*° cm ™3 as

higher doping can lead to the formation of ohmic contact.

For the Hall effect measurement, it is possible to characterize carrier
concentration, carrier type, mobility as well as the functional relation-
ship between carrier concentration and temperature [51]. To do the Hall
effect measurement, the test sample needs to meet the requirement on
ohmic contact. Fortunately, the ohmic contact process of n-type SiC is
becoming more mature with the progress of technology [52]. For
instance, it has been reported that tantalum(Ta) is used to form an ohmic
contact with SiC at high temperatures to suit for the Hall effect mea-
surement [53]. Additionally, a more sophisticated method known as
Differential Hall effect (DHE) measurement can be used to determine the
spatially distributed carrier concentration.

3.2. Electrical scanning probe techniques

Including scanning capacitance microscopy (SCM), scanning
spreading resistance microscopy (SSRM), and conductive atomic force
microscopy (C-AFM), in recent years, the electrical scanning probe
techniques based on atomic force microscopy have been developed to
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isochronally annealing at 300 °C and 400 °C, measured at 300 K. Reproduced from Ref. [50], copyright 2022, Springer Nature.

characterize the 2D distribution of electrical characteristics of SiC
(4H,6H,3C) materials and subsequent devices in nanoscale [54-56]. The
SCM is based on differential capacitance measurements, which are used
to estimate carrier concentration from the signal of dC/dV. Besides, for
SSRM, the signal of it is proportional to log(I/V), which reflects the
spreading resistance or resistivity of SiC underneath the probe tip. As a
result, the SCM is suitable for measuring low carrier concentration
samples and the SSRM is for high carrier concentration [57]. In addition,
the C-AFM is aimed at measuring current signals to reflect the electrical
homogeneity as a qualitative characterization technique [58]. As
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high-resolution and precise measurement methods, these electrical
scanning probe techniques are strongly affected by various defects,
morphological features and surface contaminations. Moreover, for
measuring high dopant concentration samples, it is necessary to
consider the deviation of electrical characteristics affected by impurities
ionizing, resulting in high current generated from the tiny probe tip
particularly at high temperature [59].

The SCM measurement presents the value of dC/dV as the primary
signal, which is measured between the probe and oxide/SiC or probe
and SiC with an ultrahigh-frequency resonance of capacitance. Similar

Source

p—

Body

Depleted region

Drift/Epi

Fig. 6. Electrical scanning probe measurement images. a, Cross-sectional SCM mapping of SiC multiple-pn-junction structure with its line profile. Reproduced
from Ref. [60], copyright 2002, IOP Publishing. b, 3D schematic illustration of SSRM setup and its equivalent circuit. ¢, Resistivity lateral distribution images
measured by SSRM of p-type SiC surface regions subjected to N>O and POCI; POA. Reproduced from Ref. [62], copyright 2012, AIP Publishing LLC. d, Cross section
SCM mapping of an elementary MOSFET cell. Reproduced from Ref. [69], copyright 2021, MDPL
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to C-V measurement, the type and concentration of the majority carrier
can be respectively deduced from the positive or negative phase and
amplitude of the signal presented. Fig. 6a shows a cross-sectional SCM
image and line profile, in which the positive signal corresponds to p-type
and the lower amplitude signal corresponds to lower carrier concen-
tration [60]. For SSRM, the signal reflects the magnitude of spreading
resistance, from which the resistivity of the regions underneath the
probe tip can be calculated. Fig. 6b illustrates the equivalent circuit of
SiC in the SSRM measuring, consisting of several contributions such as
the tip/SiC nano-contact resistance (Ryc), the spreading resistance (Rsp)
of SiC near the surface region, the resistance of SiC bulk (Rp) and
macroscopic back-contact resistance (Ryc). In particular, only Ry and
Rsp vary with the tip position, and the others are constant terms [61]. It
is worth noting that, for high doping concentration samples, the carrier
concentration of SiC contacted to the tip is high enough to guarantee Ry
is a low-resistance Ohmic contact. As a result, the Rs, becomes the
dominant one and then the resistivity (p) can be calculated from the
SSRM signal, due to Rgp becomes directly proportional to p/4r, where r is
the contact radius [62].

These electrical scanning probe techniques have been explored for a
lot of applications related to the doping of SiC. For example, Fiorenza
et al. used SCM and SSRM to determine the doping distribution of SiC
and use these data to help modify the electronic quality of the SiO5/SiC
interface after post-oxidation-annealing (POA) in nitrides or phosphides
ambient [62-64]. As shown in Fig. 6¢, the effect of POA with dopants on
the net carrier concentration in p-type SiC is apparent from resistivity
mapping [62]. In recent years, Giannazzo et al. had used these tech-
niques to measure the 2D distribution of dopants in ion implanted SiC
and then investigated the evolution of electrically active dopants with
thermal annealing process [65-67]. In addition, a common application
of these techniques is to monitor the channel shape and length or elec-
trical junction position in transistor devices like MOSFET and
Super-junction [68,69]. Fig. 6d shows a typical cross-section SCM image
to reveal the channel shape of elementary MOSFET cell [69]. It has to be
emphasized that AC bias may affect the estimation of the channel length.
Hence, minimizing the noise/signal ratio and optimizing the bias con-
ditions are essential before formal measuring.

All in all, the electrical characterization methods can both measure
the resistivity and carrier concentration, which are closely related to the
characteristics of SiC wafers. However, almost all electrical methods
only produce average results, making it challenging to determine how
the electrical parameters are distributed in SiC wafers. The electrical
scanning probe techniques have achieved great success in measuring
electrical characteristics distribution of SiC in nanoscale, but with
shortcomings of small detection scope and being time-consuming. In
addition, some methods such as the C-V method are inconvenient due to
the complicated sample preparation process. As a result, it is necessary
to develop a fast and convenient characterization technique for deter-
mining the distribution of doping concentration in SiC.

4. Optical methods

The above-mentioned methods for elemental analysis and electrical
characterization have the shortcomings of being time-consuming and
destructive in sample preparation, making them inapplicable for wafer-
scale in-line characterization. Moreover, it is challenging to obtain a
high-resolution mapping image to determine the homogeneity of doping
by electrical characterization on a large scale. Therefore, it is crucial to
develop a fast and non-destructive characterization technique. In the
past decades, the optical methods, including optical absorption method,
Raman spectra analysis and photoluminescence spectroscopy, have
gradually become the most common and powerful tools to detect various
impurities and intrinsic defects in SiC. The fundamental mechanism
behind optical methods is, in general, to connect the characteristic pa-
rameters taken from the optical spectra with the electrical characteris-
tics related to the impurities. As a result, almost all optical methods are

Materials Today Physics 29 (2022) 100906

indirect characterization techniques that require the standard samples
to be calibrated for quantitative analysis. More details about optical
methods will be discussed in this section.

4.1. Optical absorption method

Optical absorption method is a conventional optical method. The
optical absorption method uses the relationship between the optical
absorption coefficient (o) and doping levels of 4H-SiC [70] to calculate
the carrier concentration, as the peak of free electron correlated ab-
sorption peaks are linearly proportional to the carrier concentration.
Fig. 7a and b, respectively, show the optical absorption curves of SiC and
the linear relationship between absorption peak maximum and the
carrier concentration. The basic mechanism is that after absorbing light
energy, the electrons jump from the valence band or impurity band to
the conduction band. As a result, the absorption intensity rises as the
carrier concentration increases. To get the exact experimental result,
optical absorption measurement and the Hall effect measurement are
utilized to determine the absorption peak and carrier concentration of
graded doping SiC samples, respectively, as calibration work. Then the
relationship between the carrier concentration and the peak absorption
can be calculated and applied to subsequent measurements. The mea-
surement range of carrier concentration of SiC measured by this sort of
method is supposed to be within 10'7-10 [20] ecm™>. If the doping
concentration is too low the absorption peak is too weak to detect.

Based on optical absorption spectroscopy, absorption mapping
analysis can be carried out to obtain an intuitive spatial carrier level
distribution image [71]. Fig. 7c and d show the charge carrier concen-
tration mapping of 4H-SiC and 6H-SiC respectively, and the doping
homogeneity in SiC is obvious. The black areas in the middle of the
mapping images indicate that the carrier concentration is too high and
the incident light is absorbed so that it cannot pass through. In other
words, the carrier concentration value in the black area exceeds the
detection limit. This method determines the ionized concentration of
incorporated impurities, and the original doping concentration can as
well be obtained through the ionization degree relationship [72].
Although the accuracy of optical absorption characterization is com-
parable to that of the Hall effect method, its equipment is cumbersome
and expensive, and consequently optical absorption method is restricted
for commercialization [73].

Optical transmission spectroscopy is an alternative method to obtain
carrier concentration. Based on the transmission measurements, Joshua
et al. [75] used the commercially available optical scanner to image the
free carrier concentration. There is a good calibration fit between doping
concentration and [In(RGB/255)]/t from several 4H-SiC substrates at
different doping concentration levels, as shown in Fig. 8a. Using the
calibration curve, Joshua et al. calculated free carrier concentration
through the luminosity (RGB value) from the scanner images. As pre-
sented in Fig. 8b, the calculated free carrier concentration profile map is
obtained using the transmission measurement. The image of carrier
concentration distribution shows a good correlation with the Lehighton
resistivity map shown in Fig. 8c.

4.2. Raman spectra analysis

Raman scattering microscopy has been used to determine the carrier
concentration of SiC with the correspondence between the carrier con-
centration of SiC and the peak parameters of Raman spectroscopy.
Raman scattering is an optical technique to detect vibrations of mole-
cules based on inelastic scattering of light [76]. A1, E; and Eo modes are
Raman-active modes of SiC. Among them, A; and E; phonon modes,
which are also infrared (IR) active, are split into longitudinal optical
(LO) and transverse optical (TO) modes. A clear correspondence be-
tween A; (LO) phonon peak position and nominal carrier concentration
was found in nitrogen-doped SiC [77]. In addition, the damping constant
of the LO phonon varies linearly with carrier concentration as reported
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4H-SiC. d, Charge carrier concentration mapping of n-doped 6H-SiC. The gray levels correspond to carrier concentrations in cm . Reproduced from Ref. [71],
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sample upon a contrast-enhanced transmission image of CO246-19. Reproduced from Ref. [75], copyright 2007, AIP Publishing LLC.

in previous papers [62]. As shown in Fig. 9, the damping constant is
linearly related to the carrier concentration for graded doping samples
A, B and C.

The mechanism for the Raman shift of LO mode above is the coupling
interaction between LO phonons and the overdamped plasmons. How-
ever, the longitudinal optical plasmon coupling (LOPC) mode in SiC has
received more attention in research, since the TO phonon band is
insensitive to free carriers in most cases [61]. The frequency shift of the
LOPC mode and line shapes such as full width at half maximum (FWHM)
were frequently used to estimate the carrier concentration [78]. For
instance, a frequency shift of LOPC mode in n-type 4H-SiC can be
observed with varied carrier concentration [79,80]. Fig. 10a shows a
shift of Raman characteristic peak of n-type 4H-SiC with different

carrier concentrations. In LOPC mode, the carrier concentration in a
range from 10'® cm ™3 to 10'° cm™2 can be estimated from the peak
frequency [81,82]. Additionally, in p-type SiC, the relationship between
the FWHM of the characteristic peak of Raman spectra and the carrier
concentration in SiC bulk wafers was found (Fig. 10b). In Al-implanted
4H-SiC, the LO+ Raman peak (~980 em~ !~ 1000 em 1) showed a left
shift towards the LO peak, indicating an increase in free carrier con-
centration [83]. Furthermore, for heavily doped SiC, a great deal of
attention has been devoted to the analysis of the Fano interference effect
between the folded transverse acoustic (FTA) phonon modes and the
continuum of electronic transitions [84,85]. For example, the asym-
metric parameters were used to determine the hole concentration in
4H-SiC [78], with a sensitivity up to 10'® cm™3,
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The carrier concentration of SiC with graded doping levels is
measured for calibration by the Hall effect measurement first, and then
the carrier concentration and peak parameters such as FWHM of the
Raman spectra characteristic peak is to be determined by performing a
curve fitting. Raman imaging analysis can be used to determine the
higher carrier concentration of single-crystal SiC upmost compared with
the optical absorption characterization. However, as the concentration
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increases, the signal-to-noise ratio goes down [86]. Fortunately, it has
been found recently that SiC with lower carrier concentrations can be
detected when using an excitation source with energy higher than the
band gap of 4H-SiC [87]. In addition, a novel Raman scattering char-
acterization technique for estimating nitrogen doping concentration in
heavily N-doped (>1 x 10'°cm™%) 4H-SiC is proposed. This technique
makes use of the integrated intensity of the LOPC mode signal arising at
1100 cm™! and has a higher sensitivity for measuring nitrogen con-
centration than the conventional characterization techniques that make
use of the LOPC peak shift and the Fano interference effect [88].
Raman mapping is an imaging scan technique that employs point-to-
point scanning to measure adjacent sample micro-regions sequentially.
The carrier concentration in every micro-region of SiC wafers can be
calculated with the curve fitting to construct the Raman spectral map-
ping, which is named spatially resolved Raman measurement [89].
Fig. 10c displays a carrier concentration mapping of n-type (nitrogen
and boron co-doped) 4H-SiC wafer based on the relationship between
the carrier concentration and the frequency shift in LOPC mode [90].
Fig. 10d shows a hole concentration mapping of a 2-inch highly
Al-doped 4H-SiC based on the analysis of Raman spectra using the
calibration curve of the asymmetry parameter in FTA mode [85]. In
addition, confocal Raman spectroscopy has been employed as a novel
technique to obtain depth profiling of carrier concentration in SiC [91],
and the schematic of the measurement process is shown in Fig. 11.

4.3. Photoluminescence spectroscopy

Photoluminescence spectroscopy is a frequently used method to
obtain carrier concentration. The photoluminescence spectroscopy (PL)
of the impurities at the substitute site exhibits various sharp lines as a
result of the recombination of bound excitons (BE) at these impurities,
such as boron acceptors and nitrogen donors [92]. Thus, different from
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Fig. 10. Raman spectra analysis in LOPC modes. a Raman profiles of LOPC mode for 4H-SiC with different carrier concentrations. Reproduced from Ref. [80],
copyright 1995, AIP Publishing LLC. b, Calibration plot of A1-(LOPC) Raman line width versus charge carrier concentration of aluminum doped p-type 6H-SiC
((0001) oriented wafer). The charge carrier concentration was determined using Hall measurements. Reproduced from Ref. [86], copyright 2005, Trans Tech
Publications Ltd. ¢, Simulated carrier concentration distribution of 2-inch nitrogen-boron doped 4H-SiC by Raman analysis. The interval mapping point is 2 mm.
Reproduced from Ref. [90], copyright 2013, ESG. d, Hole concentration mapping of 2-inch highly Al-doped 4H-SiC by Raman analysis in FTA mode. Reproduced

from Ref. [85], copyright 2015, Trans Tech Publications Ltd.
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Raman spectra, PL spectra exhibit a shift in emission intensity rather
than a shift in peak position or FWHM caused by variations of doping
concentration in SiC [90]. This sort of characteristic in PL spectra is
more helpful for measuring impurity concentration in single-crystal SiC.

As shown in Fig. 12a, the linear relationship between nitrogen
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Fig. 11. Confocal Raman spectroscopy. Schematic of the depth profiling. Reproduced from Ref. [91], copyright 2020, MDPI.
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doping concentration and the ratio (R) of the line peak intensity of the
nitrogen-bound excitons (BE) to the free excitons (FE), has been found in
the low-temperature photoluminescence (PL) spectroscopy of uncom-
pensated nitrogen-doping n-type 4H-SiC and 6H-SiC [93]. Neverthe-
less, as the FE lines can only be observed in n-type 4H-SiC when doping
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concentration is lower than 3 x 10*® em =3, it is necessary to concentrate
on other characteristics of PL spectra. Henry et al. discovered a useful
calibration curve of broad band (BB) energy position versus the doping
concentration in the doping range of more than 3 x 10'® em ™2 and the
associated spectrum is shown in Fig. 12b' [92]. A similar finding for the
relationship between doping concentration and R in Al-doping p-type
4H-SiC was presented in Fig. 12 ¢ [94]. It should be noted that the
sensitivity of PL spectroscopy will have a negative effect on R. As the
temperature rises, the sensitivity of PL will decrease. The PL method can
be used to determine the carrier concentration of SiC crystals over a
wide range, even down to 10'3 ¢em ™3 [95]. Additionally, Glaser et al.
discovered a linear correlation between the intensity of specific dis-
tinguishing PL line peaks (SN1, Vc-Vsi) and the carrier concentration in
single-crystal SiC [96]. However, Rusheng et al. proved that in
nitrogen-doped 4H-SiC, the intensity of the distinct PL peak at 538 nm
(2.3 eV) did not increase linearly with the doping concentration because
of donor-acceptor pair recombination and free carrier absorption [90].
In addition, the characterization on doping can be affected by the
electrically active defects due to the compensation effect of those defects
in SiC. As a result, accurate detection of certain defects may aid in the
characterization of doping concentration.

At present, the PL mapping technique is primarily used to qualita-
tively characterize various defects in SiC [97,98], and there are a low
number of examples of successful applications to quantitatively deter-
mine its carrier concentration [99,100], probably because of the low
efficiency of PL in characterizing indirect band gap materials such as
SiC. Moreover, a quantitative correlation between the PL peaks and the
carrier concentration is more obscure when there are many specific
impurities in SiC. Nevertheless, the PL measurement method at low
temperature has unique advantages, such as a higher resolution due to a
much smaller size of the exciting-laser spot compared to other optical
methods. In addition, it was demonstrated that the mapping image of the
infrared photoluminescence of SiC has a good correlation with the re-
sistivity mapping obtained by COREMA [101], which provides certain
rationales for determining the resistivity of SiC through the PL mapping
technique. Considering the advantage of high resolution and less
time-consuming of PL mapping technique, the application of PL map-
ping in determining carrier concentration and resistivity are worthwhile
making further study.

In summary, the PL technique has a good detection limit as low as
10'® em~2 and is also suitable for high-doped SiC materials similar to
Raman spectra analysis. The PL and optical absorption methods are both
fast measurement techniques within several seconds and have nearly the
same signal-to-noise ratio [99]. Raman mapping is a time-consuming
method as a result of point-to-point scanning and it is not appropriate
for in situ diagnostic for SiC wafers, unless using the multi-laser system
to measure the whole microregions simultaneously. Moreover, the op-
tical absorption method has the shortcoming of the cumbersome
equipment, while the PL method needs to be operated in cryogenic
temperatures in the period of measuring, which restricts its application
in industrial line. Therefore, it would be worthwhile to develop a novel
PL method that can operate at room temperature for in situ diagnostic.

5. Conclusion

This article provides a general overview of three types of charac-
terization methods that can be used to measure the doping of SiC, which
are elemental analysis methods, the electrical methods, and the optical
methods. SIMS as an elemental analysis method is a powerful method to
determine the concentration of all impurities in SiC over a wide detec-
tion range, but it is time-consuming and not inapplicable for wafer-scale
characterization. For the electrical methods, the non-contact eddy cur-
rent method and the C-V method are both typical conventional elec-
trical measurement techniques that are able to measure the resistivity
and carrier concentration of SiC. Hall effect can as well be used to
measure both carrier concentration and resistivity of SiC. In addition,
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the contactless resistivity mapper techniques have become the main-
stream tools to determine the distribution of the resistivity of SiC wafers.
Moreover, the electrical scanning probe techniques, developed in recent
years, can provide the nano-scale resolution electrical characteristics of
SiC materials and subsequent devices.

This article then goes into great detail about the optical absorption
technique, Raman spectra analysis, and photoluminescence technique.
The detection range of these three optical techniques are 107 cm™ to
10%° cm’g, 10 em™3 to 10%° ecm 3 and 10'® em ™3 to 10'° cm’B,
respectively. The doping concentration of single-crystal SiC can be
estimated from the optical spectra by acquiring the correlated parame-
ters such as peak frequency shift. A competitive advantage of the optical
methods is that it can provide the possibility for imaging the doping
homogeneity within a moment. But the Raman spectra mapping tech-
nique takes a relatively long time due to its point-to-point scanning
mode. On the other hand, the PL technique requires cryogenic temper-
atures during measuring, consequently limiting its application in pro-
cess monitoring.

The advantages and disadvantages of the three different sorts of
characterization methods are concluded as follows. The elemental
analysis methods are generally destructive for the SiC samples and can
only detect a small region of SiC wafer, making them inapplicable for
wafer-scale characterization. The electrical methods are inconvenient
because they require the formation of contacts for characterizing the
parameters of SiC material. Furthermore, conventional electrical
methods can only be used to determine the average values of electrical
parameters. The electrical scanning probe techniques are suitable for
measuring the distribution of electrical characteristics with high reso-
lution, nevertheless, inapplicable for wafer-scale characterization. Op-
tical methods are fast and non-destructive, but they are indirect and
require preliminary calibration with electrical methods like the Hall
effect measurement, and it is necessary to improve the accuracy of op-
tical methods. Future works are predicted to favor fast and practical
characterization techniques that can be applied into process monitoring
such as the non-destructive and non-contact optical methods.
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