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Abstract: In this work, 4H SiC samples with a multilayer structure (shallow implanted layer in a
lowly doped n-type epitaxial layer grown on a highly doped thick substrate) were investigated by
Raman scattering. First, Raman depth profiling was performed to identify characteristic peaks for the
different layers. Then, Raman scattering was used to characterize the carrier concentration of the
samples. In contrast to the conventional Raman scattering measuring method of the Longitudinal
Optical Plasmon Coupled (LOPC) mode, which is only suitable to characterize carrier concentrations
in the range from 2 X 106 to 5 x 10'® ecm™3, in this work, Raman scattering, which is based on
exciting photons with an energy above the band gap of 4H-5iC, was used. The proposed method was
evaluated and approved for different Al-implanted samples. It was found that with increasing laser
power the Al-implanted layers lead to a consistent redshift of the LOPC Raman peak compared to
the peak of the non-implanted layer, which might be explained by a consistent change in effective
photo-generated carrier concentration. Besides, it could be demonstrated that the lower concentration
limit of the conventional approach can be extended to a value of 5 x 10'> cm~3 with the approach
presented here.

Keywords: Raman spectroscopy; silicon carbide; LOPC (Longitudinal Optical Plasmon Coupled)
mode; carrier concentration; photo-generated carriers

1. Introduction

The third-generation semiconductor materials have superior physical and chemical properties,
such as large forbidden band width (larger than 2.3 eV), high thermal conductivity, high carrier
mobility and high breakdown voltage [1]. They can be widely used for devices operating under
extreme conditions, such as high temperature, high voltage and high power [2]. The third-generation
semiconductor materials primarily include silicon carbide, gallium nitride and diamond, etc. Silicon
carbide (SiC) is known to have more than 200 polytypes [3], such as: 2H, 3C, 4H, 6H, 15R, which
number refers to the total number of Si-C bilayers in the stacking sequence, and the letter refers
to the crystal system (C for cubic, H for hexagonal and R for rhombohedral), as shown in Figure 1.
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Although each polytype has the same chemical composition, it has different lattice structure and
physical properties [4].
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Figure 1. Diagram of the primitive cells of important polytypes of silicon carbide (SiC).

Several technologically-relevant silicon carbide polytypes, such as 4H and 6H, belong to the factor
group Cgv. In the direction of the a-axis, 4H-SiC and 6H-SiC are almost similar. However, in the c-axis
direction, the 4H-SiC polytype consists of four units, whereas 6H-SiC consists of six units [5]. 6H-SiC
has been widely used in prototype devices such as thyristors and power metal oxide semiconductor
field effect transistors (MOSFETs) [6,7]. Today 4H-SiC is dominating commercially-available SiC
devices because of its higher electron mobility and weaker anisotropy in electron transport properties
relative to 6H-SiC [8].

The carrier concentration is a key parameter of semiconductor devices and materials [9]. Accurate
measurement of the carrier concentration, or at least the dopant concentration of 4H-SiC is extremely
valuable [10,11]. Conventional methods for measuring the carrier or doping concentration of
semiconductor materials include Hall effect measurements, C-V (Capacitance-Voltage) characterization
or SIMS (secondary ion mass spectroscopy) characterization [12-15]. However, usually, time-consuming
or destructive sample preparation is the disadvantage of the above methods. Raman spectroscopy is an
optical characterization method that detects vibrations based on the inelastic scattering of light [16-18].
The Raman spectrum of a crystallized compound is composed of internal modes of vibration due to
the polyatomic species and of external modes characterizing the lattice, thus related to the crystalline
symmetry. For n-type 4H-5iC-doped samples, a fit of the theoretical formula of the LOPC (Longitudinal
Optical Plasmon Coupled) mode peak in the Raman spectrum can be used to determine the carrier
concentration non-destructively and rapidly [19-21]. However, the method is only applicable for
carrier concentrations ranging from 2 x 1016 to 5 x 10'8 cm=3 [22].

The phenomenon of photo-generated carriers refers to the fact that when the energy of incident
photons is equal to or larger than the forbidden band gap of the semiconductor, electrons in the valence
band absorb the energy of the incident photons, transit into the conduction band and form electron-hole
pairs simultaneously, as shown in Figure 2 [23]. The forbidden band gap for 4H-SiC is 3.24 eV, and it
has been found in the experiment that when the surface of the 4H-SiC sample is irradiated with a
325 nm laser whose photon energy is 3.82 eV, the measured carrier concentration increases linearly
with increasing laser power, which is primarily due to the contribution of photo-generated carriers [1].
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Figure 2. Schematic of 4H-SiC photo-generated carrier phenomenon.

According to the exciting wavelength with the transition between the conduction band and the
valence band, lower concentrations of carriers are detected by Raman scattering. It will be shown
that this modified Raman scattering measuring method extends the lowest measurement limit of the
sample carrier concentration down to 5 x 101> cm3.

2. Materials and Methods

2.1. Raman Measurements

The Raman spectra were characterized both by a Horiba XploRA PLUS confocal Raman
spectrometer and a Renishaw inVia laser micro-Raman spectrometer. The room temperature range
during the Raman measurement was 25 + 1 °C. The Renishaw inVia laser micro-Raman spectrometer
(New Mills, UK) was equipped with a 30 mW 325 nm He-Cd laser to study the photo-generated carrier
concentration of 4H-silicon carbide (SiC). The used objective lens was a 40X objective with NA = 0.50,
the grating density was 3600 gr/mm, the spectrometer focal length is 250 mm, the size of the pixel
of the detector is 26 um. By changing the attenuator in the optical path, the laser power reaching
the sample surface could be adjusted to 20 mW, 10 mW, 2 mW and 1 mW, respectively. Additionally,
the Raman spectra were obtained in a backscattering geometry, z( - , - )z, where z is parallel to the
c-axis of the crystal.

The Horiba XploRA PLUS confocal Raman spectrometer (Minami-ku, Kyoto, Japan) operated in
a pinhole confocal mode, where the detected volume (depth range) of the analyzed sample can be
changed by adjusting the diameter of the confocal pinhole (100 pm, 300 um, 500 pm). The spectrometer
is calibrated by a Si chip, and its focal length is 250 mm, the size of the pixel of the detector is 16 um.
It is equipped with a 10 mW 532 nm Nd: YAG SHG laser. The used objective lens was a 50x long
distance objective lens with NA = (.50, the grating density was 2400 gr/mm, and the spectral resolution
was approximately 0.8 cm™!. The smallest pinhole diameter (100 tm) was used in the experiment to
measure the sample volume near the focus plane. The position of the focal plane in the depth direction
was adjusted by the mechanical motor, whose spatial resolution in depth was approximately 0.1 pm.
In this way, Raman signals could be obtained from different depths of the characterized sample.

2.2. Sample Description

The analyzed 4H-SiC samples have an epi layer with a relatively low doping concentration
(i.e., 5% 10! or 1.4 x 10'® cm™®) grown on commercial n-type heavily doped substrates. And the
samples were cut 4° off the c-axis. The samples were further modified by Al or N ion implantation.
More details on the preparation of samples Q1, Q4 and Q3 can be found elsewhere [24] and samples epi,
A-N and A-P were prepared similarly. The thickness of the layer modified by ion implantation was
approximately 300 nm. In order to reduce the lattice damage caused by the ion implantation process,
and to electrically activate the implanted ions, the samples were then subjected to high-temperature



Crystals 2019, 9, 428 40f 13

annealing treatment at 1700 °C for 30 min. The sample label and detailed information regarding the
sample characteristics are listed in Table 1, whereas a schematic representation of the samples” depth
profile is shown in Figure 3.

Table 1. The 4H-SiC samples information.

Implantation Parameter Annealing Conditions Epi Layer
Label Element Corf‘clelel;lf;ietion Tem}ierature Time (min) Thickness Concentl;ation
(em-?) {e) (um) (cm™3)
epi N - 1700 30 - ~5.0 x 101
Q1 Al 5.0 x 1016 1700 30 5 ~5.0 x 101
Q4 Al 5.0 x 1017 1700 30 5 ~5.0 x 101
Q3 Al 1.0 x 108 1700 30 5 ~5.0 x 101
A-N N 5.0 x 1019 1700 30 7.5 ~1.4 x 106
A-P Al 5.0 x 10Y? 1700 30 7.5 ~1.4 x 106

Ion implanted (N/P) | 3000m

Figure 3. Schematic depth profile of 4H-SiC sample.

2.3. Determination of Carrier Concentration from Raman Measurements

Electro-optical and deformation potential mechanisms dominate the scattering process in the
semiconductor with a wide band gap and low carrier mobility like silicon carbide [25]. Klein and
his colleagues [26] demonstrate that the polarization selection rules are valid for both coupled and
uncoupled longitudinal optical (LO) phonon mode. The LOPC mode is the result of the coupling
between plasmon and LO phonons that interact through macroscopic electric fields [27]. The theoretical
analysis of the coupled mode in the cubic crystal had been extended to the hexagonal system [10,28,29].
The Raman intensity of the LOPC mode can be written by [22,30]:

-1

[(w)= SA(w)Im(e(w)

) )

where w is the Raman shift, S is the proportionality parameter, e(w) is the classical dielectric function.
A(w) is expressed by:

2Cw%[w%y(w%—wz)—wer(weryz—w%)] CCw

4

{whlv(wf - wh}Tr(wf - 20%)[raTr(wy?))/ (wf - of)

@

where wr is the vibration frequency of the uncoupled transverse optical phonon mode, w; is the
vibration frequency of uncoupled longitudinal optical phonon mode, wp is the vibration frequency
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of plasmons, v is the plasmon attenuation constant, I'r is the attenuation constant of the transverse
optical phonons. A is given by:

A= wlz,y[(w% - w2)2 + (wFT)Z] + wZFT(wi - w%)(wz—l—yz) 3)

C is the Faust-Henry coefficient, which is related to the ratio of the Raman intensity of the
longitudinal optical phonon mode to that of the transverse optical phonon mode in the pure silicon
carbide crystal [30].

4)

4 2 242
Iio (wl—wL) wrfy Wy — Wy
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where w1 represents the frequency of the incident light. The classical dielectric function is obtained by

the combination of phonons and plasmons:

w2 — w2 w2
(W)= eco| 14+— L2 I _ - ®)
wi - w? —iwlT w(w +1y)
Here, £ is the optical dielectric constant, and i is the imaginary number. The plasmon frequency
is given by Equation (6):
1
4rme? \?
wp = ( : ) ©)
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Here, n is the carrier concentration, e is the elementary charge, and m" is the electron effective
mass. Harima et al. [22] and Burton et al. [31] verified that the Raman scattering measuring method
is applicable to determine the carrier concentration for n-type doped samples. The suitable carrier
concentration for this method is in the range from 2 x 10'® to 5 x 10'® cm~3, but for 4H-SiC with low
carrier concentration, the calculation error of the method is rather large [8,32]. Additionally, when the
carrier concentration is in the range of 2 X 10'® cm™ to 3 x 10'® cm™3, the carrier concentration has a
linear relationship with the Raman peak position of the LOPC mode [33].

The experimental data was fitted to the theoretical equation by mathematical analysis software
MATLAB R2018a. For fitting, the parameters S, I', v, wp were used as adjustable parameters, and their
numerical values were obtained by the MATLARB fitting procedure. Finally, the value of the carrier
concentration was obtained by Equation (6). Table 2 shows selected material constants values to fit the
experimental Raman spectroscopy data.

Table 2. The material constants used to fit experimental Raman spectroscopy [22].

LO Phonon TO Phonon

F F Faust-Henry Optical Carrier Effective Mass
requency WL requency Coefficient C Permittivity e m” (kg)
(cm™1) wT (em™1)
0.48m
964.2 777.0 0.43 6.78 (mo = 9.11 x 10731 kg)
3. Results

As the investigated samples have a non-homogeneous dopant, thus, carrier concentration
depth profile confocal Raman spectroscopy was adopted for the depth profiling and analysis.
In the first Section 3.1, carrier concentrations in the substrate layer will be determined. For that
purpose, depth-dependent Raman measurements were performed to determine optimum measurement
conditions and parameters. Then, the photo-generated carriers method was employed to extend the
lowest applicable range of the Raman spectroscopy measuring method for 4H-SiC (see Section 3.2).
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3.1. Depth Analysis and Results

Figure 4 shows Raman spectra of the Q1 sample for different laser powers using the 532 nm laser.
The abscissa and ordinate of the figure were the position and relative intensity of the Raman peaks,
respectively. One can detect three Raman peaks, one at approximately 777 cm~! which is related to the
TO peak (see Figure 4a), one at 964.2 cm~! which is related to the LO mode, and one at approximately
980 cm~!, which is related to the LOPC mode (see Figure 4b). It was considered that the two peaks
result from the double-layer characteristic of the sample, that is, the double peaks contain the Raman
information of the surface epitaxial layer and the layer beneath, i.e. the substrate.

30000 | —— QI1-10 mW-holel00 10000 H —=— Q1-10 mW-holel00
—— Q1= 5 mW-holel00| [ —— Q1= 5 mW-holel00
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Figure 4. Raman spectra of the Q1 sample measured with exciting line at 532 nm with the 100 pm
pinhole, (a) TO mode, (b) LO and Longitudinal Optical Plasmon Coupled (LOPC) modes, using
different laser powers as indicated in the legend, whilst focusing on the sample surface.

In order to verify the assumption mentioned above, Raman depth profiling was performed,
as shown in Figure 5.

12000 9—8="q1-10nW- L0
—=— Q1-10mW-LOPC_|
—A— Q3-10mW- LO 0
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S
—— Q4-100¥- L0 B —
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8000
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Figure 5. Relative Raman intensity of LO and LOPCgyy, peaks of Q1, Q3 and Q4 samples with exciting
line at 532 nm with the 100 pum pinhole at different focal plane depths.

Figure 5 shows Raman information of Q1, Q3 and Q4 samples for different depths. The abscissa
represents the position of the focal plane, where negative values refer to focal planes inside the sample,
and the ordinate gives the relative intensity of the Raman peaks. The black line represents the intensity
of the LO peak, and the red line represents the intensity of the LOPC peak. When the focal plane
raises from —25 to —5 pum, the intensity of the LOPC peak is almost constant or only slightly increasing.
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However, when the focal plane position raises from —5 to +5 pm, the intensity of the LOPC peak
decreases rapidly. Conversely, the intensity of the LO peak increases rapidly when the focal plane
position raises from —5 to 0 pm. As the epi layer thickness is 5 um, it is assumed that the LOPC peak in
the depth profiling reflects the Raman information of the heavily-doped substrate layer and labeled as
LOPCgy, (as indicated in Figure 5), while the LO peak gives the Raman information of the epi layer
with low carrier concentration.

Therefore, it is suggested that the presented Raman depth analysis is an efficient method to
characterize samples with a multilayer structure, as the above experimental results are highly consistent
with the sample’s structure. By numerically fitting the separated LOPCg,, peak experimental data
with focal plane at —25 pm, the calculated carrier concentrations of the heavily-doped substrate layer
by Equation (6) were in the range from 3.9 x 10'® to 4.1 x 10'® cm™3, which is highly consistent with
the concentrations of commercially-available 4H-5SiC substrates.

However, when trying to apply the same evaluation procedure to determine the carrier
concentration of the epi layer, no reasonable carrier concentrations could be obtained because of the
very low concentration of the epi layer, which is below the applicable range of the method as mentioned
before. To overcome this limitation, a modified approach is introduced in the next section.

3.2. Experimental Raman Results with Photo-Generated Carriers

The energy of a photon with a 325 nm wavelength is 3.82 eV, while for the exciting line at 532 nm
it is 2.33 eV. The forbidden band gap of 4H-SiC is 3.24 eV, so 325 nm laser photons can generate
photo-generated electron-hole pairs, but 532 nm will not. Coupled with photo-generated carrier
plasmon, LO mode changes to LOPC mode. Therefore, it is labeled as LOPCpg, in the following, to be
distinguished from LOPCgp.

The absorption depth of the exciting line at 325 nm in SiC is approximately 4 um, which has been
confirmed by Xu et al. and Derst et al. [34,35]. With such laser, the LOPCgy, peak could not have been
found in any Raman spectrum of the investigated epi sample, because the epi layer thickness of the
tested samples is larger than 5 pm, which supports the above conclusion that the LOPCg,, peak shown
in Figure 5 is originating from the substrate only. The Raman spectra of the epi samples with this
exciting line at 325 nm using different laser power are exhibited in Figure 6. The detailed relationship
between Raman peak position of the TO & LOPCpgc modes of epi samples and the laser power is
shown in Figure 7.

_ 100000 ‘ -
160000 T | —— epi-LOPC,,.~20mW
—e— epi-TO-10mW e —e— epi-LOPC,,, .~ 10mW
—a— epi-TO- 2mW 80000 : —— epi*LOPCWb 2mW
120000 | v— epi=TO- 1m¥ —v— epi- LO - 1nW
5 E i :
g § 60000 :
5 80000 2 =
= 2 3
S $ 40000 :
+ hd H
=] o ;
— = H
10000 :
20000 i
0 T 0 T T T T T T T 1
760 770 780 790 800 810 940 950 960 970 980 990 1000 1010
Raman shift (cm ) Raman shift (cm™)
(a) (b)

Figure 6. Raman spectra of the epi sample with exciting line at 325 nm, (a) TO modes, (b) LOPCpg
modes, using different laser power (as indicated in the legend).
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Figure 7. Dependence of Raman peak position of the TO & LOPCpgc modes for epi samples on laser
power for exciting line at 325 and 532 nm.

N. Piluso et al. [23] stated that for an incident laser power of 1 mW, no increase in carrier
concentration could be detected, because it was below the sensitivity of their Raman tools. The Raman
scattering measurements with 325 and 532 nm showed that the peak position of the LOPCpg. mode
measured by the 325 nm laser at 1 mW was the same as the LO peak position measured at 532 nm
without the photo-generated carrier phenomenon (see Figure 7), which supports the above statement.
Therefore, in Figure 6b, the LOPCng label changes back to LO when the laser power is 1 mW.

The specific information of the Raman peak positions for measurements with the 325 nm laser are
shown in Table 3 for three measurement positions on the sample. When measuring with the exciting
line at 325 nm, the peak position of the LOPCp¢. mode is linearly correlated with the laser power,
while the Raman shift of the TO peak is almost constant. However, when measuring with the exciting
line at 532 nm, there is no change of the Raman peak position both for the LOPCp,g. peak and TO peak
with increasing laser power, as shown in Figures 4 and 7.

Table 3. Peak position of the Raman LOPCpg. and TO peaks for the epi sample at three different
measurement positions when using the exciting line at 325 nm.

Laser epi-1-LOPCpg, epi-2- LOPCpg, epi-3- LOPCpg, Average Value
Power (mW) Position (cm™1) Position (cm™1) Position (cm™1) (cm™1)
1 964.22 964.18 964.14 964.18
2 964.25 964.27 964.47 964.31
10 965.23 965.22 965.19 965.21
20 966.30 966.26 966.23 966.26
Laser epi-1-TO Position  epi-2-TO Position  epi-3-TO Position Average Value
Power (mW) (cm™1) (em™1) (cm™1) (em™1)
1 776.62 776.60 776.55 776.59
2 776.57 776.58 776.54 776.56
10 776.81 776.84 776.80 776.82
20 776.78 776.84 776.79 776.80

By numerically fitting the LOPCpg. peak curve when using the exciting line at 325 nm, the carrier
concentrations under different laser power were calculated by Equation (6). Then, as shown in Figure 8,
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a linear relationship between the carrier concentration of the epi sample and the laser power was found
which can be expressed by Equation (7).

n = 7.37E15 cm™3/mW * p — 1.49E15 cm™2 )

where n is the carrier concentration and p is the laser power (in mW). When the laser power p is set to
1 mW, the carrier concentration of the epi sample is calculated as 5.9 x 10'°> cm=3. The calculated result
is close to the carrier concentration 5.0 X 10'® cm™3 measured by C-V testing, with about 20% deviation
between the two methods. Here defining a new parameter K to represent the capability of the sample
photo-generated carrier,
_Nh1—ng
P17 Po
where n; is the carrier concentration with laser irradiation, ng is the carrier concentration without
laser, p; is the incident laser power and pg equals to 1 mW. For instance, the parameter K value of
the epi sample is 7.37 x 10'> cm~3/mW, which means that for each 1 mW increase in laser power,
the photo-generated carrier concentration increases by approximately 7.37 x 10'°> em=.

K (8)

2E17 7

—— epi

1. 47E17

1E17
7. 06E16

5E16

Carrier concentration(cm™)

1. 41E16

5E15

o o

10 20
Laser power (mW)

Figure 8. Linear relationship of carrier concentration of the 4H-SiC epi sample with laser power under
the exciting line at 325 nm.

From literature it is known that for n-type 4H-SiC, the LOPC mode Raman peak shifts to larger
wavenumbers and becomes broadened with increasing carrier concentration [22,27,32]. For p-type,
though, the relationship between the LOPC peak and carrier concentration is significantly different.
Mianti [36] researched the Raman spectra of p-type 4H-SiC, which showed that the LOPC peak shifted
towards smaller wavenumbers and broadened with increasing carrier concentration. Since the LOPC
peak of the implanted samples investigated here contains the Raman information both from the epi layer
and the implanted layer, the value of the parameter K cannot be fitted precisely. However, the parameter
Kj can be similarly defined to represent the effect of the modified layer on the photo-generated carrier
capacity of the sample qualitatively,

K, = WpG ~ W1o
P1~Po
where wpg is the LOPCpg. Raman peak position with laser irradiation, wy o is the LO Raman peak
position, p; is the incident laser power and pg equals to 1 mW. The fitted value of K; parameter for
other samples is shown in Table 4.

©)
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Table 4. K; value for tested samples with exciting line at 325 nm.

Label epi Q1 Q4 A-N A-P
K; (cm™/mwW)  0.11 0.10 0.08 0.12 0.06

The relationship between the LOPCpgc mode Raman peak position of the samples with different
ion-modified layer and different laser power is shown in Figure 9, and the dotted lines represent the
linear fit results for K;. When the laser power increases from 1 to 20 mW, the LOPCp¢c mode Raman
peak position of the epi sample without any ion implantation shifts towards larger wavenumbers
by approximately 2 cm™!, and the K; value is 0.11 cm™!/mW for the epi sample. However, for the
Al ion-implanted Q series samples, the phenomenon of the Raman peak shifting towards larger
wavenumbers with increasing laser power gradually weakens with the increase of aluminum ion
concentration in the modified layer, and the K; values for the Q series samples decrease from 0.10 to
0.08 cm~!/mW with increasing Al ion-implanted concentration, and K; becomes 0.06 cm~!/mW for the
highest Al concentration in the sample A-P.

. 966. 6
966. 4 - epi—l —=— A-N1 2
966. 2 —e— epi-2 96617 —=— A-N2 A
966. 0 - —A— Q-1 966. 2 —a— A-P1
: —v— Q1-2 066, 0 ] —=— A-P2
965. 8 —— Q4-1 .
=~ —— Q4- 2 965.8
= 965.6 Q4-2 ‘5
S S 965.6
965. 4
o £ 965.4
2 965.2 -
s S 965.2
= 965.0] S 965.0
=1
g 964.87 S 961.8
&£ S 96
964. 6 9646
964. 4 961. 1
964. 2 - 964, 2
964. 0 — . , 961.0
12 10 20
Laser power (mW) Laser power (mW)
(a) (b)

Figure 9. LOPCpgc mode Raman peak position for different samples as a function of laser power:
(a) For epi and Q series samples, (b) for A-N and A-P samples. Labels 1&2 mean two measurements at
different positions on the same measured sample.

Conversely, for the N ion-implanted A-N sample, the phenomenon of the laser-increasing Raman
peak shifting becomes strengthened, where K; is increased to 0.12 cm~!/mW. When the laser power is
increased to 20 mW, the LOPC,g. peak position of the A-N samples is approximately 1.0 cm~! above
the peak position of the A-P samples, as shown in Figure 9b.

Overall, by analyzing the value of K; for different samples, the effect of the ion-modified layer
on photo-generated carriers in 4H-SiC can be explained consistently with the trends known from
literature. As a result of the neutralization of free electrons and holes that derived from the p-type
ion-implanted layer, the overall concentration of effective photo-generated carriers is reduced to some
extent. On the other hand, Al ion implantation causes defects in the crystal lattice, like the carbon or
silicon vacancies [37,38], etc. The higher the implantation dose, the more serious the lattice damage.
There are more defects in the high implant dose sample, so it also has a negative impact on the
generation of photo-generated carriers.

4. Conclusions

In this work, Raman depth profiling was successfully applied to determine the different Raman
properties from different layers of 4H-SiC samples with a multilayer structure (shallow implanted layer
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in a lowly doped n-type epitaxial layer grown on a highly doped thick substrate). Most importantly,
it could be shown that Raman scattering measurements with exciting photons having an energy above
the band gap of 4H-SiC can be used to determine carrier concentrations of rather lowly doped samples.
The approach is based upon a linear relationship between the effective free carrier concentration and
the laser power from which the carrier concentration of the n-type epitaxial layer could be determined
to be 5.9 x 10! em~3, which is very close to the actual doping concentration of 5.0 x 10! cm™3
measured by C-V testing. Hence, the presented Raman approach extends the lowest measurable carrier
concentration down to 5 x 10!> cm™3, which is approximately four times more sensitive compared to
former approaches. For the presented approach, the shift of the peak position of the LOPCpg. mode
with increasing laser power is mainly evaluated and described by the parameter K;. As a result of the
neutralization of free electrons and holes derived from an Al-implanted layer and defects in the crystal
lattice caused by ion implantation, the value of K; decreases from 0.11 cm~!/mW for the epi-layer to
0.06 cm~!/mW with increasing Al-implanted concentration. This shows that the approach is even
able to detect the influence of a very shallow surface near the Al-implanted layer on the effective
carrier concentration.

Author Contributions: T.L. performed all the experiments, conceived and designed the layout; Z.X., M.R. and
H.W. collected and contributed materials; Z.X., M.R., Y.S., Y.W. and EF. provided valuable suggestions about the
paper; T.L., Z.X. and Y.S. wrote the paper.

Funding: The study is supported by National Natural Science Foundation of China (No. 51575389, 51761135106),
National Key Research and Development Program of China (2016YFB1102203), State key laboratory of precision
measuring technology and instruments (Pilt1705), and the “111” project by the State Administration of Foreign
Experts Affairs and the Ministry of Education of China (Grant No. B07014).

Acknowledgments: Authors thank Tao Xue from Tianjin University for valuable discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

Liu, E.K. Semiconductor Physics: 7th Edition; Electronic Industry Press: Beijing, China, 2017; pp. 29-34.

2. Daviau, K.; Lee, KK.M. High-pressure, High-temperature behavior of silicon carbide: A review. Crystals
2018, 8, 217. [CrossRef]

3. Ramsdell, L.S. Studies on silicon carbide. Am. Mineral. 1947, 32, 64-82.

4. Shi, EW. Silicon Carbide Crystal Growth and Defects; Science Press: Beijing, China, 2012; pp. 37-52.

5. Nakashima, S.; Harima, H. Raman investigation of SiC polytypes. Phys. Status Solidi 1997, 162, 39-64.
[CrossRef]

6. Wang, S.G.; Chai, ].R.; Wang, D.; Chai, J.; Wang, D. 4H-SiC homoepitaxial Raman scattering spectroscopy:.
J. Northwest Univ. (Nat. Sci. Ed.) 2015, 45, 229-232.

7. Chai, J.R. Study on Homoepitaxial Growth and Raman Scattering of Declination 4H-SiC. Master’s Thesis,
Northwest University, Xi’an, China, 2015.

8. Chafai, M.; Jaouhari, A.; Torres, A.; Anton, R.; Marti, N.E.; Jimenez, J.; Mitchel, W.C. Raman scattering from
LO phonon-plasmon coupled modes and Hall-effect in n-type silicon carbide 4H-SiC. J. Appl. Phys. 2001, 90,
5211-5215. [CrossRef]

9.  Wang, G.H. Analysis of Carrier Concentration of Silicon Carbide Crystal and Preparation of Porous Silicon
Carbide. Master’s Thesis, Nankai University, Tianjin, China, 2007.

10. Wang, G.H,; Shi, C.Y.; Feng, M.; Cao, X.W.; Hao, ] M.; Wang, Y.F.; Yang, S.H. Characterization of the free-carrier
concentrations in doped n-type 4H-and 6H-SiC rrystals by Raman scattering. J. Light Scatt. 2007, 19, 108-113.

11.  Harima, H. Raman scattering characterization on SiC. Microelectron. Eng. 2006, 83, 126-129. [CrossRef]

12. Siegel, W.; Kiihnel, G.; Schneider, H.A. On the determination of the carrier concentration in large-grain
polycrystalline InP, GaAs, and GaP by Hall effect measurements. Phys. Status Solidi 2010, 87, 673-681.
[CrossRef]

13. Dhar, S.; Haney, S.; Cheng, L.; Ryu, S.R.; Agarwal, AK,; Yu, L.C.; Cheung, K.P. Inversion layer carrier
concentration and mobility in 4H-SiC metal-oxide-semiconductor field-effect transistors. J. Appl. Phys.
2010, 108, 112-119. [CrossRef]


http://dx.doi.org/10.3390/cryst8050217
http://dx.doi.org/10.1002/1521-396X(199707)162:1&lt;39::AID-PSSA39&gt;3.0.CO;2-L
http://dx.doi.org/10.1063/1.1410884
http://dx.doi.org/10.1016/j.mee.2005.10.037
http://dx.doi.org/10.1002/pssa.2210870232
http://dx.doi.org/10.1063/1.3484043

Crystals 2019, 9, 428 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ruggiero, A.; Libertino, S.; Roccaforte, E; Via, F.L.; Calcagno, L. Effects of implantation defects on the carrier
concentration of 6H-SiC. Appl. Phys. A 2006, 82, 543-547. [CrossRef]

Pivovarov, A.L.; Stevie, EA; Griffis, D.P.; Guryanov, G.M. Optimization of secondary ion mass spectrometry
detection limit for N in SiC. J. Vac. Sci. Technol. A Vac. Surf. Films 2003, 21, 1649-1654. [CrossRef]
Nakashima, S.; Harima, H.; Ohtani, N.; Katsuno, M. Raman characterization of local electrical properties and
growth process in modulation-doped 6H-SiC crystals. . Appl. Phys. 2004, 95, 3547-3552. [CrossRef]
Lebedev, A.A ; Oganesyan, G.A.; Kozlovski, V.V.; Eliseyev, L. A.; Bulat, P.V. Radiation defects in heterostructures
3C-5iC/4H-SiC. Crystals 2019, 9, 115. [CrossRef]

Surovtsev, N.V.; Kupriyanov, I.N. Effect of nitrogen impurities on the Raman line width in diamond, revisited.
Crystals 2017, 7, 239. [CrossRef]

Nakashima, S.; Harima, H.; Tomita, T.; Suemoto, T. Raman intensity profiles of folded longitudinal phonon
modes in SiC polytypes. Phys. Rev. B 2000, 62, 16605-16611. [CrossRef]

Harima, H.; Hosoda, T.; Nakashima, S. Carrier density evaluation in P-Type SiC by Raman scattering.
Mater. Sci. Forum 2000, 338—-342, 607-610. [CrossRef]

Huang, Y; Yang, R.; Xiong, S.; Chen, J.; Wu, X. Strong coupling of folded phonons with plasmons in 6H-SiC
micro/nanocrystals. Molecules 2018, 23, 2296. [CrossRef]

Harima, H.; Nakashima, S.i.; Uemura, T. Raman scattering from anisotropic LO-phonon-plasmon-coupled
mode in n-type 4H- and 6H- and 6H-SiC. J. Appl. Phys. 1995, 78, 1996. [CrossRef]

Piluso, N.; Camarda, M.; La Via, F. A novel micro-Raman technique to detect and characterize 4H-SiC
stacking faults. J. Appl. Phys. 2014, 116, 163506. [CrossRef]

Xu, ZW.; Song, Y.; Rommel, M.; Liu, T,; Kocher, M.; He, Z.D.; Wang, H.; Yao, B.T,; Liu, L.; Fang, EZ. Raman
spectroscopy characterization of ion implanted 4H-SiC and its annealing effects. Mater. Sci. Forum 2019, 963,
424-428. [CrossRef]

Kwasnicki, P. Evaluation of Doping in 4H-SiC by optical spectroscopies. Ph.D. Thesis, Université Montpellier
II-Sciences et Techniques du Languedoc, Montpellier, France, 2014.

Klein, M.V,; Ganguly, B.N.; Colwell, PJ. Theoretical and experimental study of Raman scattering from
coupled LO-phonon-plasmon modes in silicon carbide. Phys. Rev. B 1972, 6, 2380-2388. [CrossRef]
Nakashima, S.; Kitamura, T.; Mitani, T.; Okumura, H.; Katsuno, M.; Ohtani, N. Raman scattering study
of carrier-transport and phonon properties of 4H-SiC crystals with graded doping. Phys. Rev. B 2007, 76,
245208. [CrossRef]

Zhao, D.S. Raman Spectroscopic Study of 4H-5iC Homogeneous Epitaxial Materials. Master’s Thesis,
Guangxi University, Nanning, Guangxi, China, 2018.

Yugami, H.; Nakashima, S.; Mitsuishi, A.; Uemoto, A.; Shigeta, M.; Furukawa, K.; Suzuki, A.; Nakajima, S.
Characterization of the free-carrier concentrations in doped 3-SiC crystals by Raman scattering. J. Appl. Phys.
1987, 61, 354-358. [CrossRef]

Henry, C.H.; Hopfield, J.J.; Luther, L.C. Electronic Raman Scattering by Acceptors in GaP. Phys. Rev. Lett.
1966, 17, 1178-1180. [CrossRef]

Burton, J.C.; Sun, L.; Pophristic, M.; Li, J.; Long, EH.; Feng, Z.C.; Ferguson, I. Spatial characterization of
doped Sic wafers. . Appl. Phys. 1998, 84, 6268-6273. [CrossRef]

Nakashima, S.; Harima, H. Spectroscopic analysis of electrical properties in polar semiconductors with
over-damped plasmons. J. Appl. Phys. 2004, 95, 3541-3546. [CrossRef]

Nakashima, S.; Kitamura, T.; Kato, T.; Kojima, K.; Kosugi, R.; Okumura, H.; Tsuchida, H.; Ito, M. Determination
of free carrier density in the low doping regime of 4H-SiC by Raman scattering. Appl. Phys. Lett. 2008, 93,
3547. [CrossRef]

Xu, ZW.; He, Z.D,; Song, Y.; Fu, X.; Rommel, M.; Luo, X.C.; Hartmaier, A.; Zhang, J.].; Fang, EZ. Topic review:
application of Raman spectroscopy characterization in micro/nano-machining. Micromachines 2018, 9, 361.
[CrossRef]

Derst, G.; Wilbertz, C.; Bhatia, K.L.; Kratschmer, W.; Kalbitzer, S. Optical properties of SiC for
crystalline/amorphous pattern fabrication. Appl. Phys. Lett. 1989, 54, 1722-1724. [CrossRef]

Mitani, T.; Nakashima, S.; Tomobe, M.; Ji, S.Y.; Kojima, K.; Okumura, H. Carrier density dependence of fano
type interference in Raman spectra of p-type 4H-SiC. Mater. Sci. Forum 2014, 778, 475-478. [CrossRef]


http://dx.doi.org/10.1007/s00339-005-3379-x
http://dx.doi.org/10.1116/1.1595108
http://dx.doi.org/10.1063/1.1655682
http://dx.doi.org/10.3390/cryst9020115
http://dx.doi.org/10.3390/cryst7080239
http://dx.doi.org/10.1103/PhysRevB.62.16605
http://dx.doi.org/10.4028/www.scientific.net/MSF.338-342.607
http://dx.doi.org/10.3390/molecules23092296
http://dx.doi.org/10.1063/1.360174
http://dx.doi.org/10.1063/1.4899985
http://dx.doi.org/10.4028/www.scientific.net/MSF.963.424
http://dx.doi.org/10.1103/PhysRevB.6.2380
http://dx.doi.org/10.1103/PhysRevB.76.245208
http://dx.doi.org/10.1063/1.338830
http://dx.doi.org/10.1103/PhysRevLett.17.1178
http://dx.doi.org/10.1063/1.368947
http://dx.doi.org/10.1063/1.1655681
http://dx.doi.org/10.1063/1.2992063
http://dx.doi.org/10.3390/mi9070361
http://dx.doi.org/10.1063/1.101271
http://dx.doi.org/10.4028/www.scientific.net/MSF.778-780.475

Crystals 2019, 9, 428 13 of 13

37. Ohshima, T.; Satoh, T.; Kraus, H.; Astakhov, G.V.; Dyakonov, V.; Baranov, P.G. Creation of silicon vacancy
in silicon carbide by proton beam writing toward quantum sensing applications. J. Phys. D Appl. Phys.
2018, 51, 333002. [CrossRef]

38. Kraus, H.; Simin, D.; Kasper, C.; Suda, Y.; Kawabata, S.; Kada, W.; Honda, T.; Hijikata, Y.; Ohshima, T.;
Dyakonov, V; et al. Three-Dimensional proton beam writing of optically active coherent vacancy spins in
silicon carbide. Nano Lett. 2017, 17, 2865-2870. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1088/1361-6463/aad0ec
http://dx.doi.org/10.1021/acs.nanolett.6b05395
http://www.ncbi.nlm.nih.gov/pubmed/28350468
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Raman Measurements 
	Sample Description 
	Determination of Carrier Concentration from Raman Measurements 

	Results 
	Depth Analysis and Results 
	Experimental Raman Results with Photo-Generated Carriers 

	Conclusions 
	References

