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ABSTRACT

The photoexcited carrier dynamics of high-purity (HPSI) and vanadium-doped semi-insulating (VDSI) 4H-SiC irradiated by lasers with
different wavelengths and powers were investigated. Raman spectra were measured at room temperature and the photoexcited carrier con-
centrations were extracted from the Raman line shape analysis of longitudinal optical phonon–plasmon coupled mode. It was found that
the longitudinal optical (LO) peaks of HPSI and VDSI did not shift with laser power variations, due to a low concentration of photoexcited
carriers, when a 532- nm laser was used. However, when a 355- nm laser was adapted, the relationship between the photoexcited carrier con-
centrations and the laser power was found to be nonlinear because of the dominance of trap-assisted Auger (TAA) recombination. The coef-
ficient of TAA recombination was laser power–dependent. The proposed carrier dynamic model deepens the understanding of the physical
mechanism of semi-insulating SiC irradiated by nanosecond laser and provides an insight into the interpretation of experimental phenom-
ena related to laser energy in optoelectronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0108903

I. INTRODUCTION

Thanks to its excellent properties such as wide bandgap, high
thermal conductivity, and high critical breakdown field strength,
4H-silicon carbide (4H-SiC) is one of the candidate materials for
preparing electron devices with high temperature, high frequency,
and high radiation resistance. The controllability of dopants on SiC
conductivity extends its application areas, such as using intrinsic
defects1 or introducing vanadium (V) dopants2 during crystal
growth to compensate for excess shallow donor or shallow acceptor
carriers to grow high-purity (HPSI)3 and V-doped semi-insulating
(VDSI) crystals.4 So far, semi-insulating (SI) SiC has been considered
as a candidate semiconductor material for high-voltage photocon-
ductive switches.5,6 Excess carrier recombination and diffusion of SI
SiC irradiated by laser determines the electrical properties of the
device. Therefore, proper attention must be paid to the photoexcited
carrier dynamics of semi-insulating crystals during laser irradiation.

The carrier dynamics in 4H-SiC have been studied by various
techniques, including time-resolved free carrier absorption,7 micro-
wave photoconductivity decay,8 four-wave mixing technique,9 and
light-induced transient grating technique10 and so on. Generally,

the experimental data are fitted to the proposed physical model,
incorporating the generation of photoexcited carriers, ambipolar
diffusion, Shockley–Read–Hall (SRH) recombination, radiative
recombination, and band–band Auger (BBA) recombination, to
obtain the carrier lifetime or bipolar diffusion coefficient, assuming
that SRH recombination is the dominant process affecting the bulk
carrier lifetime. Unfortunately, this assumption is not always justi-
fied. As a matter of fact, the defect-assisted recombination mecha-
nisms in semiconductors mainly involve either the SRH process or
the trap-assisted Auger (TAA) recombination process.11 As is
known to all, SRH recombination is a two-step process whereby an
electron (hole) is captured at the trap located at level Et, and then a
hole (electron) is captured. In this process, level Et is referred to as
a recombination center. TAA recombination involves two free elec-
trons and one hole or two free holes and one electron. After an
electron (hole) is captured at level Et, subsequently, the excess
energy is transferred to the other electron (hole), which is highly
excited into its respective band.12 Therefore, it is essential to care-
fully investigate which recombination mechanism plays an impor-
tant role during laser irradiation of semi-insulating SiC.
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Raman spectroscopy is a non-destructive method for charac-
terization of materials. Raman scattering has always been an attrac-
tive subject, especially for the study of the structure and electronic
properties of SiC. Due to strong bonding covalency, the Raman
efficiency of SiC is high and the Raman signals are easily obtain-
able. The Raman parameters, such as intensity, width, peak fre-
quency shift, and polarization of Raman bands, provide valuable
information on crystal quality.13,14 Raman measurements enable
the detection of coupled modes of longitudinal optical (LO)
phonon and plasma oscillation of free carriers whose spectral fea-
tures depend on carrier concentration and carrier damping.
Therefore, a great deal of attention has been paid to the analysis of
longitudinal optical phonon–plasma coupled (LOPC) modes in
SiC.15 Klein et al. first calculated the free carrier concentration of
6H-SiC by LOPC mode with a 488- nm laser.16 A Raman test was
carried out with an extrinsic excitation wavelength (≥456.5 nm; i.e.,
the corresponding laser photon energy is less than the bandgap of
4H-SiC) and similar results were obtained for n-type SiC.17–19

Temperature-dependent Raman spectra using a 532- nm laser for
doped 4H-SiC with different concentrations were investigated and
a linear relation between line shift and temperature was
observed.20,21 Raman measurements with a 325- nm laser were
used to investigate the effect of the C/Si ratio and silicon substrate
orientation on the free carrier concentration of epitaxial 3C-SiC
films.22 Liu et al. reported Raman scattering using a 325- nm laser
of Al-implanted 4H-SiC. With increasing the laser power, the
LOPC peak of the Al-implanted layer shows a red shift compared
with that of the non-implanted one. However, no reasonable expla-
nation or reliable proof for this phenomenon was put forward.23

Although the carrier dynamics of laser-irradiated SiC have
been studied through different approaches in recent decades, the
photoexcited carrier dynamics of laser-irradiated SI SiC is rarely
investigated. In this contribution, the effects of laser wavelength
and power on the LOPC mode of SI 4H-SiC were investigated sys-
tematically. We tried to elucidate the relationships among laser
power, LOPC mode, and photoexcited carrier dynamics at different
laser wavelengths. The results showed that trap-assisted Auger
recombination determined the carrier concentrations with laser
power, which was demonstrated by the LOPC modes from Raman
spectra.

II. EXPERIMENTS

N-type and 350-μm-thick high-purity and vanadium-doped
semi-insulating 4H-SiC wafers were cut into 1.5 × 1.5 cm2 and
cleaned by the Radio Corporation of America (RCA) method. The
Raman spectra were characterized by using a Raman spectrometer
(Horiba Jobin-Yvon LabRAM HR800). Raman scattering

measurements were performed at room temperature. A Nd:YAG
laser was used as the excitation source. The laser beam was focused
onto the sample surface by means of a microscope objective, which
was also used to collect the scattered light. The laser parameters
used in the test are listed in Table I. The spectra were obtained in a
backscattering geometry, z (x, −) z, where z is parallel to the c axis
of the crystal, and x is in the plane perpendicular to the c axis. The
polarization of the scattered light was not analyzed. The used
objective lens was a 20× objective. The numerical apertures of the
objective lenses used in the Raman test for 532- and 355- nm laser
irradiation were 0.28 and 0.4, respectively. According to the rela-
tionships among the laser wavelength (λ), the excitation spot diam-
eter (d), and numerical aperture (NA), that is, d = 1.22λ/NA, the
spot diameters on the sample surface for the 532- and 355- nm
lasers were calculated to be 2.318 and 1.083 μm, respectively. The
contribution to the Raman scattering of the regions out of focus
was eliminated by using a confocal pinhole. The integration time
and integration number in the Raman measurement were 10 s and
10, respectively. The Raman shift was calibrated by using a single-
crystal Si wafer. Samples with the high-purity and vanadium-doped
semi-insulating 4H-SiC were named HPSI-X and VDSI-X, respec-
tively, where X referred to laser wavelength (i.e., 532 and 355 nm).

III. RESULTS AND DISCUSSION

The transverse optical (TO) and longitudinal optical (LO)
modes of HPSI and VDSI vs laser powers under 532- nm laser irra-
diation are exhibited in Fig. 1. The Raman shifts of the TO and LO
modes do not vary with laser powers. The former is 777.32 cm−1,
which is similar to that reported by Ref. 24, while the latter is
964.35 cm−1, which represents the ideal position of an unintention-
ally doped 4H-SiC.

The Raman modes of HPSI and VDSI by the 355- nm laser
irradiation are displayed in Fig. 2. Like the 532- nm laser irradia-
tion, the Raman peaks of the TO mode for HPSI-355 and
VDSI-355 are also located at 777.32 cm−1, which are independent
of laser power as shown in Fig. 2(c). The difference appears in the
LO mode. Generally speaking, as shown in Fig. 2(d), with an
increase in laser power, the ωLOPC of both HPSI and VDSI first
increases linearly, then deviates from linear relation, and finally
tends to saturation. Furthermore, the ωLOPC of VDSI is less than
that of HPSI and achieve saturation in advance. Specifically, in the
case of HPSI-355, the LO modes are centered at 964.35 cm−1,
which is the same as that of HPSI-532, when the laser powers are
0.003 and 0.03 mW; by increasing the laser power to 0.3 mW, the
position of the LO mode moves to 964.64 cm−1 and is defined as
the LOPC mode. Upon further increasing, the laser power from
0.96 to 1.5 mW and then to 1.95 mW and the positions shift from

TABLE I. Parameters in the Raman measurement.

λ (nm) Repetition frequency (kHz) Pulse width (ns) Laser power (mW) Numerical aperture (NA) Spot diameter (μm)

532 10 34 0.011–11 0.28 2.318
355 10 20 0.003–41 0.4 1.083
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964.92 to 965.50 cm−1 and then to 966.62 cm−1. When the laser
power is increased to 41 mW, the center position of LOPC shifts to
970.32 cm−1. Unlike HPSI-355, the positions of the LO mode of
VDSI-355 maintain at 964.35 cm−1 until the power is 1.5 mW,
which is connected to the lifetime of carriers. They shift toward the
higher-frequency side at a higher laser power; for example, it is
965.38 cm−1 at 1.95 mW and 965.85 cm−1 at 41 mW. Compared
from Figs. 2(a2) and 2(b2), the obvious difference is that the LOPC
modes for HPSI-355 gradually broaden and become asymmetric as
the laser powers increase, while they remain symmetrical for
VDSI-355.

The carrier concentration (n) of SiC can be extracted from the
Raman line shape analysis of the LOPC mode. Theoretical fitting is
established in the framework of a dielectric model by Hon and
Faust,25 Klein,26 and Irmer et al.27 The Raman intensity of the
LOPC mode can be written by

I(ω) ¼ SA(ω)Im � 1
ε(ω)

� �
, (1)

where ω is the Raman shift, S is a proportionality constant, ε(ω) is
the dielectric function, and A(ω) is given by the following

expression:27–29

A(ω)¼ 1þ
2Cω2

TO

h
ω2
pγ(ω

2
TO�ω2)�ω2Γ(ω2þγ2�ω2

p)
i

Δ

þ
(C2ω4

TO/Δ)
n
ω2
p

h
γ(ω2

LO�ω2
TO)þΓ(ω2

p�2ω2)
i
þω2Γ(ω2þγ2)

o
ω2
LO�ω2

TO

,

(2)

Δ¼ω2
pγ
h
(ω2

TO�ω2)
2þ (ωΓ)2

i
þω2Γ(ω2

LO�ω2
TO)(ω

2þγ2), (3)

where ωTO and ωLO are the uncoupled TO- and LO-phonon fre-
quencies, ωp is the plasma frequency that is related to n, γ is the
plasmon damping constant, Γ is the phonon damping constant,
and C is the so-called Faust–Henry coefficient, which is related to
the ratio of the Raman intensity of the LO phonon mode to that of
the TO phonon mode in the pure SiC crystal. The dielectric func-
tion ε(ω) is given by contributions from phonons and plasmas,

ε(ω)¼ ε1 1þ ω2
LO�ω2

TO

ω2
TO�ω2� iωΓ

� ω2
p

ω(ωþ iγ)

" #
, (4)

where ε∞ is the high frequency dielectric constant.

FIG. 1. Raman modes of HPSI-532 (a) and VDSI-532 (b) for average laser powers at 300 K. (a1) and (b1) TO modes; (a2) and (b2) LO modes.
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The mathematical analysis software MATLAB is adopted to fit
Eqs. (1)–(4) to observe the LOPC mode profiles in our experiment
using Γ, γ, ωp, and C as adjustable parameters. Their numerical
values are obtained by using the MATLAB fitting procedure. The
electron effective mass (m*) is taken from Ref. 30. As ωLO is the
uncoupled LO-phonon frequency, it can be obtained from the
undoped or low doped (<1016 cm−3) SiC.31 In this contribution,
ωLO and ωTO are determined from the Raman spectra of HPSI-355
at 0.03 mW. Based on the Lyddane–Sachs–Teller (LST) relation,32

FIG. 2. Raman modes and their frequencies of HPSI-355 (a) and VDSI-355 (b) for different laser powers at 300 K. (a1) and (b1) TO mode; (a2) and (b2) LO/LOPC mode;
(c) ωTO; (d) ωLOPC. Black, red, green, blue, cyan, magenta, yellow, dark yellow, navy, purple, wine, olive, dark cyan, royal, orange, violet, pink, LT magenta, and park gray
lines in (a) and (b) refer to 0.003, 0.03, 0.3, 0.96, 1.5, 1.95, 2.05, 3.25, 3.9, 4.1, 8.12, 9.75, 10.25, 16.25, 19.5, 20.5, 32.5, 39, and 41 mW, respectively.

TABLE II. Parameters used to fit experimental Raman spectra by using
Eqs. (1)–(4).

Parameters Comment Value

m* Effect mass 0.48m0

ωTO TO phonon frequency 777.32 cm−1

ωLO LO phonon frequency 964.35 cm−1

ε∞ High-frequency dielectric constant 6.51
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ω2
LO

ω2
TO

¼ εs
ε1

, (5)

where εs is the static dielectric constant. The value of ε∞ at 355 nm
can be calculated to be 6.51. The parameters used in the fitting
process are listed in Table II.

Once the parameters ωp were obtained, the value of n of SiC
was calculated by using the following equation:

n ¼ 4π2ε0ε1ω2
p

q2
� 10�6: (6)

According to Eqs. (1)–(6), ωp and n of HPSI-355 and
VDSI-355 vs laser power are shown in Fig. 3. In the case of
HPSI-355, as shown in Figs. 3(a1) and 3(a2), ωp and n linearly
increase from 65 to 130 cm−1 and 1.47 × 1017 to 4.22 × 1017 cm−3,
respectively, when the laser power increases in the range of
0.3–1.95 mW, while they increase nonlinearly in a relatively high-
power range (1.95–19.5 mW). When the power is more than
19.5 mW, they gently augment and gradually reach the saturation
values of 290 cm−1 and 1.49 × 1018 cm−3 (41 mW). Such high pho-
toexcited carrier concentrations explain the phenomenon that the
LOPC modes of HPSI-355 are asymmetrically broadened and fre-
quency shifted at high laser powers. This is due to the coupling
between phonons and a large number of plasmons. Due to no cou-
pling between LO phonon and plasma in the range of 0.3–1.5 mW
(ωLO is 964.35 cm−1) for VDSI-355, we only consider the coupling
phenomenon with a power greater than 1.5 mW as shown in
Figs. 3(b1) and 3(b2). When the power is at 1.95 mW, they are sev-
erally 80 cm−1 and 2.23 × 1017 cm−3. They increase nonlinearly and
marginally with increasing laser power. They can only go up to
92 cm−1 and 2.95 × 1017 cm−3, respectively, at 41 mW. Obviously,

the LOPC modes maintain their symmetry for VDSI-355 due to
the low photoexcited carrier concentration.

In order to account for the above phenomena, the carrier
dynamics of HPSI and VDSI by 355 and 532 nm laser irradiation
are investigated. The schematic energy level diagrams of HPSI and
VDSI are shown in Fig. 4. As shown in Fig. 4(a), the HPSI substrate
is assumed to exist in six defect centers, namely, a Z1/2 recombina-
tion center (RC), a deep electron trap that is related to carbon
vacancy (ET), a deep hole trap (HT), two kinds of nitrogen-related
shallow donors, and a boron-related shallow acceptor (SA).33 Two
shallow donors (SD) are associated with the occurrence of nitrogen
atoms, which replace carbon atoms present in the hexagonal (h)
and cubic (k) sites of the 4H-SiC crystal lattice and are severally
defined as SD1 and SD2.34 Besides SD1, SD2, and SA, vanadium
(V) impurities act as acceptors and are introduced to compensate
for excess nitrogen donors, giving rise to the insulating state of SiC
in the dark as shown in Fig. 4(b) for the VDSI substrate. It is
hypothesized that an electron trap midgap level (ETM) represents
all trap levels filled with electrons and a single electron trap level
(ET1) is used to denote traps located within one kBT (kB is
Boltzmann constant) below the vanadium acceptor level. The above
energy level positions are listed in Table III.

When irradiating the sample with a 532- nm laser, the energy
is equivalent to 2.332 eV, which is less than the bandgap of 4H-SiC
(3.26 eV). We can anticipate that the electrons on the ET, RC, SD1,
and SD2 energy levels undergo transitions by absorbing photon
energy, and electrons in the conduction band are also captured.
Thus, supposing that the electron concentration in the conduction
band at a certain time of laser irradiation is N, ignoring the intrin-
sic electron concentration Ni in the conduction band at equilibrium
state and thermal excitation effect, the variation of N with time (t)
is given by

dN
dt

¼ KσopETI(t)(NET0 � N)þ KσopRCI(t)(NRC0 � N)þ KσopSD1I(t)(NSD10 � N)þ KσopSD2I(t)(NSD20 � N)

� σnRCvthN
(NRC � NRC0)þ σnET

σnRC
(NET � NET0)

þ σnSD1

σnRC
(NSD1 � NSD10)þ σnSD2

σnRC
(NSD2 � NSD10)þ N

2
64

3
75, (7)

K ¼ η(1� R)exp(�αW)

π
d
2

� �2

W�hω

, (8)

I(t) ¼ P
tp � f exp �4 ln 2

(t � t0)
2

t2p

" #
, (9)

where σopY, σnY, NY, and NY0 are the optical transition cross section,
electron capture cross section, density of Y, and density of Y occupied
by electrons; Y is referred to as ET, RC, SD1, and SD2, respectively; η
is the quantum efficiency; R is the reflectance; α is the absorption

coefficient; vth is the electron thermal velocity; W is the thickness of
the sample; d is the laser spot diameter; ℏω is the phonon energy; P is
the average laser power; f is the repetition frequency; and tp is the
pulse width of the laser that is centered around t0 = 100 ns. The
parameters involved in the calculation are tabulated in Table IV.

When the 532- nm laser irradiates VDSI, the photon energy is
just above the threshold energy of electron transition from ET1,
VA, and ETM, and thus, electrons at these three levels can achieve
optical transition to the conduction band, but electrons captured at
other levels deeper in the 4H-SiC bandgap do not undergo optical
transition. Under this circumstance, variation of N for VDSI as a
function of time is expressed by
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FIG. 3. ωp and n with average laser powers. (a1) and (a2) HPSI-355; (b1) and (b2) VDSI-355.

FIG. 4. Schematic energy level diagrams of HPSI (a) and VDSI (b).
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dN
dt

¼ KσopETMI(t)(NETM � N)þ KσopET1I(t)(NET10 � N)

þ KσopVAI(t)(NVA0 � N)� σnET1vthN (NET1 � NET10)þ σnVA

σnET1
(NVA � NVA0)þ N

� �
, (10)

where σopZ, σnZ, NZ, and NZ0 are the optical transition
cross section, electron capture cross section, density of Z, and
density of Z occupied by electrons, and Z is referred to as ETM,
ET1, and VA, respectively. The above parameters are listed in
Table V.

Numerical calculations by MATLAB are made according to
Eqs. (7)–(10), and the carrier concentration distributions of
HPSI-532 and VDSI-532 as a function of time at different laser
powers are displayed in Fig. 5. In the range of 0.0011–11 mW, the
N of HPSI-532 has a maximum value of 9.0 × 1013 cm−3

(t = 100 ns) [Fig. 5(a)]. However, it is much less than the minimum
free carrier concentration (2 × 1016 cm−3) determined by Raman
spectroscopy using LOPC modes,31 which is consistent with corre-
sponding Raman results [Fig. 1(a2)]. At the laser power of 0.0011–
0.352 mW, the maximum values of N (Nmax) for VDSI-532
increase from 5.76 × 1015 to 1.98 × 1016 cm−3 (t = 100 ns), which is
also less than this limitation. However, as the laser power
increases, Nmax adds to 2.80 × 1016 cm−3 at 11 mW. Although Nmax

is larger than the limitation when the laser power is higher than
0.352 mW, it is difficult to observe an LOPC peak due to low
Raman sensitivity.

In view of the fact that the photon energy (3.495 eV) of the
355- nm laser is larger than the 4H-SiC bandgap, not only can the
electrons on the defect level in the bandgap transit, but also elec-
trons in the valence band absorb the energy of the incident
photons and transit into the conduction band, forming electron–
hole pairs simultaneously. In constructing a physical model for SiC
irradiated by the 355- nm laser during Raman measurement, we
have made the following assumptions: (1) All trap levels in the
bandgap are represented by a trap level with the density of NT and
the Shockley–Read–Hall (SRH) recombination lifetime of tSRH. (2)

Typical physical parameters of SiC are temperature-dependent.
(3) The electron temperature is equal to the lattice temperature,
which is due to the fact that the laser pulse width (20 ns) is
greater than the carrier–phonon coupling time (0.1–10 ps).45

(4) The surface recombination is ignored. (5) Since SiC is the
indirect semiconductor, radiation recombination is ignored. As
the diameter of the laser spot of 1.083 μm is much less than the
penetration depth of 54.8 μm, the problem is two-dimensional.
Based on the above hypotheses, the coupled diffusion equations
for carrier concentration (N) and lattice temperature (T) can be
written as46

dN
dt

¼ D0 ∇2N þ N
2kBT

∇2Eg(T)þ N
2T

∇2T

� �

þ ηI(t)(1� R)αexp(�αz)
�hω

� N
tSRH

� CTANTN
2 � γ0N

3,

(11)

dT
dt

¼ DL∇2T þ ηI(t)(1� R)αexp(�αz)
C

�hω� Eg(T)� 3kBT

�hω

� �

þ γ0N
3

C
[Eg(T)þ 3kBT]: (12)

For the sake of the convenience of calculation, Cartesian coor-
dinates are converted to cylindrical coordinates, and we have

dN
dt

¼ D0 1
r
@

@
r
@N
@r

� �
þ N
2T

1þ k�1
B

@Eg(T)

@T

� �
1
r
@

@
r
@T
@r

� �� �

þ ηI(t)(1� R)αexp(�αz)
�hω

� N
tSRH

� CTANTN
2 � γ0N

3,

(13)

dT
dt

¼DL
1
r
@

@
r
@T
@r

� �� �
þηI(t)(1�R)αexp(�αz)

C

�hω�Eg (T)�3kBT

�hω

� �

þγ0N
3

C
[Eg (T)þ3kBT], (14)

where D0 is the ambipolar diffusivity, Eg is the bandgap, z is the
penetration depth, tSRH is the nonradiative trap-related SRH
lifetime, NT is the density of the trap, CTA is the trap-assisted
Auger recombination (TAA) coefficient,47 γ0 is the band–band
Auger recombination (BBA) coefficient, DL is the 1attice thermal
diffusivity, and C is the specific heat. Equation (13) gives the
evolution of carrier concentration in virtue of the equation of
continuity. The first term on the right is the photoexcited carrier
current density on account of ambipolar diffusion, the second one

TABLE III. Positions of energy levels in HPSI and VDSI 4H-SiC substrates.

Label Comment
Energy position

(eV) Reference

SD1 SD in h site Ec− 0.05 34
SD2 SD in k site Ec− 0.092 34
ET Electron trap Ec− 0.55 36
RC Z1/2 recombination center Ec− 0.63 37
HT Hole trap Ev + 1.125 38
SA Boron-related shallow

acceptor
Ev + 0.285 39

VA Vanadium deep acceptor Ec− 0.8 40
ETM Electron trap mMidgap Ec− 1.6 41
ET1 Electron trap 1 Ec− 0.79 41
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dotes the generation rate of the photogenerated carrier due to absorp-
tion of photons by the substrate, and others refer to SRH, TAA, and
BBA recombination, respectively. Equation (14) is the thermal diffu-
sion equation. The first term on the right represents the thermal dif-
fusion, and the second and third ones refer to the sources of lattice
heating associated with intrinsic absorption and Auger recombina-
tion, respectively.

The initial conditions are given by

N(r, 0) ¼ Ni,

T(r, 0) ¼ 300 K,
(15)

and the boundary conditions are as follows:

@N
@r

����
r¼0

¼ @N
@r

����
r¼r0

¼ @T
@r

�����
r¼0

¼ @T
@r

����
r¼r0

¼ 0, (16)

where Ni is the intrinsic carrier concentration. The above parame-
ters involved in the calculation are listed in Table VI.

The simulation results are shown in Figs. 6(a) and 6(b).
Attention is paid to the peak of N. It occurs at about t = t0. As the
laser power increases, Nmax of HPSI-355 increases from 4.75 × 1017

to 4.52 × 1018 cm−3. Unlike HPSI-355, there is no positive correla-
tion between Nmax and laser power for VDSI-355, suggesting that

TABLE V. Important parameters of VDSI-532 used in Eqs. (8)–(10).

Parameters Comment Value Reference

σopTM Electron trap midgap optical transition cross section 1 × 10−17 cm2 41
σopET1 Electron trap 1 optical transition cross section 1 × 10−17 cm2 41
σopVA Vanadium acceptor level optical transition cross section 1 × 10−17 cm2 41
NTM Electron trap midgap density 1.5 × 1016 cm−3

NT10 Density of electron trap 1 occupied by an electron 2.5 × 1015 cm−3

NVa0 Density of vanadium acceptor level occupied by an electron 6.49 × 1016 cm−3

NET1 Electron trap 1 density 5 × 1015 cm−3 41
NVA Vanadium acceptor density 1.3 × 1017 cm−3

σnET1 Electron trap 1 electron capture cross section 7.9 × 10−14 cm2 41
σnVA Vanadium acceptor electron capture cross section 5.77 × 10−16 cm2 44

TABLE IV. Important parameters of HPSI-532 used in Eqs. (7)–(9).

Parameters Comment Value Reference

σopET Carbon vacancy optical transition cross section 1.2 × 10−15 cm2 42
σopRC Z1/2 center optical transition cross section 1.3 × 10−14 cm2 37
σopSD1 N donor in the hexagonal (h) site optical transition cross section 4.0 × 10−20 cm2 35
σopSD2 N donor in the cubic (k) site optical transition cross section 4.0 × 10−19 cm2 35
NET Carbon vacancy density 5.0 × 1014 cm−3

NET0 Density of carbon vacancy occupied by an electron 3.73 × 1012 cm−3

NRC0 Density of the Z1/2 center level occupied by an electron 9.63 × 1013 cm−3

NRC Z1/2 center density 8 × 1014 cm−3

NSD1 Density of the N donor in the h site 5 × 1015 cm−3

NSD10 Density of the N donor in the h site level occupied by an electron 1.23 × 105 cm−3

NSD2 Density of the N donor in the k site 5 × 1015 cm−3

NSD20 Density of the N donor in the k site level occupied by an electron 6.26 × 105 cm−3

σnRC Z1/2 center electron capture cross section 1.3 × 10−14 cm2 43
σnET Carbon vacancy electron capture cross section 1.2 × 10−15 cm2 42
σnSD1 N donor in the h site electron capture cross section 4 × 10−20 cm2 35
σnSD2 N donor in the k site electron capture cross section 4 × 10−19 cm2 35
η Quantum efficiency 1
R Reflectance 0.225
α (at 532 nm) Optical absorption coefficient 2 cm−1

d Spot diameter 2.318 × 10−4 cm
W Thickness 0.035 cm
tp Pulse width 34 ns
vth Electron thermal velocity 1.17 × 107 cm/s
ℏω Photon energy 2.332 eV
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the dominating recombination mechanism be changed at different
laser powers. The impact of lattice temperature on carrier concen-
tration can be ignored because the lattice temperatures add only
11 K at 41 mW for these two samples.

On the one hand, carrier concentration n extracted from the
Raman line shape analysis of the LOPC mode is regarded as the
average carrier concentration based on the understanding of the
primary principles of Raman spectra; on the other hand, the theoretical
mean value of the photoexcited carrier concentration (Nave) is obtained
by integrating over N calculated from Eqs. (13) and (14). In the numer-
ical calculation, CTA is an adjustable parameter to achieve the goal that
Nave is equal to n, as shown in Figs. 6(c) and 6(d). It is found from
Fig. 6(e) that the CTA values of these two samples have a linear relation-
ship with the laser power, and they increase to 2.51 × 10−25 for
VDSI-355 and 5.98 × 10−25 cm6/s for HPSI-355 at 41mW, respectively.

In order to study the photoexcited carrier dynamic, it is neces-
sary to determine which recombination mechanism plays a leading
role under different conditions of power laser irradiation. First, the
HPSI-355 sample is analyzed. As shown in Fig. 7(a), if BBA recombi-
nation or ambipolar diffusion (D) is ignored, the value of Nave with
laser power will hardly change, indicating that their roles are basically
negligible. As for the role of SRH recombination, the tendencies of
Nave with and without SRH vs laser power are essentially the same,
but Nave with SRH is slightly lower than that without SRH, indicating
that SRH plays a secondary role. Ignoring TAA recombination, the
Nave value increases nonlinearly with power to 7.7 × 1018 cm−3 when
the laser power is less than 10mW. A further increase in power leads
to the formation of a linear relationship between Nave and power. Nave

at 41mW can reach 1.8 × 1019 cm−3. At any laser power, Nave without
TTA is much larger than that with TTA. Therefore, TAA

TABLE VI. Important parameters for calculation in Eqs. (13)–(16).

Parameters Value Reference

D0
kBT
q

6:825�1012

1:05�106 exp 1:92�10�20
kBT

	 

�1

h i
þ6:5�106T1:5

1þ 135N

1018T
1:3�18

Tð Þ
� �2/3

� 113
T

N
1018
� �1/3" #

cm2/s 49

Eg 5:26� 10�19 � 5:60� 10�23 � T2

Tþ1100 J 50

B 1.5 × 10−12 cm3/s 51
γ0 7� 10�31 þ 3:5�10�9

N�T2/3

� �
1þ N

7:8�1016�T

� ��2
cm6/s 49

DL 0:1895þ 8:07� e�T/144 cm2/s 52
C 2:04þ 0:12� e�T/288 J/K � cm3

η 0.008 53
R 0.23
α (at 355 nm) 134− 0.4T + 2.14 × 10−3T2 cm−1 50
d 1.083 × 10−4 cm
tp 20 ns
ℏω 3.495 eV
kB 1.38 × 10−23 J/K

FIG. 5. N of HPSI-532 (a) and VDSI-532 (b) with average laser powers.
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FIG. 6. (a) and (b) N of HPSI-355 and VDSI-355 vs laser power, respectively, (c) and (d) comparison of n and Nave of HPSI-355 and VDSI-355 vs laser power, respec-
tively, and (e) CTA of HPSI-355 and VDSI-355 vs laser power. For modeling, the parameters tSRH and NT are used: 7 ns from Ref. 9 and 1016 cm−3 for HPSI, 0.397 ns
from Ref. 48, and 1017 cm−3 for VDSI.

FIG. 7. Nave of HPSI-355 (a) and VDSI-355 (b) with laser powers under four kinds of mechanisms. D, SRH, TAA, and BBA represent ambipolar diffusion, SRH recombina-
tion, trap-assisted Auger recombination, and band–band Auger recombination of photoexcited carriers, respectively.
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recombination dominates in the recombination process. We can rea-
sonably conclude that the influence of various recombination mecha-
nisms in HPSI decreases in the order of TAA, SRH, and BBA (D).
The same method is also adopted for VDSI and the simulation
results are illustrated in Fig. 7(b). Like HPSI-355, the effect of BBA
and ambipolar diffusion (D) can be ignored. Under low power
(<2mW) irradiation, SRH plays a major role and TAA plays a sec-
ondary role. By increasing the laser power, the influence of SRH on
Nave plummets, while the impact of TTA increases sharply.

When the 532- nm laser irradiates semi-insulating 4H-SiC sub-
strates, electrons on the partial defect level in the forbidden band are
excited to the conduction band due to the fact that the laser photon
energy is lower than the bandgap of 4H-SiC (called extrinsic excita-
tion). In consideration of the limitation of trap concentration and
carrier recombination, the photogenerated carriers generated by
extrinsic excitation during laser irradiation are so low that there is no
sufficiently high carrier concentration to be coupled with LO
phonons. Therefore, it is difficult to observe the LOPC peak in
Raman spectra. This explains why the frequency of LO mode does
not vary with the laser power. For 355- nm laser irradiation, the
LOPC modes of HPSI and VDSI nonlinearly shift to a high-frequency
side with the increase in the laser power and gradually tend to satura-
tion, which reflects exactly in the photogenerated carriers under
intrinsic excitation. Numerical results show that this phenomenon is
attributed to TAA recombination. SRH recombination is the process
involving multi-phonon and/or cascade-phonon emissions, whereas
TAA recombination involves secondary electron excitation. Which
recombination mechanism is dominant in the defect level in
the bandgap depends on the magnitude of 1/tSRH and 1/(CTANTN).
If 1/tSRH < 1/(CTANTN), TAA recombination plays an important role
as in the cases of the HPSI and VDSI samples irradiated at high laser
powers. Conversely, SRH recombination is significant, as can be dem-
onstrated by VDSI at low laser powers. In this contribution, two phe-
nomena of CTA are worth noting. On the one hand, different doping
types have different values of CTA; i.e., the CTA of VDSI is larger than
that of HPSI at high laser powers, which is because the position of
the VA (Ec− 0.8 eV) level is lower than that of the ET (Ec− 0.55 eV)
and RC (Ec− 0.63 eV) levels in HPSI. This explains that the LOPC
mode of VDSI saturates earlier than that of HPSI. However, the CTA

of VDSI is less than that of HPSI when the laser power is low. We
cannot yet give the reason for this phenomenon. On the other hand,
CTA increases with the laser power. Taking VDSI-355 as an example,
the value of CTA is 4.3 × 10−28 cm6/s at a lower laser power, which is
close to the theoretical value (7.4 × 10−28 cm6/s) calculated from the
formulas in Ref. 54. CTA can increase to the order of 10−25 with
increasing the laser power. This is due to the fact that the higher the
laser power, the higher the photoexcited carrier concentration, the
higher the dielectric constant of the semiconductor in the irradiated
area, and the higher the transition coefficient of TAA recombination.
Therefore, the discovery of TAA recombination on semi-insulating
SiC gives us a new insight into carrier recombination.

IV. CONCLUSIONS

The kinetic mechanism of photogenerated carriers of high-
purity and vanadium-doped semi-insulating 4H-SiC was investi-
gated by Raman spectra with different laser wavelengths. There is

no shift of the longitudinal optical peaks of high-purity and
vanadium-doped semi-insulating 4H-SiC with laser power when
using a 532- nm laser, whereas there is a nonlinear shift of the lon-
gitudinal optical phonon–plasma coupled peaks irradiated by a
355- nm laser to the high-frequency side, and they tend to saturate
at high power. The results show that the former is due to a lower
photoexcited carrier concentration, while the origin of the latter is
complicated. The photogenerated carriers of high-purity semi-
insulating 4H-SiC are dominated by trap-assisted Auger recombi-
nation, while the influence of Shockley–Read–Hall recombination
is extremely limited. The recombination mechanism of vanadium-
doped semi-insulating 4H-SiC at different laser powers is different.
Shockley–Read–Hall recombination at low laser powers plays an
important role, while trap-assisted Auger recombination dominates
at high laser powers. The trap-assisted Auger recombination coeffi-
cient CTA depends on laser power and the semi-insulating type of
the SiC crystal.

In our future work, we will make an attempt to account for
some interesting experimental phenomena in photoconductive
switches such as the nonlinear increase of its peak current with
laser energy and will continue to explore other factors that affect
the CTA coefficient to solve the problem left over in this paper.
Relevant studies are under way.
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