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Characterization of Nitrogen-Boron doped 4H-SiC substrates
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Nitrogen-Boron doped 4H-SiC single crystal was prepared by physical vapor transport method and the
doping concentration was determined by secondary ion mass spectroscopy. The resistivity of 4H-SiC
substrate was measured by contactless method. It was found that the resistivity decreased from center
to edge of the substrates. Carrier concentration distribution on 4H-SiC was simulated based on Raman
spectra mapping. From center to edge, the carrier concentration decreased gradually.
Photoluminescence spectra of 4H-SiC showed a peak wavelength of about 538 nm with full with half
maximum (FWHM) about 104 nm. The emission intensity is enhanced with the Nitrogen concentration
increasing and then suppressed because of the free carrier absorption enhancement.
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1. INTRODUCTION

White light-emitting diodes (LEDSs) are very promising devices for illumination applications
such as backlight source of liquid crystal flat display panels and the head lights of mobiles. One
common method to get white LEDs is using a UV or blue LED over-coated with phosphor, such as
yttrium aluminum garnet (Ce:YAG)[1]. These LEDs are already used as a light source in a variety of
portable equipments. In principle, the white LED is a compact, robust and efficient light source.
Therefore, it is believed that all conventional light sources can be replaced by white LEDs in the
future. However, there are still some problems with the conventional white LEDs, such as low total
flux and low color rendering index. These problems blocked the expansion of white LED applications
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For conventional white LED mentioned above, the color rendering index is very low due to
lack of red phosphors. Three-color phosphors have also been developed to improve the color rendering
property. However, this type of device has low emission efficiency due to the low efficiency of red
phosphors. In addition, the combination of LED and phosphors has an intrinsic instability of color
against temperature change. Moreover, complicated assembly processes are required to set the
phosphors uniformly on the LED chip. Therefore, high-efficiency wavelength converters with high
color rendering index (CRI) value and long lifetime are indispensable.

Silicon carbide (SiC) can emit light from near UV across the entire visible spectrum by
introducing different dopants because of its wide band gap. Compared with the high-efficiency nitride-
based visible and UV LEDs or emitters, [3-11] SiC based LED has relatively low light emission
efficiency due to its indirect band gap. Recently, impurity-doped SiC materials have been applied in
different fields [12-15]. For example, donor-and-acceptor (DA) doped SiC is a promising candidate
phosphor for the fabrication of white LEDs since it can work as a high performance phosphor [16-18],
i.e., a light-emission medium by optical pumping. As a phosphor, DA doped SiC has many advantages
such as high thermal conductivity for high-power-operated LEDs and well-established substrate
material for the epitaxial growth of nitride. Therefore, white LEDs with DA doped SiC are also
expected to provide an excellent color rendering index.

In this paper, the Nitrogen (N) and Boron (B) doped 4H-SiC single crystal as DA doped
fluorescent SiC substrates was prepared by physical vapor transport (PVT) method for the first time.
Then the conductive and optical properties of the substrates were investigated. Raman spectroscopy
and contactless resistivity measurement were used to determine the conductive properties of the
substrates. Raman spectra mapping characterized the longitudinal optical phonon-plasmon coupled
(LOPC) mode of the substrates, from which the carrier concentration distribution on the entire
substrate could be simulated. Photoluminescence (PL) spectrum was investigated in order to explore
the fluorescent properties of N-B doped 4H-SiC.

2. EXPERIMENTS

4H-SiC single crystal with the diameter of 2°° was grown by the modified Lely technique, i.e.,
by physical vapor transport (PVT) method in the temperature range of 2000-2200 °C. The growth was
carried out on the C-face seed in a graphite crucible and the growth orientation was parallel to the c-
axis. The crucible was heated by an inductive coil using a RF generator and SiC powder was put at the
bottom of the crucible as the source. The growth pressure was 50 mbar and Argon was used as carrier
gas. The temperature was measured on the top lid via a color pyrometer. B was introduced by mixing
Boron Carbide (B4C3) in the SiC powder source and N was introduced by a N, gas flow during the
growth. The single crystal ingots were then sliced parallel to the (0001) plane. After lapping and
polishing, the 4H-SiC wafers were obtained.
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3. RESULTS AND DISCUSSION

Secondary lon Mass Spectroscopy (SIMS) was carried out to determine the N and B doping
concentration. The testing points were positioned at the center of the wafer in our experiments. The
results showed that the concentration of N and B was 1.1x10cm™ and 4.2x10*cm™ at the center,
respectively.

Contactless resistivity measurements were carried out with a Model EC-80P system as shown
in Fig.1. We selected five testing points a, b, ¢, d and e from one radius. The distance of the points
away from the center were 0 mm, 5 mm, 10 mm, 15 mm, 20 mm, respectively. We can see that the
resistivity of N-B doped 4H-SiC increases monotonously from center to edge across the wafer.
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Figure 1. Resistivity measurement results of points a, b, ¢, d and e.

Raman scatting spectra of the N-B doped 4H-SiC wafers were collected in a back-scattering
configuration by a HR 800 system from Horiba Jobin Yvon. A 532 nm laser (40 mW) was used as
excitation source, the interval of mapping points was 2 mm. The grating we used was 600 g/mm and
the expose time was 1 second.

In n-type DA doped 4H-SIiC, the predominant mechanism for the Raman shift of LO mode is

the coupling interaction between LO phonons and overdamped plasmons [19-25].
The Plasmon frequency @, is given by

0, = [47zne2 j M

e,m
where ¢_ is the optical dielectric constant, n is the concentration of free electrons and m* is the

electron effective mass. The LO mode is then redefined as LOPC mode. The LOPC modes of a, b, ¢, d
and e were shown in Fig. 2.
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From Eq. (1), one can see that @, is proportional to/n, so the plasmon frequency increases

with the increase of the free electron concentration, and the peak position of LOPC mode shifts toward
higher wavenumbers, which are caused by an enhancement of coupling interaction between phonons
and plasmons, as shown in Fig. 3a. In the meanwhile, the intensity of LOPC mode decreases as shown
in Fig. 3b. And the full width at half maximum (FWHM) of LOPC mode is broaden, as shown in Fig.
3c.
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Figure 2. LOPC modes of points a, b, ¢, d and e.
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Figure 3. Raman mappings of LOPC modes. (a) peak position; (b) intensity; (c) FWHM,; (d) simulated
carrier concentration distribution.
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Nakashima et al.[19,25] plotted the peak frequency of the LOPC mode as a function of the
carrier concentration on a logarithmic scale, and they found there is a very simple relationship between
the carrier concentration and the LOPC mode frequency relative to the bare LO phonon frequency in
pure 4H-SiC in units of cm ™. It can be expressed by

N=1.25x10" (cm™®)(@,ppc — @) =1.25x10" (Aw) " )

Therefore, the carrier concentration distribution can be simulated according to the Raman
mapping results of LOPC mode, as shown in Fig. 3d. The carrier concentration decreases
monotonously from center to edge of the wafer. This result agrees well with the resistivity
measurement. As the B concentration was almost the same through the whole wafer in SiC growth, the
image of carrier concentration distribution was a response of the N impurity in the wafer.
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Figure 4. PL spectra of points a, b, ¢, d and e.

Photoluminescence (PL) was excited by a 325 nm laser with a power of 0.28 mW. Both single
point and mapping scan were performed at room temperature. The PL results of points a, b, ¢, d and e
were shown in Fig.4. The results showed that PL spectrum has a peak wavelength of about 538 nm
(2.3 eV) and FWHM of about 104 nm. It covers the most of visible light region. This result indicates
that N-B doped 4H-SiC prepared by PVT method was a feasible fluorescent substrate.

The PL mapping results were shown in Fig.5. The results showed that the emission has the
peak position of 538+3 nm and FWHM of 104+1 nm across the substrate. Despite of the intensity
differences, the peak positions of the spectra and the FWHM are kept almost the same through the
whole wafer. From the above results, one can see that the carrier concentration difference only affect
the emission intensity but do not cause the variation of the peak wavelength and FWHM. Therefore,
the shape of PL spectrum usually depends on the Coulomb interaction and phonon coupling rather than
the carrier concentration[26,27].
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Figure 5. PL mappings. (a) peak wavelength; (b) peak intensity; (c) intensity signal; (d) FWHM.

The dependence of the DAP emission intensity on doping concentration could be explained by
using band diagram with Fermi-Dirac statistics[17,28,29].

The DAP recombination rate Rpa can be described by the following equation

Rpa o< N x Fy x N, (3)

where Fp is the occupancy probability of an electron on donor states, nearly constant for n-type
SiC. From above equation, we can see that high donor and acceptor doping concentrations will result
in intense DAP recombination. Higher DAP recombination rate Rpa will be achieved while the
concentration of N increases, which will result in intense luminescence. Therefore, the most intense PL
emission should appear at the center of the wafer. But in our experiment, the most intense emission
located at the region between edge and center, about r/2 away from center of the wafer. The intensity
of PL increases from the edge to r/2 of the wafer, and decreases from r/2 to center.

The carrier concentration has major influence on the absorption coefficient « . The Drude
model for carrier absorption predicts a linear relationship between the absorption coefficient and the
charge carrier concentration. Weingartner et al. plotted such a relationship [30-34]

a=a,+kxn=(24+13)cm™ +(3.6+£0.1)x10 "cm?xn 4)
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Where n is the free carrier concentration. The absorption coefficient increases with carrier
concentration. With the increases of N concentration, the DAP emission will be enhanced. But at the
same time, a higher absorption rate by free carrier will be achieved. Therefore, the PL intensity will be
reduced while the increase of absorption rate is larger than that of the DAP emission as shown in the
PL result of our experiment. So in order to get the satisfying fluorescent 4H-SiC substrates, which has
the most intense and uniform PL emission, growth process needed to be improved to optimize the
doping of N and B.

4. CONCLUSIONS

Nitrogen-Boron doped 4H-SiC single crystal was prepared by physical vapor transport method.
It was found that the resistivity of the wafer increases gradually from center to edge, which agree with
the carrier concentration distribution simulated by Raman spectra. The PL mapping for DA 4H-SiC
shows a peak wavelength of about 538 nm with FWHM about 104 nm. The intensity of PL spectra
does not increase linearly with the nitrogen doping concentration because with the increase of the DAP
recombination, the absorption caused by carrier enhanced at the same time.
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