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We have estimated the free-carrier concentration and drift mobility in n-type 6H-SiC wafers in the carrier concentration range
of 10'7-10" cm™ from far- and mid-infrared (30-2000 cm™") reflectance spectra obtained at room temperature. A modified
classical dielectric function model was employed for the analysis. We found good agreement between the electrical properties
derived from infrared reflectance spectroscopy and those derived from Hall effect measurements. We have demonstrated the
spatial mapping of carrier concentration and mobility for commercially produced 2 inch SiC wafers.
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1. Introduction

Silicon carbide (SiC) is a promising material for the
fabrication of high-temperature, high-power, and high-
frequency electronic devices owing to its advantages of
high breakdown electric field, high saturation electron drift
velocity, and excellent thermal conductivity. For the
practical use of SiC devices, the production of high-quality,
large-diameter wafers with uniform electrical properties is
indispensable. In order to determine the optimum growth
conditions that produce a SiC wafer with a high electrical
uniformity and to determine how the electrical properties of
the SiC wafer are distributed, it is necessary to characterize
the distribution of the electrical properties of the SiC wafer.
Previously, to characterize the distribution of the electrical
properties of SiC wafers, conductivity mapping was per-
formed."? However, the mapping of carrier concentration
and mobility provides more useful information on the
characteristics of wafers than conductivity mapping does,
because it determines the distribution of dopant concen-
tration and/or activation of dopants and the crystallinity
and/or distribution of crystal defects can be obtained. In
order to characterize the distribution of carrier concentration
and mobility over SiC wafers, electrical measurement
techniques such as Hall effect measurements and capaci-
tance—voltage (C-V) measurements have been widely used.
These techniques, however, are disadvantageous device
process monitoring tool because they require the formation
of electrodes on samples.

Recently, optical measurement techniques such as Raman
scattering spectroscopy,’® infrared spectroscopic ellipsom-
etry,” optical absorption measurements,® and infrared
reflectance measurements” have been used to characterize
the carrier concentration in SiC wafers as nondestructive and
contactless methods. It has also been reported that infrared
reflectance spectroscopy can characterize the effective
electron mass,'%!" the thickness of homo-epitaxially grown
SiC layers,'”'® and the damage to ion implantation
layers.!3-20)

We have measured the infrared reflectance spectra of SiC
wafers in the spectral range of 600-2000cm~!, and have
shown that infrared reflectance spectroscopy can be used to
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determine the free-carrier concentration and mobility in SiC
wafers by the analysis of the infrared reflectance spectra
without destruction or contact.” In the case of low-doped
SiC wafers (N < 10'® cm™3), however, the spectrum hardly
changes in the mid-infrared region including the reststrahlen
bands, and it is difficult to characterize the free-carrier
concentration and mobility quantitatively from the analysis
of this spectrum. To overcome this difficulty, it is necessary
to measure the wide spectral region including the wave-
length corresponding to the plasma frequency which is
determined by the free-carrier concentration. For curve
fitting analysis, we had previously used the conventional
classical dielectric function (CDF) model.?! However, it has
been reported that the appropriate choice of longitudinal
optical (LO) phonon damping constant is necessary to
determine the electrical properties of a wide gap semi-
conductor with an overdamped plasmon system such as SiC
by spectroscopic techniques, and a modified classical
dielectric function (MDF) is proposed®? to fulfill this
necessity.

In this work, for the reasons mentioned above, we have
performed the infrared reflectance measurements in a wide
spectral region, i.e., 30-2000 cm~!, for 6H-SiC wafers with
a carrier concentration in the range of 10'7-10" cm™3 at
room temperature and have estimated the free-carrier
concentrations and mobilities using the MDF model*”
instead of the CDF model. The values obtained from the
analysis of the infrared reflectance spectra were compared
with those obtained from the Hall effect measurements.
Through comparison, we have ascertained that the electrical
properties of SiC wafers can be estimated by infrared
reflectance spectroscopy with high credibility. Finally, to
demonstrate the capability of the method proposed, we have
performed the spatial mapping of the carrier concentration
and mobility of a commercially produced 2 inch SiC wafer.

2. Experiments

The samples used were single-crystal wafers of n-type
(N-doped) 6H-SiC because n-type wafers are utilized mostly
for device applications. For the comparison between the
electrical properties derived from the infrared reflectance
measurements and those from the Hall effect measurements,
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wafers with a wide variety of carrier concentrations ranging
from 3.7 x 10'7 to 2.4 x 10" cm™> were used. A commer-
cially produced n-type 2 inch 6H-SiC wafer was used for the
spatial mapping of carrier concentration and mobility.

The infrared reflectance spectra were measured using two
Fourier-transform infrared (FTIR) spectrometers, JASCO
FT/IR-VM7 for the far-infrared region (30-600cm~"') and
JASCO FT/IR 670-PLUS for the mid-infrared region (400—
2000 cm™"). For the far-infrared reflectance measurements,
two light sources (a mercury arc lamp and a nichrome light
source), three beam splitters (4-, 12-, and 25-um-thick Mylar
films) and a p-DTGS (pyroelectric deuterated triglycine
sulfate) detector were used. For the mid-infrared reflectance
measurements, a high-intensity ceramic light source, a KBr
beam splitter, and a TGS detector were employed. Each
infrared reflectance spectrum was measured at 1cm™!
spectral resolution. The beam diameters were 5Smm and
3 mm for far- and mid-infrared measurements, respectively.
The measurements of the (0001) SiC wafers were performed
at an approximately normal incidence angle. An Al mirror
was used as a reflectance reference.

For the spatial mapping, we employed a micro-FTIR
spectrometer (JASCO Irtron IRT-30 infrared microscope),
which was equipped with a mercury cadmium telluride
(MCT) detector. The diameter of the beam was 0.1 mm. We
performed the measurements in the spectral range of 560—
2000cm~' with a spectral resolution of 4cm~'. We
measured at 5 mm intervals over a sample wafer (a total of
120 measurement points).

We cut the SiC wafers to a size of 5 x 5mm? for the Hall
effect measurements using van der Pauw methods. After
chemical cleaning, ohmic contacts were fabricated at the
corners of each sample by the evaporation of nickel and
subsequent heat treatment at 1000°C for 10 min. Infrared
reflectance measurements and Hall effect measurements
were both carried out at room temperature.

3. Results and Discussion

3.1 Infrared reflectance spectra and their analysis

The dotted lines in Fig. 1 show the typical infrared
reflectance spectra of several 6H-SiC wafers of different
carrier concentrations at room temperature. The plasma
edges and the reststrahlen bands appear in the far-infrared
and mid-infrared regions, respectively. For the analysis of
infrared reflectance spectra, a number of dielectric function
models have been proposed.>'> The CDF model, which
assumes that the damping constant of the LO phonon is the
same as that of the transverse optical (TO) phonon, has been
frequently used to analyze the infrared reflectance spectra of
not only SiC, but also other polar semiconductors such as
GaAs.2® In SiC, however, the reflectance spectrum  is
strongly dependent on LO-phonon damping because the
plasmon is overdamped and the LO phonon frequency is
much higher than the plasma frequency except for heavily
doped cases. For these reasons, we have chosen to use the
MDF model?? taking into account the contribution of the TO
phonon damping constant and the LO phonon damping
constant independently as
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Fig. 1. Infrared reflectance spectra measured for 6H-SiC wafers with
various carrier concentrations at room temperature (dotted line). The solid
lines show the fitted spectra calculated using the MDF model. The values
of carrier concentration and mobility obtained from fitting to the
measured infrared reflectance spectra are described in the figure.

where e is the optical dielectric constant, wt and wp are
TO and LO phonon frequencies, I'r and I', are the TO and
LO phonon damping constants, respectively, w, is the
plasma frequency, and y, is the free-carrier damping
constant. The first term on the right-hand side of eq. (1) is
derived from the Lorentz oscillator model of phonons. The
second term is the contribution from free carriers (Drude
term). The plasma frequency in the Drude term is given by

Nez 1/2
wp=< ) , @)

m*eno

where N, e, m* are the free-carrier concentration, electron
charge, and effective carrier mass, respectively. The free-
carrier damping constant y, is inversely proportional to the
carrier scattering time 7, and therefore the free-carrier drift
mobility u can be derived using the following relation.

e

w=— 3)
m*y,
The reflectivity R from a semi-infinite medium at a normal

incidence angle is given by

(n—172+k

(n+ 17+ k2

where n and k are the optical constants of the samples.
Carrier concentration and mobility were determined by

fitting the experimental infrared reflectance spectrum to the
calculated one. To fit the spectra, we used the curve fitting

R(w) = “
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Fig. 2. Comparison of (a) carrier concentration and (b) mobility values obtained from infrared reflectance spectroscopy measurements
with those from Hall measurements. The broken line represents the case of complete agreement with each other.

method based on egs. (1) and (4), in which we adopted w,,
¥p» and I'y as adjustable parameters. For the values of the
other parameters, we employed those obtained from Raman
scattering measurement of 6H-SIiC;Y e, = 6.52, wr =
797cm™, o, =966.4cm~!, I'r=2cm™!, and m* =
0.35my. Since the light is normally incident to the (0001)
face of the samples, all these parameters are for the mode
vibrating perpendicular to the c-axis (E;-type mode).

From the curve fitting analysis, we obtained a good fit for
each experimental spectrum, which was obtained by meas-
uring nine samples with carrier concentrations in the range
of 4 x 10'7-3 x 10" cm™3. The solid lines in Fig. 1 show
examples of the fitted curves obtained by fitting to the
typical infrared reflectance spectra shown as the dotted line
in each figure. The free-carrier concentration and drift
mobility were derived from the best-fit parameters of w, and
¥p using egs. (2) and (3), mentioned above. The values of
free-carrier concentration and mobility obtained are also
given in each figure.

As shown in Fig. 1(c), there is a slight discrepancy at
approximately 900 cm~! between the spectrum observed and
that calculated using the MDF model [eq. (1)]. This
discrepancy increases with increasing carrier concentration
in the high 10'® cm~ range. For heavily doped SiC crystals,
the CDF and MDF models would be inappropriate because
the MDF model is derived considering the effects of
phonons and plasmons independently. In the case of heavily
doped SiC crystals, the plasma frequency is close to the
phonon frequency, and the LO phonon and plasmon are
strongly coupled. Therefore, though a MDF model can
approximately estimate the electrical properties of heavily
doped SiC wafers, it is necessary to use another dielectric
function model which takes into account the effect of LO
phonon-plasmon coupled modes>*?> to obtain more accurate
values.

As the lower limit of the wave number is 30cm™! in our
experiment, we can determine the values of free-carrier
concentration to be higher than 1 x 10'7cm™. In order to
characterize samples with a free-carrier concentration less
than 10" cm™3, it is necessary to measure infrared reflec-
tance spectra in the region with a wave number less than

30cm~!, where, however, it is generally difficult to perform
measurements with a small beam diameter.

3.2 Comparison with the values derived from Hall effect
measurements

In Figs. 2(a) and 2(b), the carrier concentrations and
mobilities estimated from the infrared reflectance measure-
ments are plotted against those obtained from the Hall effect
measurements, respectively. As the reported Hall scattering
factor ry is approximately unity at room temperature for 6H-
SiC,*"?® we assumed ry is equal to unity for the calculation.
Good agreement was obtained between the electrical proper-
ties obtained from the infrared reflectance measurements and
those obtained from the Hall effect measurements.

The LO phonon damping constant I', which is one of the
adjustable parameters, varies linearly with carrier concen-
tration. This tendency is in good agreement with the results
obtained by Raman scattering spectroscopy,’? in which, as
was explained, the interactions between ionized impurities
and LO phonons, and free carriers and LO phonons increase
with increasing dopant concentration.

Figure 3 shows the ratios of the free-carrier concentration
and mobility estimated from the infrared reflectance meas-
urements to those estimated from the Hall effect measure-
ments (Nir/Nuan, 1R/ Muan) for the cases of using the CDF
and MDF models for analysis and measurements in the mid-
infrared region or far- and mid-infrared region. When the
analyses are performed on the spectra in the 600-2000 cm™!
range, as shown in Figs. 3(a) and 3(d), there is a noticeable
disagreement in the estimated free-carrier concentration and
mobility, respectively, between the infrared reflectance
measurements and the Hall effect measurements. In partic-
ular, this discrepancy is larger in the lower carrier concen-
tration region. These figures also show that the situations
cannot be improved by replacing the CDF model with the
MDF model. When the region of spectral analysis is
extended to the far-infrared region, i.e., 30-2000 cm~!, the
agreement between the values obtained from infrared
reflectance measurements and those obtained from the Hall
measurements is improved significantly in lower carrier
concentration region. However, in the case of the CDF



5154 Jpn. J. Appl. Phys., Vol. 43, No. 8A (2004) K. NARITA et al.
10 f—r—r g Ty
i;(a) 1F (0) [Garrmiddie, cDF) ] F (©) [(farrmiddic. MDP) | ]
ok I I |
E m
e @
Zl._ ______ % g__x_. .__l_!_—._.__._. .__g_!__._.'_._.
sk 1 F 1 F ]
= il il ]
4. - - - - -
i A (middle, CDF) | 1T 1t .
2 X (middle, MDF) | 1 [ 1T 1
01— 'i'é'é"g P 'A'é'é"g P P 'i'é'é"lg P 'i'é'é"g P P 'i'é'é"lg 2 'i'é'é"g P
10" 10' 10” 10" 10 10” 10" 10 10'
N Hall N Hall N Hall
10: rorrrTT rorrTTT 9 F rorTTTT rorTTTT "1 F T o G
T (d)| A (middle, CDF) | [ (e) | (far+middle, CDF) | 1 [ (f) | (far+middle, MDF) ] ]
i X (middle, MDF) | ] [ 11 ]
5 7 . .
= ® °
\p‘ 1 F - - - - - = = = = a F = T T T g T T =3 B = - '_ - _.' I
& 3 u El ® E
E ok BPOF am E :
4_ - - - - -
I K x il il :
0.1 ot N S R S S N S
10" 10" 10” 10" 10" 10° 10" 10" 10"
Hall Hall NHall

Fig. 3.

Ratios of free-carrier concentration and mobility determined from infrared reflectance measurements to those from Hall effect

measurements (Vg /Nyan and g/ epan) for the cases of using the CDF or MDF model for analysis, and those of measured in the mid-
infrared region or far- and mid-infrared region, where the values are plotted against the Hall carrier concentration.

model analysis, the mobilities are estimated to be approx-
imately 0.6 times the values determined by Hall effect
measurements. In contrast, when both the far- and mid-
infrared region spectra are used and the analysis is
performed using the MDF model, both the free-carrier
concentration and mobility obtained agree well with those
obtained from the Hall measurements. These results indicate
that to obtain the carrier concentration and drift mobility
from infrared reflectance measurements, it is necessary to
measure the spectra over a wide spectral range including the
far-infrared spectral region and to use the MDF model for
analysis.

3.3 Free-carrier concentration dependence of Hall and
drift mobility

In Fig. 4, the drift mobility and Hall mobility of the 6H-
SiC wafers are plotted against the determined free-carrier
concentration, and against those reported by Karmann et
al.?” The Hall mobilities obtained in the present study are a
little higher than those determined by Karmann ef al. in a
high-carrier-concentration region. We calculated the drift
and Hall mobility at room temperature as functions of
dopant concentration following refs. 30-32, assuming that
the compensation ratio Na/Np =0, and considered five
carrier scattering mechanisms (acoustic phonon deformation
potential scattering, polar optical phonon scattering, inter-
valley phonon deformation potential scattering, neutral
impurity scattering, and ionized impurity scattering) as in
ref. 30. The values of the mobility obtained in this work are
lower than those obtained from the theoretical calculations.
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Fig. 4. The variations in drift mobility evaluated from infrared reflectance
spectroscopy and Hall mobility measurements plotted against carrier
concentration. The reported values of Hall mobility* and those
calculated theoretically (Na/Np = 0) following ref. 30 are also shown
for comparison.

This result suggests that the compensation ratio is not 0 but
approximately 0.2 in this study and a little higher in the case
of the data reported by Karmann et al.

3.4 Spatial mapping of carrier concentration and mobility
over 2 inch SiC wafers
Figure 5 shows an example of the spatial distribution of
the free-carrier concentration and mobility of a commer-
cially produced 2 inch 6H-SiC wafer obtained using this
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technique. This measurement technique needs no prior
surface treatment, because the native oxide layer thickness
and surface roughness are not more than 3nm and their
influence on the reflectance spectra is negligible. The
uniformity of the free-carrier concentration and mobility
throughout this wafer except for 5Smm from the edge were
estimated to be approximately £9% and +15%, respective-
ly. The free-carrier concentration mapping shows that the
free-carrier concentration in the central region is greater than
that in the edge region. On the other hand, the mobility
mapping shows the negative correlation of the mobility
distribution with that of carrier concentration. When con-
ductivity mapping is used as the method for the mapping of
electrical properties of the wafer, it leads to the misleading
conclusion that the electrical uniformity over the wafer is
approximately +5% and the wafer is almost uniform,
because the conductivity is determined as the product of
carrier concentration and mobility. Therefore, the propesed
infrared reflectance method is more appropriate for the
characterization of the distribution of the electrical proper-
ties of SiC wafers.

4. Conclusions

Far- and mid-infrared reflectance spectra measurements
were performed for n-type 6H-SiC single-crystal wafers with
different carrier concentrations at room temperature. The
free-carrier concentration and mobility were determined
from the analysis of the measured spectra using the MDF
model. The free-carrier concentration and mobility obtained
from the infrared reflectance measurements agree well with
the values obtained from Hall effect measurements. These
results suggest that infrared reflectance spectroscopy can
determine carrier concentration and mobility accurately.
Therefore, this method is useful for the characterizzation of
the spatial distribution of free-carrier concentration and
mobility in SiC wafers as a device process monitoring tool in
the carrier concentration range of 10'7-10'cm™. Our
results have demonstrated the capability of obtaining the
spatial distribution of carrier concentration and mobility in 2
inch SiC wafers using this method.
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