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Simultaneous Determination of Carrier Concentration, Mobility, and Thickness
of SiC Homoepilayers by Infrared Reflectance Spectroscopy
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We have simultaneously determined the carrier concentration, mobility, and thickness of 4H-SiC homoepilayers with carrier
concentrations of 10'7-10'8 cm™3 from infrared reflectance measurements with the wave number range of 80—-2000cm~!. A
modified classical dielectric function model was employed for the fitting analyses. We have prepared n-type epilayers on
p-type and n-type substrates for comparison with the values of the carrier concentration and mobility estimated from infrared
reflectance measurements with those obtained from Hall-effect measurements and C-V measurements. Through these
comparisons, we have confirmed the validity of the values estimated from infrared reflectance measurements.

[DOI: 10.1143/JJAP.45.1.1226]

KEYWORDS: SiC, homoepilayer, infrared reflectance, nondestructive and contactless measurement, carrier concentration,
mobility, Hall-effect measurement, capacitance—voltage measurement

Silicon carbide (SiC) is an attractive semiconductor for
high-temperature, high-power, and high-frequency electron-
ic devices because of its physical properties such as wide
band gap, high saturated-electron drift velocity, and high-
breakdown electric field. To characterize the electrical
properties of semiconductors, electrical measurement tech-
niques such as Hall-effect measurements, and capacitance—
voltage (C-V) measurements have been widely used. For
device process monitoring, however, Hall-effect measure-
ments cannot be used because they require the formation of
electrodes on samples. C—V measurements can avoid the
formation of electrodes by using a mercury probe as the
Schottky contact, but this determines only the net doping
concentration, not the carrier concentration. In addition, the
use of a mercury probe has the problem of contamination of
the sample surface.

In contrast, optical measurement techniques such as
Raman scattering spectroscopy,'™ infrared spectroscopic
ellipsometry,> optical absorption measurements,® and infra-
red reflectance measurements” have been used as non-
destructive and contactless methods to characterize the
carrier concentrations of SiC wafers.

Infrared reflectance spectroscopy has also been reported
to be able to derive the effective mass of SiC¥? and the
thickness of homoepitaxially grown SiC layers.!*!2 We
have used infrared reflectance spectroscopy to measure the
mapping of the carrier concentration and mobility over 2
inch 6H-SiC wafers.'® By comparison with the results from
Hall-effect measurements, we have confirmed the validity of
the derivation of the carrier concentration and mobility of
SiC wafers from infrared reflectance measurements. Then,
we characterized the electrical activation of doped impurities
and residual damage in ion-implanted and postannealed
4H-SiC epitaxial layers.'¥

Since homoepilayers are used for the fabrication of SiC
electronic devices in general, it is necessary to monitor the
carrier concentration and mobility of the homoepilayers, as
well as the thickness, in device fabrication processes. It has
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been recently reported that the electrical properties of
epilayers can be estimated by Raman scattering spectroscopy
using a deep ultraviolet light source whose penetration depth
is extremely small.!> However, Raman scattering measure-
ments cannot give information on the thickness of epilayers.

In this report, we propose a method for the simultaneous
determination of the electrical properties, i.e., the free-
carrier concentration, mobility, and thickness of SiC epi-
layers grown on SiC substrates by infrared reflectance
measurements. First, we compare the electrical properties
derived from infrared reflectance analyses with those of
Hall-effect measurements for n-type epilayers grown on
p-type substrates, and then with those of C—V measurements
in the case of n-type epilayers on n-type substrates, in order
to check the validity of the proposed method.

Samples used in this study were nitrogen-doped n-type
4H-SiC epilayers grown on n- and p-type 4H-SiC substrates
supplied from the National Institute of Advanced Industrial
Science and Technology. The epilayers were grown on the
4H-SiC(0001) Si face 8° off the substrates by chemical
vapor deposition (CVD). The details of the epilayer growth
have been described elsewhere.'® In the case of n-type
epilayers on p-type substrates, the carrier concentration of
the epilayers was in the range between 3 x 10!7 and 2 x
10'"8 cm™3, and that of the substrates was typically 4 x 10'
cm™3. On the other hand, in the case of n-type epilayers on
n-type substrates, the net doping concentration (Np — Np)
of the epilayers was in the range between 1 x 10'7 and
8 x 10" cm™3, and that of the substrates was typically 5 x
10" cm™3. The thicknesses of the epilayers were 6—7 um,
measured by scanning electron microscopy (SEM) observa-
tion of a cleaved facet of the samples.

The infrared reflectance spectra were measured at room
temperature (RT) using two Fourier-transform infrared
(FTIR) spectrometers, JASCO FT/IR-VM7 for the far-
infrared spectral region (80—650cm™') and JASCO Irtron
IRT-30 infrared microscope for the mid-infrared spectral
region (540—2000cm™'). In the far-infrared region, two
light sources (a mercury arc lamp and a nichrome light
source), two beam splitters (4- and 12-pum-thick Mylar films)
and a pyroelectric deuterated triglycine sulfate (p-DTGS)
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detector were used. In the mid-infrared region, a high-
intensity ceramic light source, a KBr beam splitter, and a
mercury cadmium telluride (MCT) detector were used. The
diameter of the incident beam used and the wave number
resolution for the far-infrared measurements and mid-infra-
red measurements were Smm and 1cm™!, and 0.1 mm and
2cm™!, respectively. In the reflectance measurements, an
aluminum mirror was used as a reference.

Hall-effect measurements were performed at RT using
the van der Pauw method for n-type epilayers on p-type
substrates. Ohmic contacts were fabricated on the epilayer
surfaces by the electron-beam evaporation of Ni and sub-
sequent annealing at 900 °C for 30 min in N, atmosphere.
C-V measurements were performed at RT using gold
electrodes evaporated on the sample surface as Schottky
contacts.

The carrier concentration and mobility of epilayers and
substrates, as well as the thickness of the epilayers can be
determined simultaneously by fitting the calculated reflec-
tance spectrum to the measured spectrum. The reflectance R
of an epilayer on a substrate at normal incidence is given by

_nis 12
ri 4+ re” 2
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where r; and r, are the Fresnel reflection coefficients at the
air/epilayer and the epilayer/substrate interface, respective-
ly, given by the function of the optical constants of the
epilayer and the substrate, and the thickness. The optical
constants of SiC in the infrared region are derived from the
dielectric constants as a function of the wave number of the
incident light as
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where € is the high-frequency dielectric constant, wr and
wy, are transverse optical (TO) and longitudinal optical (LO)
phonon frequencies and I't and I'r, are the TO and LO
phonon damping constants, respectively. The first term in
eq. (2) is the contribution from the lattice vibration, where
the contributions from the TO phonon damping constant
and the LO phonon damping constant are independent of
each other.!” This dielectric function model is called as a
modified classical dielectric function (MDF) model. The
second term in the equation is related to the plasma
oscillation of free carriers, where the plasma frequency wy
is given as

Ne?

9
m*eq

wp = 3)
where N, m*, and e are the free-carrier concentration,
effective mass, and electron charge, respectively. Since the
free-carrier damping constant y,, is given by the inverse of the
scattering time t, the free-carrier mobility is derived using

e
n= 4
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We calculated the infrared reflectance as a function of the
wave number using eq. (1). We fitted the calculated
spectrum to the measured one by adjusting the values of
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Fig. 1. Infrared reflectance spectrum of an n-type epilayer on a p-type
substrate at room temperature denoted by dashed line. The solid line
shows the fitted curve calculated using the MDF model. The values
estimated from this fitting analysis are listed in the figure.

wp, ¥p» I'r, and I'L of the epilayer and the substrate, and the
epilayer thickness d. From these values, we obtained the
carrier concentration N and mobility u of the epilayer and
substrate using eqs. (3) and (4). We adopted the values €5, =
6.56, wr = 798 cm™!, wp = 970cm™!, myr = 0.58my, and
mx = 0.31mg, obtained from Raman scattering meas-
urements of 4H-SiC" and optical detection of cyclotron
resonance (ODCR).'® Considering that the free carriers
distribute themselves in proportion to the square root of
each effective mass, the averaged effective masses, m* =
g - mig)'? and ot = [/ () + 1/ () 2/
[1/(m5g)>* + 1/(mig)*'?1, were used for the calculation
of the carrier concentration and mobility, respectively.
First, we estimated the carrier concentration and mobility
of n-type epilayers on p-type substrates from reflectance
measurements, and compared them with the values obtained
from Hall-effect measurements. Figure 1 shows a typical
infrared reflectance spectrum measured for an n-type
epilayer on a p-type substrate. The solid line denotes the
calculated values fitted to the experimental values shown as
the dashed line. The calculated spectrum was fitted to the
observed one by eye. The values Nep = 3.2 X 107 cm—3,
Iepi = 296cm?/(V-s), and d = 6.60um were obtained by
curve-fitting analysis. These values are listed in the figure. In
the case of a p-type substrate whose carrier concentration is
low in general, the reflectance spectrum is almost independ-
ent of the electrical properties of the substrate, thus, it is
difficult to estimate the carrier concentration and mobility of
the substrate. Thus, we have used values for the p-type
substrate without the epilayer obtained from Hall-effect
measurements. The thicknesses of the epilayer obtained from
infrared reflectance measurements and those measured from
SEM observation coincide with each other within £1%.
The carrier concentrations and mobilities obtained from
infrared reflectance measurements are plotted with respect to
those obtained from Hall-effect measurements in Figs. 2(a)
and 2(b), respectively. Since the Hall scattering factor ry is
reported to be approximately unity at RT for 4H-SiC,'%29
we directly compared the drift mobilities estimated from
infrared reflectance measurements and the Hall mobilities
obtained from Hall-effect measurements. The error bars
shown in the figures represent the accuracy of the fitting
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Fig. 2. Values of (a) carrier concentration and (b) mobility estimated from
infrared reflectance measurements and Hall-effect measurements. The
dotted line in the figures corresponds to Ny = Nprir and figan = MFTIR
for (a) and (b), respectively, as guides to the eye.

analysis, and the accuracy is about £4% for both the carrier
concentration and the mobility, whereas the accuracy of
the values derived from Hall-effect measurements is about
+10%. As can be seen from these figures, the electrical
properties obtained from the reflectance spectra are in good
agreement with those obtained from Hall-effect measure-
ments. These results suggest that the proposed method is
valid for obtaining the values of carrier concentration and
mobility of the epilayers. However, careful observation
confirms that the values of carrier concentration and mobility
derived from infrared reflectance measurements are slightly
lower than those obtained from Hall-effect measurements.
The difference can be explained by the consideration that
the part of the free carriers trapped in defects or bounded
by dopants cannot follow in the THz frequency range used
for reflectance measurements, unlike in Hall-effect measure-
ments, where a direct current is supplied.

Next, we estimated the values of carrier concentration and
mobility for n-type epilayers on n-type substrates from the
infrared reflectance spectra measured. Figure 3 shows a
typical infrared reflectance spectrum observed and its fitted
curve. The values Nepi = 1.3 x 107 cm—3, Mepi = 403 cmz/
(V-s), and d = 4.45um; and Ngp = 7.1 x 108 cm ™3, and
Wsub = 53 cm?/(V-s) were obtained by curve-fitting analysis
as the parameters of the epilayer and substrate, respectively.
The accuracy of the carrier concentration and mobility of
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Fig. 3. [Infrared reflectance spectrum of an n-type epilayer on an n-type
substrate at room temperature denoted by dashed line. The solid line
shows the fitted curve calculated using the MDF model. The values
estimated from this fitting analysis are listed in the figure.
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Fig. 4. Values of the carrier concentration estimated from the infrared
reflectance for n-type epilayers on n-type substrates as a function of
dopant concentration obtained from C-V measurements for each sample.
The solid line represents the theoretical carrier concentration for 7 = 300
K assuming zero doping concentration (Na = 0) using eq. (5a). The
dotted line represents Nprir = Np — N as a guide to the eye.

epilayers derived from the fitting of the reflectance spectrum
is about +10%. In Fig. 4, the free-carrier concentration
estimated from the infrared reflectance spectrum is plotted
with respect to the net doping concentration Np — Ny derived
from C-V measurements. We calculated the free-carrier
concentration n from the net doping concentration using

(T)+N, N
n =
AT T4 {gn(T)/Nc) explAE(h) [k T]
N(k)
+ ,  (5a)
1+ {gn(T)/Nc} exp[ AE(k) ks T]

* kgT 3/2
N, :2Mc<md's' B ) (5b)
¢ 27h2 ’

where kg is the Boltzmann constant, T is the temperature,
Ny is the concentration of acceptors, and N(h) and N(k) are
the concentrations of the nitrogens occupied at hexagonal
and cubic lattice sites, respectively. Since the number of
hexagonal sites is equal to the number of cubic sites for 4H-
SiC, the donor concentration Np is given by N(h) + N(k).
The values of AE(h) and AE(k) are the ionization energies
of the nitrogen donor at hexagonal and cubic lattice sites,
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respectively, and g=2 is the spin degeneracy factor.
Equation (5b) gives the effective density of states, where
M¢c = 3 is the number of equivalent conduction band minima
and m is the density-of-states effective mass. The values
of AE(h) and AE(k) were set as 50 and 100 meV, respec-
tively, referring to reported experimental data.?'?? The
values of mf = 0.58mgy, my = 0.31mg, and my,; =
0.33m derived from ODCR measurements'® were adopted.
The solid line in Fig. 4 shows the free-carrier concentration
calculated as a function of the net doping concentration in
the case of No/Np = 0 or Np/(Na + Np) = 1, because the
epilayers we measured are hardly carrier compensated.>”
The values obtained from the infrared reflectance spectra
were slightly lower than the calculated values, as in the case
for the samples of n-type epilayers on p-type substrates. The
value of drift mobility calculated in consideration of five
carrier-scattering mechanisms?? was 430cm?/(V-s), in the
case of No/Np = 0 and Np — Ny = 2.7 x 107 cm™3, which
is almost the same as the value obtained from the infrared
reflectance spectrum, i.e., 403 cm2/(V-s). This result also
indicates that the compensation of the sample is low.

We have performed infrared reflectance measurements in
the range between 80—2000 cm™! for epilayers with a carrier
concentration in the range of 10'7-10" cm=>, and have
shown that the values of carrier concentration, mobility, and
epilayer thickness can be estimated with high accuracy. It is
difficult to apply this method to epilayers having carrier
concentrations less than 10'7 cm™ due to the restriction of
the spectral region for the FTIR spectrometer (80cm™')
that we used, and because of the restriction in the carrier
concentration range, our method can be applied to only
certain epilayers in some SiC devices such as channel layers
of MESFETs and electrode contact layers. In order to
expand the applicable SiC device area, particularly for
devices with a high breakdown voltage, it is necessary to
extend to the range of carrier concentrations to less than
10" ecm™3. To overcome this problem, an extension of the
spectral range of the reflectance measurements to the THz
region may be required. In the case of carrier concentrations
higher than 10" cm™3, it is also difficult to estimate the
electrical properties from the reflectance spectra with high
accuracy, as mentioned in our previous paper.'? It is
necessary to derive a novel dielectric function model that
takes into account the LO phonon—plasmon coupling.

We have proposed a method for the simultaneous deter-
mination of the carrier concentration, mobility, and thick-
ness of SiC homoepilayers using infrared reflectance spec-
troscopy. Infrared reflectance spectra with a wave number
range between 80—2000cm~! were measured for n-type
4H-SiC epilayers on p-type and n-type 4H-SiC substrates
with different carrier concentrations at RT. We estimated the
carrier concentration and mobility by curve-fitting using the
MDF model. These values of electrical properties for n-type
epilayers on p-type substrates were compared with the
values of Hall-effect measurements, and those for n-type
epilayers on n-type substrates were compared with the
values of C—V measurements. Through these comparisons,
we have shown that the characterization method using
infrared reflectance measurements can determine the elec-
trical properties and the thickness of SiC homoepilayers
accurately.
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