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The infrared reflectance spectra of both 4H–SiC substrates and epilayers are measured in a wave number range

from 400 cm−1 to 4000 cm−1 using a Fourier-transform spectrometer. The thicknesses of the 4H–SiC epilayers and

the electrical properties, including the free-carrier concentrations and the mobilities of both the 4H–SiC substrates and

the epilayers, are characterized through full line-shape fitting analyses. The correlations of the theoretical spectral

profiles with the 4H–SiC electrical properties in the 30 cm−1–4000 cm−1 and 400 cm−1–4000 cm−1 spectral regions are

established by introducing a parameter defined as error quadratic sum. It is indicated that their correlations become

stronger at a higher carrier concentration and in a wider spectral region (30 cm−1–4000 cm−1). These results suggest

that the infrared reflectance technique can be used to accurately determine the thicknesses of the epilayers and the

carrier concentrations, and the mobilities of both lightly and heavily doped 4H–SiC wafers.
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1. Introduction

Silicon carbide is a very promising semiconductor

for high-power, high-temperature devices due to its

wide band gap, high thermal conductivity, and high

breakdown electric field.[1,2] High-quality 4H–SiC sub-

strates and epilayers are especially required in 4H–SiC

power device applications.[3] For the sake of examining

the quality of 4H–SiC, conventional electrical charac-

terization methods, such as capacitance–voltage (C–

V ) and Hall-effect measurements, have been widely

used to determine the carrier concentration and mo-

bility. Recently, optical techniques have proven to be

effective alternative methods due to their nondestruc-

tive and contactless characteristics. For example, Ra-

man scattering measurements could be used to simul-

taneously determine the carrier concentrations and

mobilities of 4H–SiC and 6H–SiC, via fitting the pro-

files of the longitudinal-optical phonon-plasmon cou-

pled (LOPC) mode.[4,5] However, Raman scattering

measurements cannot provide information about epi-

layer thickness.

The infrared reflectance technique is another im-

portant optical approach to the characterization of

SiC materials. Narita et al.[6] fitted the whole infrared

spectrum of n-type 6H–SiC substrates to estimate car-

rier concentration and mobility, based on the modified

classical dielectric function model. For SiC epilayers,

a fitting analysis was also performed to calculate the

epilayer thickness and the carrier concentration and

mobility.[7] However, the fitting formulae were valid

only in the case of normal incidence, and the correla-

tions between the spectral profiles and electrical prop-

erties (i.e. carrier concentration and mobility) were

not studied in detail because there were no appropri-

ate parameters available to describe the correlations.

In this paper, we propose the fitting formulae of

the infrared reflectance spectra for both the 4H–SiC

substrates and epilayers. The thicknesses of the epi-

layers and the electrical properties of both 4H–SiC
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substrates and epilayers are characterized by the fit-

ting analyses of the infrared reflectance spectra. The

values obtained by this method are compared with

those obtained from the conventional measurements.

Finally, the validity of the fitting technique is quanti-

tatively discussed by introducing the error quadratic

sum (EQS) parameter.

2. Experiment

A semi-insulating 4H–SiC substrate (Sample 1)

and two heavily nitrogen-doped 4H–SiC substrates

(Samples 2 and 3) with carrier concentrations of the

order of 1018 cm−1 and 1019 cm−1, respectively, were

used in this work. A thick 4H–SiC homoepitaxial

layer with a thickness of 14.4 µm was grown on an n+

4H–SiC substrate in a home-made vertical low pres-

sure chemical vapour deposition (LPCVD) reactor.

The thickness was determined by using cross-sectional

scanning electron microscopy (SEM) (as shown in

Fig. 1).

Fig. 1. Cross-sectional SEM image of a 4H–SiC epilayer.

The infrared reflectance spectra measurements

were carried out at room temperature (RT) using

a Spectrum GX Fourier-transform infrared (FTIR)

spectrometer (Perkin Elmer Inc.) for the spectral

region (400 cm−1–4000 cm−1) at an incident angle

of 16◦. A KBr beam splitter and a mid-IR deuter-

ated triglycine sulfate (TGS) detector were used with

a wave number resolution of 4 cm−1. The polariza-

tion was unspecified both for incident and collected

light. A silver mirror was used as a reference. The

Hall-effect measurement was performed at RT to ob-

tain the carrier concentrations and the mobilities of

the substrates, and the Hall factor was assumed to be

unity.[7] A mercury probe C–V measurement was per-

formed at RT to obtain the carrier concentrations of

the epilayers.

3. Theoretical analyses of in-

frared reflection spectra

3.1.Dielectric function model

Frequency-dependent dielectric function can be

expressed as the sum of the lattice vibration term and

the plasma oscillation term (i.e. the Drude term):[8]

ε∥,⊥(ω) = ε∥,⊥∝

(
ω2
L∥,⊥ − ω2 − iΓLω

ω2
T∥,⊥ − ω2 − iΓTω

−
ω2
p∥,⊥

ω(ω + iγ)

)
,

(1)

where ε∥ and ε⊥ are the dielectric functions in the

directions parallel (∥) and perpendicular (⊥) to the c

axis, respectively; ω is the wave number of the inci-

dent light; ε
∥,⊥
∝ are the high-frequency dielectric con-

stants; ωL∥,⊥ and ωT∥,⊥ are the longitudinal optical

(LO) and transverse optical (TO) wave frequencies,

respectively; ΓL and ΓT are the LO and TO wave

damping constants, respectively; and ωp∥,⊥ are the

plasma frequencies, which are related to the concen-

tration of the free carriers as

ωp∥,⊥ =
1

2πc

√√√√ Nq2

m∗
∥,⊥ε0ε

∥,⊥
∝

, (2)

whereN , q,m∗
∥,⊥, ε0, and c are the free-carrier concen-

tration, electron charge, electron effective mass, vac-

uum dielectric constant, and light velocity in vacuum,

respectively. To simplify the following fitting calcu-

lations, only ωp⊥ was chosen to be an adjustable pa-

rameter and ωp∥ was set to be correlated with ωp⊥,

i.e. ωp∥ =
√
m∗

⊥ε
⊥
∝/m

∗
∥ε

∥
∝ωp⊥, according to Eq. (2);

γ is the plasma damping constant, which is expressed

as a function of carrier mobility, µ∥,⊥, as

γ =
1

2πc

q

m∗
∥,⊥µ∥,⊥

. (3)

It should be noted that ΓL, ΓT, and γ were as-

sumed to be isotropic to reduce the complexity of the

following fitting calculations. Equations (2) and (3)

are the formulae from which we derived the carrier

concentration and mobility. The values of µ⊥ were

taken to compare with the Hall-effect measurement

results.

3.2. Fitting formulae of infrared re-

flectance spectra

3.2.1. Substrate fitting

The fitting analyses for the SiC substrates have

been performed by several groups.[6,8] However, their
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fitting formulae are valid only in the case of normal

incidence. Here we propose a fitting formula that is

theoretically applicable to an arbitrary incident an-

gle. The total reflectance Rsub can be expressed as

a function of the reflectances of light polarized in the

directions parallel (p) and perpendicular (s) to the in-

cident plane:[9]

Rsub = r2p,sub · cos2α+ r2s,sub · sin2α, (4)

where rp,sub and rs,sub are Fresnel reflection coeffi-

cients for p- and s-polarized light and depend on the

dielectric function and incident angle;[10] and α is the

angle included between the electric field vector of the

incident wave and the plane of incidence. In the case

of natural light, the intensities of p- and s-polarized

light are equal, i.e. cos2 α = sin2 α = 1/2. Therefore

Rsub becomes

Rsub = (r2p,sub + r2s,sub)/2. (5)

3.2.2. Epilayer fitting

As the epilayer and substrate exhibit different

forms of dielectric functions, the multi-reflection in

the epilayer and the interference of the reflected light

are required to be taken into account. Therefore, Fres-

nel reflection coefficients can be obtained through the

summation of infinite series of reflected light.[11] How-

ever, since the polarization of s-polarized light is verti-

cal to that of p-polarized light, there is no need to con-

sider the interference between the p- and s-polarized

light, then the total reflectance Repi can still be ex-

pressed as the mean value of both p- and s-polarized

light reflectances, similar to Eq. (5). Consequently,

the fitting formulae are summarized as

Repi = (r2p,epi + r2s,epi)/2, (6a)

rp,epi =
r1p + r2p e

2iβp

1 + r1pr2p e2iβp
, (6b)

rs,epi =
r1s + r2s e

2iβs

1 + r1sr2s e2iβs
, (6c)

where r1p and r1s are Fresnel reflection coefficients at

the ambient/epilayer interface for p- and s-polarized

light, respectively, and are functions of dielectric func-

tion and incident angle; r2p and r2s are Fresnel re-

flection coefficients at the epilayer/substrate interface

for p- and s-polarized light, respectively, and are also

functions of dielectric function and incident angle; and

βp and βs are the phase differences for p- and s-

polarized light, respectively, and are functions of epi-

layer thickness (denoted by d), dielectric function, and

incident angle.

The details of r1p, r1s, r2p, r2s, βp, and βs can

be found in Ref. [11], where the complex refractive in-

dex (which is the square root of the dielectric func-

tion) was used for the case of the absorption film.

Therefore, the total reflectance Repi is dependent on

dielectric function, incident angle and epilayer thick-

ness. In the following fitting analyses, we adopt

the values ωL⊥ = 970.1 cm−1, ωL∥ = 965.8 cm−1,

ωT⊥ = 797.3 cm−1, ωT∥ = 782.1 cm−1, ε
∥
∝ = 6.78,

ε⊥∝ = 6.56, m∗
∥ = 0.29m0, and m∗

⊥ = 0.42m0 (m0 is

the electron rest mass), according to Refs. [12] and

[13].

4. Results and discussion

4.1. Fitting of 4H SiC substrates and

epilayers

Figure 2 shows the experimental and fitted in-

frared reflectance spectra for the semi-insulating 4H–

SiC substrate and n-type 4H–SiC substrates with

carrier concentrations of 1018 cm−1 and 1019 cm−1,

respectively. A nonlinear least-squares-fit was per-

formed using Eqs. (1)–(5), where ωp⊥, γ, ΓL, and

ΓT were set to be adjustable parameters, while ωL∥,⊥,

ωT∥,⊥, ε
∥
∝, ε⊥∝ were fixed to be constant.

Fig. 2. (colour online) Experimental and fitted infrared

reflectance spectra for (a) semi-insulating 4H–SiC sub-

strates (Sample 1) and n-type 4H–SiC substrates with car-

rier concentrations of (b) 1018 cm−1 and (c) 1019 cm−1

(Samples 2 and 3), respectively. The vertical dashed line

denotes the shift in minimum reflectance towards high fre-

quency with increasing carrier concentration.

As can be seen in Fig. 2, good fitting results are

obtained for both semi-insulating and n-type 4H–SiC

substrates. It is clearly shown that two features in

the spectra change significantly with increasing car-

rier concentration. The first feature presents the up-

trend of the spectral tail from 400 cm−1 to 600 cm−1
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with increasing carrier concentration. This is because

the higher the carrier concentration, the greater the

contribution the Drude term makes to the dielectric

function, leading to the uptrend of the spectral tail.

The second feature is the distortion of the reststrahlen

band ranging from 800 cm−1 to 1000 cm−1. This is

related mainly to the variations of TO and LO damp-

ing constants and plasma frequency with carrier con-

centration. The TO damping constant primarily in-

fluences the maximum reflectance of the reststrahlen

band by changing the lattice absorption, whereas the

LO damping constant and plasma frequency mainly

affect the shape of the reststrahlen band. The max-

imum reflectance of the reststrahlen band decreases

slightly with increasing carrier concentration due to

the larger TO damping constant at higher carrier con-

centration. Besides, as the carrier concentration in-

creases, the rounded edge of the reststrahlen band at

about 900 cm−1 dips remarkably and the minimum

reflectance at around 1000 cm−1 is shifted towards

high frequency. This reveals that the LO phonon

damping constant and the plasma frequency increase

with increasing carrier concentration. In the case of

higher carrier concentration, the plasma frequency is

close to or larger than the pure LO phonon frequency,

and then the coupling between them becomes non-

negligible. In this case, equation (1) becomes in-

valid because only the couplings of photon–phonon

and photon–carrier are taken into account in the in-

frared reflectance model used in this study.[8]

Table 1 shows the best-fit parameters of Sam-

ples 2 and 3 and their standard errors. The cor-

responding free-carrier concentrations and mobilities,

which were derived from the fit parameters of ωp⊥

and γ by using Eqs. (2) and (3), respectively, are also

listed in Table 1 for a comparison with the results

from Hall-effect measurements. The carrier concen-

tration is 3.2 × 1018 cm−3 and the carrier mobility is

54.4 cm2/(V ·S) for Sample 2, while the carrier con-

centration is 9.5×1018 cm−3 and the carrier mobility is

36.8 cm2/(V ·S) for Sample 3. These data are slightly

lower than those obtained by Hall measurements. This

may be attributed to the fact that some free carri-

ers are trapped in the defects and fail to couple with

the infrared photons.[7] The relevant results based on

the 4H–SiC semi-insulating substrate are not given be-

cause the infrared reflectance technique is inapplica-

ble for the case of low carrier concentration substrates

(< 1017 cm−3). The details will be discussed in the

next section.

Table 1. Best-fit parameters and calculated electrical

properties of n-type 4H–SiC substrates. Data in brackets

are the estimated standard errors of the best-fit parame-

ters.

Sample 2 Sample 3

ωp⊥/cm−1 326.34 (1.42) 556.34 (2.26)

γ/cm−1 439.45 (6.78) 649.52 (7.86)

ΓL/cm
−1 7.45 (0.26) 7.68 (0.63)

ΓT/cm
−1 1.51 (0.04) 6.21 (0.23)

N/cm−3 infrared 3.2×1018 9.5×1018

Hall-effect 5.0×1018 1.05×1019

µ/(cm2/(V · S)) infrared 54.4 36.8

Hall-effect 55.4 48.7

The infrared reflectance spectra on several 4H–

SiC n-type epilayers with different thicknesses and

carrier concentrations were measured. The typical

fitted and measured results are presented in Fig. 3.

Equations (1), (2), (3), and (6) were used for nonlin-

ear least-squares-fit analyses, where ωp⊥, γ, ΓL, ΓT,

and d were set to be adjustable parameters, while

ωL∥,⊥, ωT∥,⊥, ε
∥
∝, ε⊥∝ were fixed to be constant. It

is shown that the agreement between the experimen-

tal and the calculated profiles is good with the resid-

ual sum of squares being 0.06. The best-fit parame-

ters, their standard errors, as well as the calculated

electrical properties are summarized in Table 2. The

data, obtained by other methods including SEM, Hall

measurements, Hg-probe CV, and theoretical formu-

lae, are also listed in the table for comparison. It

should be noted that it is difficult to gain accurate

electrical properties of epilayers with Hall measure-

ments due to the effects of heavily doped substrates.

Hence the carrier concentration and mobility of the

epilayer were obtained using Hg-probe CV and the

formula in Ref. [14], respectively.

As can be seen in Table 2, epilayer thickness d

has a small standard error and accords well with that

obtained by SEM measurements. In terms of the cal-

culated electrical properties, ωp⊥ and γ of the sub-

strate exhibit small standard errors, and the substrate

carrier concentration and mobility are close to those

of the Hall measurements. However, the standard

errors of ωp⊥ and γ increase and the discrepancies

between the electrical properties obtained by the in-

frared method and those by other methods become

large in the case of low carrier concentration. This

can be explained from two perspectives. On the one

hand, the epilayer carrier concentration approaches

the minimum value (1.0 × 1017 cm−3) detectable by
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mid-infrared reflectance measurements, leading to the

increased uncertainty of the estimation of the electri-

cal properties of the epilayer. On the other hand, the

theoretical value of the mobility is obtained on the as-

sumption that the crystal is perfect. Yet the sample

in this experiment includes some surface morphologi-

cal defects, which can act as the charge recombination

centre, thereby severely reducing carrier mobility.

Fig. 3. (colour online) Experimental and fitted infrared

reflectance spectra of a thick 4H–SiC n-type epilayer on

an n-type substrate. The inset shows the magnified image

of the spectra in wave numbers ranging from 400 cm−1–

600 cm−1.

Table 2. Best-fit parameters and calculated electrical

properties of the 4H–SiC epilayer.

Epilayer Substrate

ωp⊥/cm−1 72.98 (9.10) 376.60 (1.15)

γ/cm−1 59.72 (37.98) 447.46 (9.96)

ΓL/cm
−1 3.67 (0.06) 25.27 (1.28)

ΓT/cm
−1 1.42 (0.05) 5.79 (0.71)

N/cm−3 infrared 1.6×1017 4.4×1018

other methods 8.8×1016 a 5.0× 1018 c

µ/(cm2/(V · S)) infrared 400 53.3

other methods 501b 55.4c

d/µm
infrared 14.5 (0.005) –

SEM 14.4 –

a Data from Hg-probe CV. bData from theoretical formula.

c Data from Hall measurement. Data in brackets are the

estimated standard errors of the best-fit parameters.

4.2. Effects of carrier concentration and

mobility on spectral profiles

The variations in the theoretical spectral profiles

are discussed at different carrier mobilities and con-

centrations by introducing the error quadratic sum

(EQS) parameter. Equations (1)–(5) were used for

the theoretical fitting analyses and the fixed parame-

ters were adopted based on the values obtained from

the above fitting analyses.

As the total reflectance is dependent only on the

dielectric function and incident angle, the spectral

profile would be irrelevant to the plasma frequency

and damping constant, given that the Drude term in

Eq. (1) is ignored. The EQS is defined as the quadratic

sum of the difference between two sets of reflectance

data; one is extracted from a fitting spectrum obtained

using Eq. (1), the other from a fitting spectrum by

ignoring the Drude term in Eq. (1). The remaining

parameters for the two spectra are set to be the same.

It follows that the larger EQS implies that the free

carriers make greater contributions to the dielectric

function, thus it is more likely to estimate accurate

carrier concentration and mobility.

The results are summarized in Figs. 4 and 5. As

shown in Fig. 4, the values of the EQS are close to

zero and keep constant at different mobilities and a

carrier concentration of 2.0× 1017 cm−3 for a spectral

region of 400 cm−1–4000 cm−1, revealing that the

line shape of the mid-infrared reflectance spectrum is

independent of the mobility at a carrier concentration

of 1017 cm−3. Hence the aforementioned calculated

mobility of the epilayer serves only as a reference.

Fig. 4. (colour online) Dependences of the EQS on

the mobility for different carrier concentrations and spec-

tral ranges. The mobility ranges used for calculation are

25 cm2/(V · S)–40 cm2/(V · S) (�) for 1.0 × 1019 cm−3,

45 cm2/(V · S)–65 cm2/(V ·S) (•) for 3.2 × 1018 cm−3,

and 150 cm2/(V · S)–400 cm2/(V · S) (� and N) for

2.0 × 1017 cm−3, respectively. The spectral ranges are

30 cm−1–4000 cm−1 for the data (�) and 400 cm−1–

4000 cm−1 for the remaining ones, respectively. The lines

are linear fits to the data.

Yet the theoretical results in a spectral range of

30 cm−1–4000 cm−1 (indicated by the data (�) in

Fig. 4) show that the accuracy of the calculated mo-

bility at low carrier concentration can be significantly
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improved by extending the spectral range to the far-

infrared. Thus this is not the fundamental limit of

the infrared reflectance measurement, especially con-

sidering the fact that far- and mid-infrared reflection

spectrometers have been commercialized widely. To

confirm the theoretical result, we have also fitted the

measured infrared reflectance spectrum of the 4H–SiC

epilayer in a spectral range of 30 cm−1–2000 cm−1 in

Fig. 3 of Ref. [7]. The calculated epilayer carrier con-

centration and mobility are close to the reported val-

ues, indicating the reliability of the above theoretical

prediction.

Fig. 5. (colour online) Dependences of the EQS on the

carrier concentration with a mobility of 400 cm2/(V ·S).
The spectral ranges are 30 cm−1–4000 cm−1 for the data

(�) and 400 cm−1–4000 cm−1 for the data (N and •). The

lines are linear fits to the data.

The mobility dependence of the EQS becomes

significantly strong when the carrier concentration is

enhanced to 1018 cm−3 and 1019 cm−3, owing to

the strong coupling between the photons and carri-

ers, as previously discussed. A similar phenomenon

was also found in the fitting analysis of the Raman

LOPC mode, where the LOPC Raman shift ωLOPC

reduced linearly with the increase in plasma damp-

ing constant.[15] This may suggest that both infrared

reflectance and Raman scattering measurement are

more sensitive to the mobility at higher carrier con-

centration. However, the EQS characterizes the whole

infrared spectral profile, while the ωLOPC describes the

position of the LOPC mode peak, without involving

the peak line width, peak height, and so on.

Figure 5 represents the dependences of the

EQS on carrier concentration with a mobility of

400 cm2/(V ·S). It is clearly shown that when the

spectral range is from 400 cm−3 to 4000 cm−3, the

EQS increases linearly with the increase in carrier

concentration at a carrier concentration of above

1017 cm−3, whereas the EQS becomes quite small

when the carrier concentration is below 1017 cm−3.

This reveals the weak coupling of photon–carrier at

low carrier concentration, so the electrical proper-

ties of the semi-insulating 4H–SiC substrates and un-

doped epilayers are unsuited to calculation by the mid-

infrared reflectance method. By contrast, the depen-

dence of the EQS on the carrier concentration (be-

low 1017 cm−3) becomes significantly strong when a

far- through mid-infrared spectral range (30 cm−1–

4000 cm−1) is adopted, which is indicated by the data

(�) in Fig. 5. It can be concluded that low carrier

concentration (≈ 1016 cm−3) may be detected by ex-

tending the spectral range to the far infrared.

5. Conclusion

In this paper, we measure the mid-infrared re-

flectance spectra of both 4H–SiC substrates and epi-

layers, and characterize their carrier concentrations,

mobilities, as well as epilayer thicknesses, by curve fit-

ting analyses. The consistency between the thickness

data obtained by fitting calculation and those by SEM

indicates that the infrared reflectance technique is a

reliable thickness measurement method. The intro-

duction of the EQS quantitatively demonstrates that

the dependences of the spectral profiles on 4H–SiC

electrical properties become significantly strong when

the carrier concentration is increased and the spec-

tral range is extended to the far-infrared (30 cm−1–

4000 cm−1). These results show that the infrared

reflectance technique can be used to accurately de-

termine the carrier concentration and the mobility of

both lightly and heavily doped 4H–SiC wafers.
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