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The optical band gap energy and the dielectric functions ofn-type 4H–SiC have been investigated
experimentally by transmission spectroscopy and spectroscopic ellipsometry and theoretically by an
ab initio full-potential linear muffin-tin-orbital method. We present the real and imaginary parts of
the dielectric functions, resolved into the transverse and longitudinal photon moment a, and we
show that the anisotropy is small in 4H–SiC. The measurements and the calculations fall closely
together in a wide range of energies. ©2002 American Institute of Physics.
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I. INTRODUCTION

The physical properties of 4H–SiC make it an outsta
ing candidate for power switching device applications wh
Si and GaAs base devices present a very low performan1

The crystal has, because of its high thermal conductiv
large band gap, strong bonds, high-radiation resistance,
chemical inertness, become a prominent material for hi
power, high-temperature, and high-frequency devices.
vices like field effect transistors, bipolar storage capacito
and ultraviolet detectors have been fabricated.2,3 Despite its
technological importance, there has been so far only a
reports on the optical properties of doped the
polytype.4–10

In this article, we have investigated the optical propert
of n-type 4H–SiC, both experimentally and theoretically.
transmission spectroscopy technique has been used fo
measurement of the optical band gap energy. The diele
functions were determined by spectroscopic ellipsometr
powerful, nondestructive, technique for high accura
measurements.5,11The calculations of the electronic structu

a!Electronic mail: Rajeev.Ahuja@fysik.uu.se
b!Also at Motorola Semiconductor Products Sector, 2200 West Broad

Road, Mesa, AZ 85202.
c!Also at Dept. of Materials Science and Engineering, Royal Institute
Technology, SE-100 44 Stockholm, Sweden.
2090021-8979/2002/91(4)/2099/5/$19.00
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were performed by the full-potential linear muffin-tin-orbit
~FPLMTO! method.12 The imaginary part of the dielectric
function was calculated from the joint density of states a
the optical matrix elements. The real part of the dielect
function was obtained by using the Kramers–Kronig tra
formation relation.

II. EXPERIMENTAL DETAILS

The experimental transmission spectroscopy appar
consists of a halogen lamp used as the light source for
measurement. The polychromatic beam is diffracted by pl
diffraction gratings attached to a step motor. The beam
be varied from 925 to 360 nm; a set of lens and collima
produces a monochromatic light focused onto the sam
see Ref. 13. A first order bandpass filter has been use
avoid an eventual second order contamination of the mo
chromatic light, which in the intrinsic resolution, obtained b
the calibration process, is 1.2 nm or 0.2%. The angu
spread of the beam at the sample location is 17°. Taking
account the whole equipment and analysis process, the a
lute optical error associated with the systematic error give
final total resolution of 2.8% in the energy gap determin
tion. The light passes through the sample and is detecte
a photomultiplier tube~PTM! ~EMI 9558!, polarized by a
negative voltage from21800 to22200 V. The high gain and

y

f

9 © 2002 American Institute of Physics
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sensitivity of this device is enough to measure a very l
photon quantity (.100!. For a very opaque sample it is po
sible to increase the measuring sensibility~X500! connecting
a very-low noise homemade amplifier to the PMT outp
with no compromise of the signal to noise ratio.

The measured sample for the transmission spectrosc
experiments wasn-type 4H–SiC, doping around 731018

cm23, with a Si-face, 25-mm-thick epilayer grown by hot
wall chemical vapor deposition~CVD!.14

The 0.7–6.5 eV ellipsometry measurements were m
using a J. A. Woollam ellipsometer equipped with a comp
sator to increase the sensitivity in the transparent energy
gion ~approx. ,3 eV!.15 Measurements below the energ
gap allowed for mathematical removal of the native oxid
Obtained SiO2 thicknesses were compared to real-time s
face over-layer removal data. Optic axes were found us
reflectance difference spectroscopy. The measured sam
were bulk material.15

The 3.5–9 eV photon energy measurements were m
with a Sentech Instruments ellipsometer facilitated w
MgF2 optics. The whole system was purged in nitrogen
allow measurements above 6.5 eV.16

III. COMPUTATIONAL METHOD

In order to study the electronic structure of 4H–SiC w
have used the FPLMTO method.12 The calculations were
based on the local-density approximation~LDA ! with the
Hedin–Lundqvist17 parametrization for the exchange an
correlation potential. Basis functions, electron densities,
potentials were calculated without any geometri
approximation.12 These quantities were expanded in com
nations of spherical harmonic functions~with a cutoff l max

58! inside nonoverlapping spheres surrounding the ato
sites~muffin-tin spheres! and in a Fourier series in the inte
stitial region. The muffin-tin spheres occupied approximat
60% of the unit cell. The radial basis functions within th
muffin-tin spheres are linear combinations of radial wa
functions and their energy derivatives, computed at ener
appropriate to their site and principal as well as orb
atomic quantum numbers, whereas outside the muffin
spheres the basis functions are combinations of Neuma
Hankel functions.18,19 In the calculations reported here, w
made use of valence band 3s, 3p, and 3d basis functions for
Si and, valence band 2s, 2p, and 3d basis functions for C
with corresponding two sets of energy parameters. The
sulting basis formed a single, fully hybridizing basis set. T
approach has previously proven to give a well converg
basis.12 For sampling the irreducible wedge of the Brillou
zone we used the specialk-point method.20 In order to speed
up the convergence we have associated each calculate
genvalue with a Gaussian broadening of width 136 meV.

IV. CALCULATION OF THE DIELECTRIC FUNCTION

The (q50) dielectric function was calculated in the mo
mentum representation, which requires matrix elements
the momentum,p, between occupied and unoccupied eige
states. To be specific, the imaginary part of the dielec
function, e2(v)[Im e(q50,v), was calculated from21
Downloaded 14 Dec 2012 to 200.128.60.106. Redistribution subject to AIP 
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i j ~v!5

4p2e2

Vm2v2 (
knn8s

^knsupi ukn8s&^kn8supj ukns&

3 f kn~12 f kn8!d~ekn82ekn2\v!. ~1!

In Eq. ~1!, e is the electron charge,m its mass,V is the
crystal volume andf kn is the Fermi distribution. Moreover
ukns& is the crystal wave function corresponding to thenth
eigenvalue with crystal momentumk and spins.

With our spherical wave basis functions, the matrix e
ments of the momentum operator are conveniently calcula
in spherical coordinates and for this reason the momentu
written p5(mem* pm ,22 where m is 21, 0, or 1, andp21

51/A2 (px2 ipy), p05pz , andp1521/A2 (px1 ipy).
23

The evaluation of the matrix elements in Eq.~2! is done
over the muffin-tin region and the interstitial separately. T
integration over the muffin-tin spheres is done in a way sim
lar to what Oppener24 and Gashe21 did in their calculations
using the atomic sphere approximation~ASA!. A full de-
tailed description of the calculation of the matrix elemen
was in another article.25 In our theoretical method the wav
function @Eq. ~1!# inside the muffin-tin spheres is atomic-lik
in the sense that it is expressed as a radial component t
spherical harmonic functions~also involving the so-called
structure constants!, i.e.,

Cmt
k̄ ~ r̄ !5(

t
ctx t

k̄ , ~2!

where inside the sphereR8 the basis function is

x t
k̄5

F t~ r̄ 2R̄!

F~Smt
R !

d R̄,R82(
t8

F t8~ r̄ 2R̄8!

F~Smt
R8!

St,t8
k̄ ~3!

and

F t~ r̄ !5 i lYl
m~ r̂ !~w~r !1v~D !ẇ~r !!. ~4!

In the equations aboveSmt
R is the muffin-tin radius for

atom R, St,t8
k̄ is the structure constant,D is the logarithmic

derivative, w(r ) is the numerical solution to the spheric
component of the muffin-tin potential andẇ(r ) is the energy
derivative ofw(r ).18,19Therefore, this part of the problem i
quite analogous to the ASA calculations21,24and we calculate
the matrix elements in Eq.~2! as

^knsupmukn8s&5(
t,t8

ctct8
* ^x t8upmux t&. ~5!

Since, x t involves a radial function multiplied with a
spherical harmonic function, i.e.,f (r )Yl

m ~we will label this
productu l ,m&), we can calculate the matrix elements in E
~5! using the relations

^ l 11,0up0u l ,0&5
l 11

A~2l 11!~2l 13!
K f * ~r !S d

dr
2

l

r D f ~r !L
~6!

and
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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^ l 21,0up0u l ,0&5
l

A~2l 21!~2l 11!

3 K f * ~r !S d

dr
1

l 11

r D f ~r !L . ~7!

A general matrix element,̂l 8,m8upi u l ,m& is then calcu-
lated using the Wigner–Eckart theorem.22 Matrix elements of
the momentum over the interstitial are obtained from
relation

E
V int

d3r ~c i* ¹c j !5
1

k j
2E

V int

d3r ~c i* ¹2¹c j !. ~8!

By use of Green’s second theorem the expression ab
can be expressed as

E
V int

d3r ~c i* ¹2¹c j !52E
SMT

dSS c i* ¹
d

dr
c j D . ~9!

In the expression above the surface integral is taken o
the muffin-tin spheres and, since the interstitial wave fu
tion by construction is the same as the muffin-tin wave fu
tion, we can use forc the numerical wave function define
inside ~and on the boundary of! the muffin-tin spheres. In
this way the evaluation of the integral above is done in qu
a similar way as done for the muffin-tin contribution@Eqs.
~6!–~8!# to the gradient matrix elements.

The summation over the Brillouin zone in Eq.~1! is
calculated using linear interpolation on a mesh of uniform
distributed points, i.e., the tetrahedron method. Matrix e
ments, eigenvalues, and eigenvectors are calculated in

FIG. 1. Absorption spectrum intensity ofn-type doped 4H–SiC as a func
tion of photon energy.
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e

ve

er
-
-

e

-
he

irreducible part of the Brillouin zone. The correct symmet
for the dielectric constant was obtained by averaging the
culated dielectric function. Finally, the real part of the diele
tric function, e1(v), is obtained frome2(v) using the
Kramers–Kronig transformation

e1~v![Re~e~q50,v!!511
1

pE0

`

dv8e2~v8!

3S 1

v82v
1

1

v81v D . ~10!

V. RESULTS

Figure 1 shows the room temperature absorption sp
trum for then-type doped 4H–SiC as a function of photo
energy. The optical band gap energy is evaluated from
peak position of the absorption. The value obtained isEg

53.26060.098 eV. The band gap value of about 3.27 eV

FIG. 2. The transverse' ~upper panel! and the longitudinali ~lower panel!
components of the imaginary parte2 of the dielectric function.
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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intrinsic material at room temperature26,27 will be lower in
energy due to screening of the temperature-induced ex
tions of electrons. For an impurity concentration of 731018

cm23, the free electron concentration is about 531017

cm23,28,29and with this gas of free electrons the band gap
reduced by about 40 meV,6,7 yielding a band gap of abou
3.23 eV. This is very close to the present measured valu

The measured transverse (') and longitudinal (i)
imaginary part of the dielectric function,e2

' and e2
i , of the

doped 4H–SiC, are shown in Fig. 2 in the 0.9–7.0 eV pho
range energy, together with the theoretical results. In Fig
we show the corresponding real part of the dielectric fu
tion, e1

' ande1
i .

The electronic structure of intrinsic 4H–SiC is shown
Fig. 4. The conduction-band minimum is located at theM
point and the calculated band gap is 2.22 eV, which is ab
30% below the experimental value of 3.29 eV.27 It is well
known that LDA underestimates the band gap in semic

FIG. 3. The transverse' ~upper panel! and the longitudinali ~lower panel!
components of the real parte1 of the dielectric function.
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ductors and insulators, however, it is believed that the opt
properties can be described accurately by the LDA.

Also, the second lowest conduction-band minimum
located at theM point, separated by only 120 meV from th
lowest minimum. This energy difference is close to the e
ergy of the optical phonon energies of 0.104–0.121 eV,27 and
the second band will therefore influence the transport pr
erties at high temperatures or for high applied electric fiel

In Fig. 5, we show the calculated partial density of sta
~DOS! of 4H–SiC. The particular choice of Si or C atom
immaterial, since all Si or C atoms in the unit cell have ve
similar partial DOS. In the figure, one can see that the
lence band, as expected, consists of two subbands.
lower-lying subband is in the range from about215.5 to
210 eV and is dominated by the atomic Si 3s13p states
and the localized atomic C 2s states, whereas the highe
subband also consists of Si 3d and C 2p states. In the higher
subband the Si 3s and C 2p states dominate at lower ene
gies and the C 2p states dominate at higher energies. Even
it is not straightforward to compare x-ray spectra with t
DOS, the clear peak at about27.1 eV, arising from the
atomic C 2p and Si 3s states, can probably be identified wit
the experimental value28.5 eV.30 Also the total bandwidth
and the width of the higher subband seem to be undere
mated in the LDA calculation. The calculated width of th
total band~higher subband! is about 15.5~8.5! eV, whereas
the experimental result is about 18.2~10.0! eV.30

From the electronic structure and the partial DOS we c
identify the optical absorption, described by the imagina
part of the dielectric function~Fig. 2!. Here, we should con-
sider the correction of the band gap ofDEg51.07 eV, which
shifts the calculatede2(v) upwards in photon energy. With
the band gap correction, the agreement between the calc
tions and the measurements is excellent. The absorp
starts at about 4.0 eV with optical transitions about theM
point. For energies between 4.0 and 5.5 eV we can add
the absorption to transitions along theML line, which is con-
sistent with calculation of Adolphet al.31 The peak at 6.2 for
the longitudinal direction comes from optical transitions
theG points, whereas the peaks at 6.7, 7.8 for both directi
come, most likely, from transitions about theL andK points,
respectively.

FIG. 4. The electronic structure of 4H–SiC.
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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There is also very good agreement between the m
sured and the calculated real part of the dielectric funct
after the band gap correction has been included. The ca
lated ‘‘high’’-energy limit of the dielectric function,e1(`),
is 6.94 and 7.47 for the transverse and longitudinal dir
tions, respectively, and, thus, the optical anisotropy is sm
in 4H–SiC. The calculated dielectric constants are sligh
larger than the corresponding experimental values of 6
and 6.70, respectively.26 This is in correspondence with th
underestimate of the band gap.

VI. CONCLUSIONS

We have measured the optical properties of 4H–S
using transmission spectroscopy and spectroscopic ellips
etry. The resulting dielectric functions are in excellent agr
ment with our full-potential calculations. We have identifie
the optical transitions from the partial DOS and the el
tronic structure, as being transitions along theML line and at
theG, L, andK points. By comparing the dielectric functio
in the transverse and longitudinal directions, we conclu
that the optical anisotropy is small in 4H–SiC.

FIG. 5. The partial DOS of~a! Si and~b! C atom. Dotted, solid, and dashe
lines represents, p, andd states, respectively.
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