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Abstract. Second-harmonic (SH) generation is a versatile
method applicable to in-situ characterization of even non-
centrosymmetric media like silicon carbide (SiC). In particu-
lar, the azimuthal rotational anisotropy of the SH response
from SiC observed in reflection allows identification of var-
ious polytypes. The nonlinear-optical results are compared
to X-ray diffraction data. The abundance of information ob-
tained through the SH studies makes characteristic finger-
printing of the 6H, 15R, and 3C polytypes ofSiC is pos-
sible. The spatial resolution of the optical sampling was
about50µm in the lateral direction with a typical penetra-
tion depth of100 nmfor the fundamental radiation. Defect
regions of different crystallographic structures in largeSiC
samples were identified by observing the spatially resolved
dependence of the SH intensity.

PACS: 42.65.Nx; 78.66; 42.70.N

Silicon carbide (SiC) is a widely studied semiconductor that
crystallizes in over 200 known polytypes. The most common
structure isα-SiC, which consists of a mixture of hexagonal
polytypes (6H, 4H) and the rhombohedral polytype 15R [1,
2]. Althoughα-SiChas attracted wide attention because of its
potential for applications in the fields of electroluminescence
devices and integrated optics [3], very little is known about
the nonlinear optical properties of this material.

As already demonstrated in other studies on centrosym-
metric materials like silicon, second-harmonic generation
(SHG) has proved to be a sensitive tool for studying a large
variety of surface and interface structural and electronic prop-
erties. Although SHG from non-centrosymmetric materials is
not restricted to the surface but is also possible in the bulk
material SHG studies in reflection geometry provide substan-
tial crystallographic information on the near-surface region.
The generation depth of the second-harmonic (SH) radia-
tion detected in reflection of approximatelyλ/2π, whereλ is
the fundamental wavelength, allows higher surface specifici-
ty, as compared to the typical interaction lengths of several

micrometers in conventional X-ray diffraction techniques in
back-reflection geometry (X-ray examination ofSiC cf. [4]).

The tensorial properties of the second-order susceptibility,
which characterizes the SHG effect, provide information on
the crystal structure in case of non-centrosymmetric materials
in the near-surface region by investigating its azimuthal rota-
tional anisotropy. Although studies on non-centrosymmetric
gallium arsenide (GaAs) demonstrated sensitively surface re-
construction changes [5], hydrogen adsorption [6], and crys-
tal orientation [7] in the rotational anisotropy of the SH re-
sponse, similar systematic studies were not extended to many
other non-centrosymmetric materials. A few investigations
on the nonlinear optical properties ofSiC were concerned
with various components of the second-order nonlinear sus-
ceptibility tensor [3, 8–11]. Galeckas et al. [12] investigated
bulk samples and epitactic films of 6H-SiC (hexagonal), pro-
duced by modified Lely methods and liquid phase epitaxy,
and detected crystal imperfections by studying the azimuthal
rotational anisotropy of the SH response. Changes in the
rotational anisotropy in a particular polarization setting of
the incident fundamental and the generated SH beam were
demonstrated. However, no comparison with other indepen-
dent methods was given. Recently, Meyer et al. [13] analyzed
epilayers on 6H-SiC and found microcrystallites of 3C-SiC.
They demonstrated SH generation as a mapping tool for the
detection of inclusions. Also Galeckas et al. [14] showed de-
fects in 3C-SiC films of poor crystallographic quality by
using SHG in reflection. In comparison, lifetime measure-
ments of laser-induced carriers by time-resolved reflectivity
changes were shown to indicate the quality of the crystalline
order.

In the present work, we demonstrate that SHG is a ver-
satile tool to characterize the crystalline structure ofSiC.
By investigating the rotational anisotropy of the SH response
of various polytypes ofSiC, we could fingerprint the most
important species 6H, 15R and 3C, which are revealed by
different crystalline structures. We were also able to distin-
guish between bulk and surface contributions to the SH signal
from cubic and hexagonalSiCby differences in the rotational
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anisotropy of the SH intensity, as demonstrated withGaAs
samples by Hollering et al. [15]. With regard to the techni-
cal application of the SHG-technique as an in-situ probe for
crystalline structure, we demonstrate the identification of de-
fect regions in the crystalline structure of largeSiC surfaces
by using a scanning technique. We verified the results of the
SHG studies for each polytype by comparing them with X-ray
studies.

1 Experiment

For identification of the crystal structure of theSiC crystals,
we studied the reflected SH intensity generated from theSiC
surfaces upon irradiation with femtosecond laser pulses. The
SH intensity depends sensitively on the relative orientation
between the incident electric field and the crystal azimuthal
orientation. The use of femtosecond laser pulses allows ef-
ficient SHG due to the high peak power and simultaneously
there is low thermal loading of the sample [16]. These fea-
tures and a compact experimental set-up would be attractive
for an in-situ characterization method ofSiC crystal growth
using molecular beam epitaxy (MBE). The details of the ex-
perimental set-up are shown in Fig. 1. We used a Kerr-lens
mode-lockedTi:sapphire laser oscillator as pump source with
80 fspulse duration,83 MHz repetition rate, and a peak pow-
er of 110 kW at 800 nm. The pulse train was focused with
a spherical mirror onto theSiC sample at an angle of in-
cidence of 45◦ to generate the frequency doubled radiation
in reflection. The laser spot size at the sample surface was
set to a fixed diameter of approx.50µm. The generated
SH radiation at400 nmwas detected with a photomultiplier
after blocking the fundamental radiation by color-glass fil-

Fig. 1. Experimental set-up for the measurement of azimuthal SH rotation
patterns

ters (8 mm Schott BG23). The SH signals were registered
by a lock-in-amplifier/computer combination. The linearly
polarized fundamental laser beam incident on the sample
was chopped at60 Hz to allow noise reduction by lock-in-
technique and to decrease the laser-induced heating of the
sample. The pump polarization with respect to theSiCsample
was set by rotating the sample holder and the filter-detector
arrangement around the incoming beam axis, while the po-
larization of the detected SH signal was analyzed by a Glan
polarizer. TheSiC samples were rotated around the surface
normal using a stepping motor to measure the azimuthal rota-
tional dependence of the SH intensity at various polarization
settings of the fundamental and SH radiation.

Special care was taken to avoid detection of the SH radi-
ation from the rearside reflection. The sample holder formed
a pinhole of a diameter comparable to the sample thick-
ness (1 mm) to block any rearside reflection. Another pinhole
placed close to the photomultiplier discriminated against scat-
tered SH radiation from the crystal volume or the (sometimes
unpolished) sample rearside.

In the second part of this study, we investigated the de-
pendence of the SH efficiency on the sample surface position.
In this case, the sample was attached to a highly absorbing
neutral-density glass plate (Schott NG10) with immersion oil
to fill the gap between the glass plate and the sample. This
arrangement minimized the rearside-reflected radiation. The
sample was scanned by moving it with a computer-controlled
x-y-translation stage at a fixed azimuthal angle. To verify
the crystallographic findings of the SH experiments, we car-
ried out X-ray diffraction studies of theSiC samples using
a conventional Laue apparatus (detection of lattice symme-
try). The surface topology was investigated in comparison
with the SH scanning technique with an X-ray Lang camera.
Both Laue apparatus and Lang camera are described else-
where [4, 17].SiCsamples of various polytypes and produced
by different growth processes were investigated in these ex-
periments. Cubic samples (3C-SiC) were produced in a het-
eroepitactical growth mode as films of several micrometer
thickness onSi(100) substrates using chemical vapor depo-
sition (CVD) [18]. Solid hexagonal samples (6H-SiC) with
thickness of approximately1 mm were grown in Lely- and
Acheson-type processes [19]. The epitaxial layers had “as-
grown” surfaces, while single crystal samples were polished
to optical quality on at least one side. The 6H and 15R sample
surfaces were oriented off-axis to a few degrees.

2 Theory

Second-harmonic generation can be described in dipole ap-
proximation in terms of a second-order nonlinear polarization

Pi(2ω)= χ(2)i jk : Ej (ω)Ek(ω) ,

whereEi describes the incident fundamental electric field am-
plitude in the irradiated medium andχ(2)i jk denotes the second-
order susceptibility tensor. The symmetry of this tensor is
defined by the crystal symmetry of the sample. Therefore
different polytypes ofSiC are described by different tensors
due to their different crystal symmetries. The information on
the sample crystal structure can be extracted from the sus-
ceptibility tensors by investigating the azimuthal rotational
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anisotropy of the SH signals. While SHG in centrosymmetric
media is restricted to the sample surface (in the dipole ap-
proximation), in non-centrosymmetric media contributions to
the SH signal from the bulk material are also allowed. Bulk
contributions tend to dominate the generated SH signals be-
cause of the longer interaction length of approx.λ/2π as
compared to the surface depth of only a few atomic layers.
In general, it is difficult to separate the surface and bulk SH
signals since they often show identical rotational symmetry
patterns [20].

The normal to allSiC samples defines the z axis, where-
as the x and y axes are set in the plane of the sample surface
in a manner given by the special symmetry of the polytype.
Since we detected the SH radiation in a two-dimensional
beam coordinate system which is defined by the radiation-
polarization states p and s, a coordinate transformation has
to be performed which, in addition, allows for the azimuthal
rotation of the sample. The radiation-polarization directions
p and s are chosen to be parallel to and perpendicular to the
plane of incidence. The SH intensityI is later on defined as
Imn in terms of a combination of two polarization statesm
andn (“m-n rotation pattern”), wherem denotes the funda-
mental andn the polarization of the SH signal. The second-
order susceptibility tensors in the crystal coordinate system
are listed in many textbooks [2, 21–23]. Since we investigat-
edSiCcrystals cut in the (001) plane (cubic) and (0001) plane
(hexagonal or rhombohedral), the z axis is coincident with
the surface normal and the only transformation operation re-
maining is a rotation around the z axis. From considerations
of the symmetry properties of the different polytypes of the
investigatedSiC samples, we can easily find the rotational
symmetries of the SH response. In Table 1, the crystal classes
of severalSiC polytypes in the bulk material and in the sur-
face are shown [2]. Also, the azimuthal rotational symmetry
of the SLI electric field taken from [5, 24] are listed.

In the following, we briefly discuss the correlation be-
tween crystal symmetry and azimuthal rotational anisotropy
of the SH response from 3C, 6H, and 15R polytypeSiC.
Following Neumann’s principle, the symmetry of a physi-
cal crystal property has to include the symmetry elements
of the crystal point group [25]. Therefore,SiC polytypes
of different crystal symmetry possess different second-order
susceptibilityχ(2) tensors. Since SH signals fromSiC orig-
inate from both bulk and surface material, the symmetry
properties of both contributions have to be studied. The ef-
fective SH generation lengths in the surface and in the bulk
material suggest a dominance of the bulk signal. Different
symmetries in cubic 3C-SiC(001) bulk and surface mate-
rial allow to distinguish between the bulk and surface SH
contributions due to the different rotational anisotropy. Fur-

SiC(001) 3C SiC(000) 6H SiC(0001) 15R
surface bulk surface/bulk surface/bulk

Crystal class cubic cubic43rm hexagonal 6mm rhomboedric 3
4mm

azimuthal symmetry 4-fold 2-fold 6-fold 3-fold

E-field symmetry:
p-p const. cos(2α+Φ) const. const.+cos(3α+Φ)
p-s – cos(2α+Φ) – cos(3α+Φ)
s-p const. cos(2α+Φ) const. const.+cos(3α+Φ)
s-s – – – cos(3α+Φ)

Table 1. Azimuthal and electric field symme-
try for bulk and surface of 3C, 6H, and 15R
SiC crystals. The angleα denotes the azimuthal
rotation angle, while the arbitrary phaseΦ re-
lates the azimuthal crystal orientation to the
experimental starting angle at 0◦

thermore, crystal surface defects cause additional symme-
tries in the azimuthal anisotropy of the surface SH signals,
that also allow the distinction between surface and bulk con-
tributions. The following SH azimuthal rotational symme-
tries are expected from the 3C, 6H- and 15R polytypes of
SiC:

(a) 3C-SiC(001) has different crystal symmetries in
the bulk material (43m) compared to the sample surface
(4mm) [11]. In the bulk material, a 4-fold rotation-reflection
axis parallel to the surface normal is apparent [26], which cor-
responds to a 2-fold rotational axis. Since a 2-fold rotational
symmetry appears in various components of the nonlinear
susceptibility tensor, the 2-fold symmetry shows up also in
the SH electric field. These components convert to a 4-fold
symmetry in the SH intensity, measurable in particular polar-
ization settings (Table 1). The surface possesses a full 4-fold
rotational crystal symmetry, which cannot be displayed in the
SH rotational anisotropy in the dipole approximation [27].
Accordingly, the contributions from the surface to the SH
electric field and intensity are purely isotropic.

(b) 6H-SiC(0001) crystals show identical crystal rotation-
al symmetries (6 mm) in the surface and bulk material. The
hexagonal crystal structure possesses a 6-fold rotational sym-
metry around the surface normal, which cannot be resolved
in the azimuthal anisotropy of the SH response in the dipole
approximation. Therefore, no azimuth angle dependent SH
signal is expected from the ideal hexagonal crystal. Defects in
the surface (defects in the bulk crystal structure are less prob-
able), however, may cause anisotropic contributions to the SH
signal.

(c) 15R-SiC(0001) has a rhombohedral crystal symme-
try in the bulk as well as in the surface atomic structure.
Around the surface normal, the crystal structure as well as the
second-order nonlinear susceptibility have a 3-fold rotation-
al invariance. Since isotropic components are apparent also
in the susceptibility tensor, the SH electric field consists of
a coherent superposition of anisotropic 3-fold and isotropic
contributions in selected polarization settings (Table 1). By
squaring the electric field amplitude to evaluate the SH in-
tensity, a superposition of 3-and 6-fold azimuthal rotational
symmetry contributions appears.

3 Results and discussion

3.1 Azimuthal anisotropy

In the following, we demonstrate that a polytype specific fin-
gerprint for three polytypes 3C, 6H, and 15R ofSiC can be
derived from a study of the rotational anisotropy of the SHG
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in four polarization settings. In Fig. 2a–d, the SH intensity
from a 3C-SiC(001) film is shown as a function of the az-
imuthal orientation for the four different polarization settings.
In all polarization combinations, a dominant 4-fold rotation-
al symmetry is shown without any visible 2-fold symmetry
which would originate from an additional isotropic contri-
bution. In the pp, ps, and sp polarization combinations, the
displayed 4-fold symmetry fits well with the theoretical ex-
pectations, while in the ss polarization no SH signal is to
be expected from theory contrary to the experimentally ob-
tained result. The relative SH amplitudes for the different po-

Fig. 2a–e.SH signal dependence of 3C-SiC(001), grown on aSi(001) sub-
strate by CVD method, on the azimuthal rotation angle. Polarization com-
binations (fundamental-SH) werea p-p b p-sc s-pd s-s.e X-ray diffraction
(Laue) picture from the same sample as studied by SH measurements. The
Si(001) substrate was removed by etching for this measurement

larization settings, additionally shown in Fig. 2, indicate the
low conversion efficiency for the ss-polarization. This con-
tribution is presumably a quadrupolar signal from the bulk
material.

Additional investigations onSi(100) confirmed that no
SH signal from the substrat – as predicted by symmetry con-
siderations – could be detected.

Figure 2e shows the corresponding Laue picture of the
3C-SiC(001) film in transmission geometry. By studying the
central peaks of the Laue picture, a 4-fold rotational sym-
metry is apparent which is in good agreement with the SH
investigation.

Figure 3a–d shows the azimuthal rotational pattern of the
SH intensity from hexagonal 6H-SiC(0001) Lely-type sam-
ples in four polarization combinations. It is possible to clas-
sify two types of SH rotation patterns. In the pp and sp
polarizations the SH signals show dominant isotropic con-
tributions, as expected from theory. However, in the ps and
ss polarizations dominant 2-fold symmetries are obtained,
although no signals are expected from theory. The signal
amplitudes in the ps and ss polarizations are considerably
smaller than for those polarizations where the theory pre-
dicts a signal. In studies of the crystallographic structure of
silicon surfaces, the occurrence of unexpected 2-fold sym-
metry components in the SH rotational pattern is known to
originate from steps and terraces in the surface plane [28].
In the same manner, we may describe the 2-fold symme-
try components in the SH anisotropy to be due to steps. In
the pp and sp polarizations, these effects are not noticeable
due to the strong isotropic SH contributions from the bulk
material.

Figure 3e shows the corresponding Laue-picture of the
same 6H-SiC(0001) sample. A clear 6-fold rotational symme-
try is shown by the inner ring of X-ray reflections, which fits
well with the results of the SH rotational symmetry analysis
in the pp and ps polarization combinations. Due to the trans-
mission geometry, it is not possible to resolve surface defects
by the Laue-technique. Even in the grazing incidence geom-
etry, as used in other arrangements, the interaction length is
much more than1µm.

In Fig. 4a–d, the SH rotation pattern from a large rhom-
bohedral 15R-SiC(0001) Lely platelet are shown for the pp,
ps, sp and ss polarization combinations. Similar to the hexag-
onal 6H-SiC, two classes of SH rotation patterns are apparent.
The dominant 3-fold symmetry in the pp and sp SH intensi-
ty rotation patterns is possibly due to a coherent superposi-
tion of the isotropic and 3-fold rotational contributions in the
SH electric field. In the ps and ss polarization combinations,
dominant 6-fold rotational symmetries of the SH signals are
apparent, which fits well with the theoretical expectations
according to Table 1. Deviations from the 6-fold symme-
try can be explained by surface defects, like steps, which
induce additional (2-fold) symmetry contributions. The rela-
tively small SH signal amplitude from the surface defects
shows the dominance of the bulk signal over the surface sig-
nal.

For comparison, the corresponding Laue picture of the
15R-SiC(0001) sample in transmission geometry is shown in
Fig. 4e. In the central region of the diffraction pattern, a 3-
fold rotational symmetry is apparent which fits well with the
theoretical expectations and the results of the SH studies. In
addition, we can deduce from the good quality of the diffrac-
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Fig. 3a–e.SH signal dependence of 6H-SiC(0001), grown by the modified
Lely method, on the azimuthal rotation angle. Polarization combinations
(fundamental-SH) werea p-p b p-s c s-p d s-s.e X-ray diffraction (Laue)
picture from the same sample

tion pattern of the Laue pictures that all of the investigated
SiC samples had good monocrystalline quality.

In conclusion, we demonstrated characteristic fingerprint-
type nonlinear-optical properties for the differentSiC-poly-
types in the SH azimuthal rotational anisotropy, which were
also confirmed by X-ray Laue pictures. By using a focused
laser beam, we achieved a spatial resolution of approximate-
ly 50µm on the sample surface and a minimal resolution of
a Fresnel depth of roughlyλ/2π. The study of crystalline
cubic and hexagonalSiCsamples at certain polarization com-
binations allowed the separation of bulk and surface SH con-
tributions [28].

Fig. 4a–e. SH signal dependence of 15R-SiC(0001), grown by modified
Lely method, on the azimuthal rotation angle. Polarization combinations
(fundamental-SH) werea p-p b p-s c s-p d s-s.e X-ray diffraction (Laue)
picture from the same sample

3.2 Surface topography

Technical applications ofSiC require full surface characteri-
zation of the samples with a high spatial resolution. The re-
sults of SHG scanning experiments demonstrate this capabili-
ty. We investigated the spatial dependence of the SH intensity
from azimuthally fixed hexagonal 6H-SiC(0001) Boule-type
samples. In addition, we used an X-ray diffraction technique
(Lang camera) for comparison with the results of the SH stud-
ies. In Fig. 5a, the spatial dependence of the SH intensity in
pp polarization from a limited area a 6H-SiC(0001) sample
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Fig. 5. aContour plot of a SHG scan across a 6H-SiC(0001) Lely-type sam-
ple. The height of the contour is proportional to the p-p signal at a fixed
azimuthal angle. The step-like structure in the y direction is due to the lim-
ited step-width in this dimension.b X-ray diffraction (Laue) picture from
the defect region of this sample. The defect was identified as change to the
15R polytype.c X-ray topograph of the same sample recorded with a Lang
camera. The same defect region appears as a spot with virtually no X-ray
signal due to the change in the character of the polytype

is shown as a contour plot where the x and y axes define
the coordinates on the sample surface and the z axis indi-
cates the SH intensity. The surface scan shows an area of
nearly constant and low SH efficiency, which extended over
the whole surface except for a limited joined “defect” region
characterized by a several times higher efficiency. By an ad-
ditional Laue-investigation (Fig. 5b), we could identify the
defect region to consist of a different crystal structure. While
the whole sample showed an ideal hexagonal 6H-SiC poly-
type, in the defect region the polytype changes to an ideal
rhombohedral 15R-structure. In Fig. 5c, an X-ray topograph
of the correspondingSiC surface is shown, which was gen-
erated in reflection with a Lang camera. In this topograph,
the same defect region is identified by a total lack of the X-
ray signal apart from some other less prominent defects. The
otherwise homogeneous picture corroborates that besides the
defect, the crystal is highly ordered and of good quality.

We could therefore identify the change in the polytype
from 6H to 15R by an increase in the SH efficiency. We could
verify such changes of polytype in various samples whereas
no change in the optical properties was visible. A different in-
dication of a defect region in a spatial scan of a 6H-SiC(0001)
sample is shown in Fig. 6. The dependence of the SH intensi-
ty on the sample surface position is plotted as a contour plot.
A nearly constant SH efficiency can be seen over the whole
surface except for a line-shaped region where it decreases
strongly. A Laue picture of the defect region identified the
crystal structure to be a superposition of 6H and 15R polytype
structures.

4 Conclusion

We have shown for the first time the fingerprints of differ-
ent polytypes ofSiC in the azimuthal rotational anisotropy
of second-harmonic radiation generated in the near-surface
region. AlthoughSiC is non-centrosymmetric, we demon-

Fig. 6. Contour plot of a SHG scan across a 6H-SiC(0001) Lely-type sam-
ple. The height of the contour is again proportional to the p-p signal at a
fixed azimuthal angle. The valley-like defect region (lower signal) in the
upper-middlepart was later identified as a 15 R rotational twin by X-ray
diffraction (Laue method)
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strated for some polytypes a discrimination of the bulk SH
signals and a possible detection of surface contributions due
to different crystalline symmetries. In these cases, even crys-
tallographic defects in the surface, such as steps and kinks,
were observed. In comparison with X-ray Laue pictures in
transmission, we could verify all crystallographic informa-
tion obtained from studying the SH rotation patterns. Due to
the different efficiencies in the SH generation from different
polytypes ofSiC, we were able to detect areas of different
polytypes in large samples by a spatial scanning technique.
The different SH efficiencies of the different polytypes al-
lowed us to identify the specific polytype. We verified the
existence of defect areas by X-ray diffraction using a Lang
camera and identified the corresponding crystal defect struc-
ture with a Laue apparatus.
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