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Optical reflection anisotropy microscopy mappings of micropipe defects on the surface of a 4H-SiC single crystal
are studied by the scanning anisotropy microscopy (SAM) system. The reflection anisotropy (RA) image with a ‘butterfly
pattern’ is obtained around the micropipes by SAM. The RA image of the edge dislocations is theoretically simulated
based on dislocation theory and the photoelastic principle. By comparing with the Raman spectrum, it is verified that the
micropipes consist of edge dislocations. The different patterns of the RA images are due to the different orientations of the
Burgers vectors. Besides, the strain distribution of the micropipes is also deduced. One can identify the dislocation type,
the direction of the Burgers vector and the optical anisotropy from the RA image by using SAM. Therefore, SAM is an
ideal tool to measure the optical anisotropy induced by the strain field around a defect.

Keywords: scanning anisotropy microscopy, SiC, reflection anisotropy, edge dislocation

PACS: 78.20.H-, 78.20.Ci, 33.20.Fb, 68.35.Gy

1. Introduction

A silicon carbide (SiC) single crystal is a typical repre-
sentative of the third generation of wide band gap semicon-
ductor material with the advantages of large band gap, high
breakdown field, high thermal conductivity, high electron sat-
uration velocity, high temperature stability and low dielectric
losses.!!=>! The outstanding physical properties of SiC make it
suitable for producing high-temperature, high-frequency and
high-power devices, and it is becoming a new strategic fo-
cus of the global semiconductor industry.[*-8! In the past few
decades, much effort has been devoted to achieving large-size,
high-quality single crystals of SiC. As crystal growth tech-
niques have developed rapidly, the density of microstructural
defects has been reduced greatly. However, it is still an ardu-
ous task to completely eliminate them (especially dislocations,
micropipes, etc) in SiC single crystals. Moreover, microstruc-
tural defects in the semiconductor material directly affect the
quality of epitaxial material and the performance of devices,
especially high-power devices.[?-!%]

In addition to solving the problems of reducing or elim-
inating microstructural defects such as dislocations and mi-
cropipes, it is more important to have a thorough understand-
ing of their formation mechanism. The formation mecha-
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nism of micropipes is widely recognized by Frank’s theory, 3]
which interprets this formation mechanism as the stress relax-
ation of screw dislocations with large Burgers vectors. Re-
cently, Ning et al. proposed a hypothesis based on the fact that
micropipes are pure screw dislocations to explain the stress
birefringence imaging of micropipes.!”) However, Presser,
Vetter and Ouisse have demonstrated that the micropipes con-
tain not only screw dislocations with large Burgers vectors but
also edge dislocation components by using conventional po-
larizing microscopy, transmission electron microscopy (TEM)
and high-resolution x-ray diffraction (XRD).["4-7] Therefore,
controversies still exist over the formation mechanism of mi-
cropipes, and it is of great significance to develop a suitable
and nondestructive evaluation technique that can fully charac-
terize the micropipe defects and study their formation mech-
anism, thus providing guidance for the growth of materials.
Compared with the methods used in the previous works re-
ported in Refs. [14—17], the method used in this work can ob-
tain information on the microstructural defects by measuring
optical anisotropy around them, and it has the advantages of
high accuracy, high sensitivity and being non-destructive.

In this paper, we have used scanning anisotropy micro-
scope (SAM) and the micro-Raman technique to character-
ize the micropipe and investigate its formation mechanism,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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by studying the optical anisotropy of the micropipe on the
surface of 4H-SiC single crystals. The reflection anisotropy
(RA) image with a ‘butterfly pattern’ is obtained around the
micropipes by SAM. Combining with the micro-Raman tech-
nique and theoretical calculations, it is demonstrated that the
micropipes consist of edge dislocations.

2. Sample preparation and methods
2.1. Sample preparation

The 4H-SiC single crystal was grown by the sublimation
method. '8 The SiC source powder was placed on the bottom
of a graphite crucible, and the seed crystal was mounted on the
top of the crucible. The SiC source powder was sublimated by
heating with an RF generator at a frequency of 10 kHz. The
crucible lid was covered with a graphite foil so that it could
be used repeatedly. During the crystal growth, the temperature
of the crucible lid was kept at 2100 °C and the temperature
gradient was 50 °C-cm~!. In the growth chamber, argon was
used as the carrier gas and the chamber pressure was kept at
100-800 mbar. The growth of the 4H-SiC single crystal was
terminated after 40 hours and it was cooled to room tempera-
ture. Then, 4H-SiC wafers were obtained by cutting, grinding
and polishing the native SiC crystals; the thickness of each
wafer was about 400 pm. The surface of a wafer is parallel to
the (0001) plane and the polished surface is the Si-polar plane.

Owing to the specific structure of SiC, hollow tubes called
micropipes are often found in the sublimation-grown SiC crys-
tal. Micropipes with a size of 0.1-5 um generally run along
the c axis, and they are fatal for device applications.”) To ob-
serve a high density of micropipe defects, we chose to inves-
tigate SiC wafers with defect densities ranging from 5 cm™2
to 50 cm™2. A series of metal markers have been placed on
the 4H-SiC surface by photolithography and vapor deposition,
and they help us find the same measurement area after the rota-
tion of the sample. The sample is ultrasonically cleaned before
each measurement.

2.2. Experiments

SAM can measure optical anisotropy images around
these microstructural defects based on the photoelasticity
effect.l!%20] A schematic diagram of the SAM system is shown
in Fig. 1, and it is the same as that used in Ref. [21]. In the
SAM system, two lock-in amplifiers are used in the signal
detection system to obtain the normal reflectivity (R) signals
and the reflection anisotropy (RA) signals of the 4H-SiC. A
solid-state laser with a wavelength of 532 nm and power of
300 mW is used as the light source. After passing through
a spatial filter, the laser beam goes through a polarizer and
a photoelastic modulator (PEM). Then the beam is split by
a polarization-preserving 50/50 beam splitter into an objec-
tive lens of long working distance (Mitutoyo 100X, numeri-
cal aperture = 0.55), and is focused on the sample placed on

a piezoelectric ceramic electric translation stage, which can
move in two dimensions in a plane. The reflected beam, after
passing through the objective lens and the beam splitter, is di-
rected to an analyzer and then focused onto a silicon detector.

The reason why the SAM system is capable of capturing
RA images around the micropipe defects is that the micropipe
will introduce strain around the micropipe, which will lead
to reflection anisotropy around the micropipe. In the SAM
system, a PEM together with a polarizer will make the polar-
ization state of the light change periodically between linearly
polarized light polarized in the x direction and polarized in the
y direction. By using an analyzer placed after the sample and
a lock-in amplifier, we can detect the reflection anisotropy in
the x and y directions around the micropipe. Here x and y are
the two in-plane orthogonal directions.

The R signal is the intensity signal of reflectivity, which
is detected by a lock-in amplifier referenced by a chopper of
220 Hz. The RA signal is the optical anisotropy signal de-
tected by a lock-in amplifier referenced by a PEM of base fre-
quency @ = 50 kHz. By changing the position of the light
spot on the sample and recording the signal at each position,
we can obtain the R mapping and RA mapping of the 4H-SiC.

Raman mapping was also performed in the backscatter-
ing configuration at room temperature using a Jobin—Yvon
HR Evolution micro-Raman system, equipped with a liquid-
nitrogen-cooled charge-coupled detector camera. The exci-
tation light is from a diode-pumped solid-state laser with a
wavelength of 532 nm. Passing through a x 100 microscope
objective (numerical aperture =0.90), the light is focused on
the sample with a diameter of approximately 1 pm and a power
of 10 mW. The spectral resolution of the Raman spectrometer
is 0.35cm™".

2.3. Theory

The SAM system can precisely measure the in-plane op-
tical anisotropy (IPOA) by measuring the relative difference
in reflection coefficient between the two in-plane orthogonal

directions, denoted as x and y, which is defined as[?2-251
A 2(ry — 1y
ar_ Ar=ry) (1)
r ry+ Ty

Here r, and ry are the reflection coefficients in the x and y di-
rections, respectively. r is the averaged reflection coefficient,
ie., r= (rc+ry)/2, and Ar = r, —r,. The intensity of the
reflected light arriving at the detector can be expressed as

2
1= RES [1 +Jo(9)Re <Ar> +2J1(¢)Im <Ar> sin wr
2 r r
+2/>(¢)Re <Arr> cos2a)t] . )

Here R = |r, +1y|? /4 is the reflectivity of the sample, and E}
represents the intensity of the reflected light. ¢ is the phase
retardation induced by the PEM. Jy, J; and J; are Bessel func-
tions, and ® is the base modulation frequency of the PEM.
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Re(Ar/r) and Im(Ar/r) are the real and imaginary compo-
nents of Ar/r, respectively. By adopting ¢ to be 0.3831, we
have Jy = 0. Thus, the R signal of the system is proportional
to the intensity of the light recorded by the detector. Since the
RA signal varies at a frequency of @, its intensity is propor-
tional to the imaginary part of Ar/r, reflecting the IPOA of the
sample.

Given that » = v/Rexp(i¢), equation (1) can also be writ-

Polarizer

Laser

Chopper

{ Spatial filter

i

Lock-in Lock-in (1F

PEM

AN

ten as

A 1 AR
ar_ —— +iAg.
r

7R 3

Comparing Eq. (3) with Eq. (2), we find that the RA signal is
essentially the phase difference between the light polarized in
the x direction and that in the y direction of the detected light,
ie., Ag.

Detector

Analyzer

Computer

I 100X
N.A.=0.55

Objective

Fig. 1. Schematic diagram of the SAM system.

3. Results and discussion
3.1. RA images of the SiC micropipe defects

Figure 2 shows the R and RA images of the two mi-
cropipes obtained by the SAM system. Figures 2(a) and
2(c) are the R images of the micropipes M1 and M2, respec-

12.0
11.8

11.5
1.2

10.9

@ (um)

20 40 60 80

@ (um)

tively. The R image represents the surface topography of the
sample, ! and the blue spot in the middle of the R image indi-
cates the micropipe. The small green spots near the micropipes
in the R image have been confirmed to be dust on the surface
of the sample. Figures 2(b) and 2(d) are the RA images of M1

)
6.8

5.4

40 60 80
z (um)

Fig. 2. Two typical SAM images of micropipes. (a) and (b) The normal R and RA images of micropipe M1, respectively. (c) and (d) The R
and RA images of micropipe M2, respectively. The signal unit in (a) and (c) is 1, and that in (b) and (d) is 1073,
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and M2, respectively. The RA image of M1 exhibits a
butterfly-like pattern with four bright wings (one pair shows
positive values, and the other pair negative). The RA image of
M2 is similar to that of M1 except that the orientation of the
butterfly-like pattern is different. From the discussion below,
it can be seen that this is due to the different orientations of the
Burgers vectors.

3.2. Discussion and analysis of the RA image
3.2.1. Theoretical analysis of the RA image

It has been found that RA images are reflection optical
anisotropy signals (A@) generated at the interface between two
different materials, or induced by the height of the step on
the nanometer scale, or due to linear defects on the surface of
the material.!!>>6-28] The RA image of the micropipe may be
caused by the strain field around it. The relation between the
reflection optical anisotropy signal A¢ and the strain tensor €
can be expressed as!?’]

1
A@ o< if(gxmeyyygxy)- 4)

Here A@ is the phase difference, which represents the rela-
tive difference in reflection coefficient in two perpendicular
in-plane directions for each test point. &, €, and &,, are the
components of strain tensors. f in Eq. (4) is a complex func-
tion, from which we can calculate the RA image, related to the
strain field.

Although there are still controversies, it is quite certain
that micropipes are related to dislocations. Therefore, it is
necessary to theoretically analyze the RA image induced by
dislocations. Dislocations include edge dislocations and screw
dislocations. For edge dislocations, &, # 0, &, # 0, &, # 0,
€&y # 0, and the other components are zero, i.e., the stress ten-
sor induced by the edge dislocation can be expressed as

€y & O
&y &y O0]. (@)
0 0 g

Obviously, the z axis is one of the principal axes. Since the
SAM system only measures the optical anisotropy in the x—y
plane, it is not necessary to take into account the stress com-
ponent in the z direction, i.e., ;. The eigenequations of the
in-plane strain field can be expressed as

Exx Exy ex| €x
(%‘ 8)71) L}} -¢ L’}} ' ©

From Eq. (6) we can obtain the eigenvalue of the stress in the
x—y plane, which can be written as

(Exx+ &) £ \/(exx —&y)* +4€l
£= 7 , @)

and the corresponding eigenvectors are

1
(eX> = 260 . ®)
€y (Ea—&yy)+/(E—8yy )2 +4€],

The difference between the two stress eigenvalues is

Ae = \/ (€ — £)2 +4€2,. )

When &,, = 0, the principal axis of strain is in the x direction.
When &,, # 0, the principal axis of strain will rotate by an an-
gle of 6y with respect to the x axis, and the angle 6y can be
expressed as

28,y

(gxx - eyy) + \/(exx - Eyy)z +483y

tan 6y = (10)

At the spatial position (x, y), the maximum optical
anisotropy is proportional to Ae. Therefore, the IPOA of the
point (x, y) can be expressed as

Ira = (IRA)max X 0826 o< \/(Sxx — &) +4€l cos26p. (11)

Thus, for edge dislocations, the IPOA at the point (x, y) in-
duced by the strain field of the edge dislocations is

Ira o \/(exx—sy),)2—|—48§ycos2(60+(P). (12)

Here ¢ is the angle between Burgers vector and the x axis.
According to the elastic theory, the strain components of
the edge dislocations can be expressed in polar coordinates as

sin ¥

Grr:Gﬂﬁ:_D PR

)
6,9 = D0 (13)

r

sin¥

O, = —2Dv .
r

_ oMb
Here D = 3%(1-0)
ing Poisson’s ratio and b being the Burgers vector. Accord-

, with u being the shear modulus, v be-

ing to Eq. (13), we can obtain the following equations through
the transformation relation between the strain tensor and stress
tensor:

in o
Eer — &y = 2D(1 +0s28) X o” |
: r (14)

sin %
&y = Dcos2?9 x -

By substituting the stress tensor of the edge dislocations into
Egs. (10) and (12), we can calculate the RA images with
Burgers vectors directed in different directions theoretically,
as shown in Fig. 3.

The strain field of screw dislocations is much simpler than
that of edge dislocations. According to the dislocation theory
in reference, [*! the strain component of the screw dislocation
can be expressed in polar coordinates as

_ M

- 2mr (15

Oy
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where (1 is the shear modulus and b is the Burgers vector. Here
the center of the screw dislocation is set as the origin of the co-
ordinates, and r is the distance from the origin. The remaining
components are all zero, i.e., 6, = 6,9 = 0, = 0. It can be
seen from Eq. (15) that the shear stress component produced
by the screw dislocation is inversely proportional to r, and the

y (pm)

—40 —20 0 20 40—-40 —20 O

20 40—-40 —20 O

stress field of the screw dislocation is axisymmetric. Through
the conversion relationship between the strain tensor and the
stress tensor, it is obvious that the strain components of the
screw dislocation in the x and y directions are zero. There-
fore, the stress field of the screw dislocation does not cause
the IPOA signal between the x and y directions (A¢ = 0).

20 40

20 40—40 —20 O

z (pm)

Fig. 3. Simulated RA image of the edge dislocations with Burgers vectors in different directions. ‘L’ indicates the direction of the Burgers vector.

3.2.2. Discussion and analysis of the RA image of M1

It can be seen from Fig. 2(b) that the RA image shows
a typical butterfly-like shape, which is essentially the same as
the butterfly-like stress birefringence imaging obtained by the
polarization microscope, [>16] except that the RA image shows
a polar distribution. Based on the theory of the photoelastic
effect, the RA image is generated by in-plane stress €, and
€ — &yy. According to the above theoretical analysis of the
screw dislocation, it is known that the screw dislocation does
not generate an RA signal in the x—y plane (A¢ = 0). For the
edge dislocations, the non-zero stress components are &y, £y,
€, and &y, i.€., &, and &, — &, are not zero, leading to an RA
signal in the x—y plane (A¢ # 0).1313%! Therefore, the edge dis-
location component must be taken into account in the analysis
of the RA signal of the micropipes.

To obtain knowledge of the strain distribution around the
micropipes, we performed micro-Raman measurements, since
the Raman frequency shift of the modes E;(TO) and E>(TO)
reflects the strain state of the sample. Figure 4(a) shows
the Raman spectrum of the 4H-SiC in a region without mi-
cropipes. The peaks of E»(TO), E{(TO) and A(LO) are lo-

cated at about 776.5 cm~!, 797.3 cm™! and 965.1 cm™!, re-
spectively, which are consistent with other reports.3334! Fig-
ure 4(b) shows the peak position mapping of E»(TO) around
the M1, and Fig. 4(c) shows the mapping of the peak positions
of E;(TO) around M1. They all exhibit a dipole-moment-like
distribution. Obviously, the peak position of E,(TO) is more
sensitive to strain than that of E;(TO), which indicates that the
E»(TO) mapping is more accurate for characterizing the strain
field.

In Fig. 4(b), the redshift or blueshift of the E>(TO) mode
is within the range +0.6 cm~!. A compressive strain in the
film will reduce the bond lengths and the vibration frequency
of atoms, leading to a blueshift of Raman peaks; conversely,
a tensile strain will lead to a redshift. Therefore, the red lobe
(blueshift) in Fig. 4(b) indicates that the area of the film is
under compressive strain, while the blue lobe (redshift) sug-
gests that it is under tensile strain. This energy shift is due
to elastic lattice deformation by the strain field of the edge
dislocation,3%! i.e., on one side of the dislocation the addi-
tional lattice plane causes compressive strain, whereas on the
opposite side a tensile strain is induced. The strain field dis-
tribution indicates that the dislocation is an edge dislocation,
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and the Burgers vector is directed along the x axis, as denoted
by the ‘" in Fig. 4.

Figure 4(d) shows the simulation result of the RA image
based on an ideal edge dislocation with the Burger vector di-
rected along the x axis. Comparing Fig. 4(d) with Fig. 2(b),

— 3000} (a) E(TO)
h=1 L

=

. 20001
2 A4(LO)
& I

> 1000}

g EL(TO)
E 0

700 800 900 1000

Raman shift (cm™1!)

ega

797.59
797.52
797.45
797.38
797.30
797.23
797.16
797.09
797.02
796.94
796.87
796.80

40 60
x (um)

one can see that the simulation result shows the same shape as
that observed in the experiment, which suggests that the sim-
ulation result agrees very well with experimental results. The
simulation result confirms our inference about the nature of
the micropipes, i.e., that they are edge dislocations.
. ne

776.74
776.71

776.68
776.65

100

y (um)

20

—40 —20 0
z (pm)

Fig. 4. Raman spectra and the simulated RA image around the micropipe M1. (a) Raman spectrum of the 4H-SiC wafer in a region without
micropipes. (b) The Raman peak position mapping of E;(TO) mode around the micropipe M1. (c) Raman peak position mapping of E;(TO)
mode around the micropipe M1 for an azimuth angle 6 of 0°. (d) The simulated RA image around the micropipe M1 when the Burgers vector

is in the x direction, which is indicated by the symbol ‘.

3.2.3. Discussion and analysis of the RA image of M2

Interestingly, the RA image of the micropipe M2 shows
different distributions in direction to that of M1. To find out
the reason, we measure the Raman mapping of the E>(TO)
mode of the micropipe M2, and the result is shown in Fig. 5(a).
It can be seen from Fig. 5(a) that the ‘dipole’ of M2 shows a
60° rotation compared with that of M1, which indicates that
the Burgers vector in M2 is rotated by an angle of 60°, ac-
cording to the above analysis of the Raman mapping and the
RA image. Different orientations of the Burgers vector will
lead to the different strain components that show up in the RA
images, thus resulting in different RA images.

Figures 5(b) and 5(c) show the stress birefringence im-
ages around the micropipe M2 at azimuth angles 6 of 0° and

. me
776.82

776.80

776.58

0 20

40
z (pm)

60 80

90°, respectively, obtained by the polarization microscope. It
can be seen that the polarization microscope also shows differ-
ent shapes as the sample rotates, but the sign remains the same.
This is because the stress birefringence signal obtained by the
polarization microscope is proportional to the absolute value
of the IPOA. The RA images obtained from the SAM system
and the stress birefringence images obtained through polarized
microscopy show the same patterns, and both of them change
with the orientation of the Burgers vectors. The differences
between them are that the RA images exhibit positive and neg-
ative values, which makes it easy to distinguish the orientation
of the edge dislocations, while the stress birefringence images
obtained by polarized microscopy show the same sign, and it is
difficult to determine the orientation of the edge dislocations.

Fig. 5. (a) Raman peak position mapping of the E»(TO) mode around the micropipe M2. The azimuth angle 6 adopted here is the same as that
adopted in Fig. 2. (b), (c) Stress birefringence images around the micropipe M2 at azimuth angles 6 of 0° and 90°, respectively, obtained by

the polarization microscope.
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( o
—40 =20 0 20 40
z (pm)

—40 —20 0
 (pm)

y (pm)

—40 —20 0
2 (um)

20 40 20 40

Fig. 6. Experimental and simulated results of the RA images around the micropipe M2 for different azimuth angles 6. (a)—(c) Experimental
results of the RA images at 6 of 0°, 90° and 120°, respectively. (d)—(f) Simulated results of the RA images at 6 of 0°, 90° and 120°, respectively.

To further confirm our model, we measure the RA images
of the micropipe M2 for different orientations of Burgers vec-
tors, which is achieved by rotating the sample in the x—y plane
around the axis that goes through the micropipe. Specifically,
we rotate the sample 60° anticlockwise firstly. Thus, the Burg-
ers vector of M2 is directed along the x axis, which is the same
as that of M 1. Denoting this azimuth angle as 0°, i.e., 6 = 0°,
we measure the RA image of M2 for this azimuth angle, as
shown in Fig. 6(a). Then, after rotating the sample 90° and
120° clockwise, respectively, i.e., 8 = 90° and 120°, we mea-
sure the RA images correspondingly, and the results are shown
in Figs. 6(b) and 6(c), respectively.

It can be seen from Fig. 6 that the experimental results
are essentially in agreement with the theoretical calculation,
because they show a similar pattern. The slight difference be-
tween experimental data and the theoretical results may be due
to the fact that the micropipe is not strictly perpendicular to the
surface of the sample, but we do not take this effect into ac-
count. Comparing the experimental and theoretical results, we
can come to the following conclusions. Firstly, the differences
between the RA images of M1 and M2 shown in Figs. 2(b)
and 2(d), respectively, are caused by the different orientations
of the Burgers vectors. When the Burgers vector of M2 is ro-
tated to align in the same direction as that of M1, their RA
images show the same shape, which is induced by the IPOA
of the strain field due to the edge dislocations. Secondly, only
when the Burgers vector is directed along the x or y axis can
the RA image present a butterfly-like shape. Thirdly, the sign
of the RA image for a certain area is reversed when the sam-
ple is rotated 90°, which is consistent with the observations
reported in previous studies.!?1->]

From the above analysis, one can see that the distinct fea-
tures and characteristics of the RA images for micropipes are
that the RA images show a butterfly-like pattern with some

‘wings’ positive and other ‘wings’ negative. In essence, mi-
cropipes are actually dislocations. Combining with the the-
oretical calculation, we have demonstrated that the butterfly-
like RA image is due to the edge dislocation. The shape of the
butterfly-like pattern is related to the orientation of the Burg-
ers vectors. By rotating the sample, the RA image will show
different patterns.

4. Conclusion

In conclusion, we have investigated the optical reflection
anisotropy microscopy mappings of micropipe defects on the
surface of a 4H-SiC single crystal by using the SAM system.
The RA image with a ‘butterfly pattern’ is obtained around
the micropipes with this system. By comparing the experi-
mental results of the RA images with the Raman mapping,
we find that the micropipes consist of edge dislocations with
relatively large Burgers vectors. Besides, the strain distribu-
tion around the micropipes is also deduced. It is revealed that
the RA image obtained by SAM shows the same shape as the
stress birefringence image obtained by a polarization micro-
scope, but the RA image can distinguish positive and negative
stresses. Besides, the resolution of SAM is higher than that
of the micro-Raman technique and a polarization microscope.
This work further suggests that SAM is a non-destructive, con-
venient and effective method for studying the microstructural
defects on semiconductor material and device surfaces.
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