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Highly doped 4H-SiC will show a significant lattice parameter difference with
respect to the undoped material. We have applied the recently developed
monochromatic contour mapping technique for 4H-SiC crystals to a 4H-SiC
wafer crystal characterized by nitrogen doping concentration variation across
the whole sample surface using a synchrotron monochromatic x-ray beam.
Strain maps of 0008 and — 2203 planes were derived by deconvoluting the
lattice parameter variations from the lattice tilt. Analysis reveals markedly
different strain values within and out of the basal plane indicating the strain
induced by nitrogen doping is anisotropic in the 4H-SiC hexagonal crystal
structure. The highest strain calculated along growth direction [0001] and
along [1- 100] on the closed packed basal plane is up to — 4 x 10~* and
— 2.7 x 1073, respectively. Using an anisotropic elasticity model by separat-
ing the Whole bulk crystal into numerous identical rectangular prism units,
the measured strain was related to the doping concentration and the calcu-
lated hlghest nitrogen level inside wafer crystal was determined to be
1.5 x 10%° . This is in agreement with observation of double Shockley
stacking faults in the hlghly doped region that are predicted to nucleate at
nitrogen levels above 2 x 10! cm ™3
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INTRODUCTION

4H-SiC is a promising wide bandgap material
that has attracted considerable attention in the
power electronics industry. Several applications
have benefited from the improved performance of
devices made of 4H-SiC in terms of higher break-
down fields, efficiency, and reliability, as well as
excellent physical properties.’

However, the widespread commercialization of
this material is still hindered by the various defects
introduced during the crystal growth, which is
found to degrade the device performance and
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lifetime. Stacking faults (SFs), for example, have
been considered to be one of the most detrimental
structural defects.? The extra states introduced by
SF's can prevent the normal build-up of an electron—
hole plasma, which leads to a forward voltage drop
with time during device operation. The electrical
degradation caused by stacklng faults in 4H- SIC pin
diodes has been reported in the literature.? It has
been predicted theoretically that high nitrogen
doping concentration level (above 2 x 10'® cm™3)
inside 4H-SiC crystals increases the propensity for
formation of stacking faults [ref]. The SFs inside can
create quantum wells, which lower the free energy
of the whole crystal once the barrier for partial
dislocation motion is overcome by thermal energy
(achieved by annealing above 1000°C).>* Moreover,
from a perspective of high power electronic
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applications, other severe issues, such as inhomo-
geneous resistivity and a large {0001} surface
roughness of substrate are characteristic of heavily
nitrogen-doped SiC crystals.’ Further, the nitrogen
incorporation kinetics is anisotropic within and
outside the basal plane during PVT growth of SiC.
Therefore, a better understanding of the nitrogen
doping distribution within the SiC wafers is
important.

Highly doped 4H-SiC can have a significant
lattice distortion due to the impurity incorporation
process. The 4H-SiC crystal can be considered as an
assembly of periodic organized tetrahedral struc-
tures with carbon atom at the center bonded to four
neighboring silicon atoms. During doping incorpo-
ration, nitrogen atoms take the place of carbon
atoms in tetrahedrons and bonds with the sur-
rounding silicon atoms. The substituted nitrogen
atom has a smaller radius compared with the
carbon atom, which leads to a general shrinkage of
the volume of the doped crystal, and thus strain is
induced in the lattice. This paper reports a study of
the strain induced in highly nitrogen doped 4H-SiC
wafer along the growth direction and within basal
plane.

EXPERIMENT

The sample employed for this study is a chemical
mechanical polished 4-inch commercial 4H-SiC
wafer off-cut by 4 degrees from (0001) subjected to
annealing in an elevated temperature (> 1000 C).
The nitrogen concentration varies across the wafer
surface.®> The nitrogen incorporation inside the
{0001} facet region is significantly higher than the
remaining area of the wafer due to the anisotropic
direction dependence of nitrogen incorporation in
the PVT growth process.® Using synchrotron
monochromatic beam x-ray topography (SMBXT),
misorientation contour map’ images were recorded
from the selected diffracting planes first in the + g
condition and then in the — g condition by rotating
180° about the diffraction plane normal. The con-
tour maps were recorded around the heavily doped
facet region of the 4H-SiC wafer. We expect the
doping induced strains along growth direction and
the directions inside closed packed plane to be
different because of the anisotropic hexagonal crys-
tal structure of the 4H-SiC. To measure these
strains, the g = £ 0008 in reflection geometry (c-
axis direction only) and the g = + — 2203 in trans-
mission geometry (both a-axis and c-axis contribu-
tions) were recorded. Because of the limitation of
the incident beam size, setup geometries in reflec-
tion and transmission results in different recorded
areas in wafer crystal. In reflection geometry, the
entire wafer surface is illuminated while recording
the g = 40008 diffraction at 1-BM facility in
advanced photon source (APS) in Argonne National
Lab. In transmission mode, only the area of beam
size, which is about 7 x 7 mm?, is illuminated for

g =+ — 2203 experiments carried out at C-1 Sta-
tion in Cornell High Energy Synchrotron Source
(CHESS). In all our experiments, we assume that
the strain measured is entirely due to impurities
introduced by dopant atoms. To account for the
limited beam size in transmission geometry, sepa-
rate contour maps were recorded from the strained
highly doped region and the unstrained unrotated
reference point, by translating the wafer precisely
along the rocking axis to eliminate any errors. Each
contour map appears as a series of dark stripes
corresponding to the series of regions that satisfy
the Bragg diffraction condition as the wafer is
rotated as shown as Fig. 2. Using the procedure
and theory described in Ref. 6 the two sets of
contour maps in +g and — g settings can be used to
derive a map of strain across the heavily doped and
lightly doped regions. Calculations were carried out
using Wolfram’s Mathematica 10.3 and Matlab
R2016b software. Raman spectroscopy experiments
were carried out in both heavily doped and lightly
doped regions using Nomatic™ Research-Grade
Raman Microscope.

RESULTS AND DISCUSSION

Strain Analysis Using Monochromatic
Contour Mapping

In our experiments, the optical image in Fig. 1.
shows the region of interest from which we recorded
the g = + 0008 contour map images. It is noticeable
that the heavily doped region appears as an oval
shape in a darker green contrast compared to the
rest of the crystal, which is relatively lightly doped.
Figure 2 shows the contour map recorded in 000-8
reflection from the same region in Fig. 1. The map

Fig. 1. Optical image of the heavily nitrogen doped region. The

heavier doped region appears in a darker contrast compared to the
rest of the area.
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Fig. 2. Contour map recorded in g = 0008. The contours are re-
corded by rocking the wafer in a series of angular steps with the
monochromatic X-ray beam.
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Fig. 4. Contour map recorded in g = 2— 203. The contours are re-
corded by rocking the wafer in a series of angular steps with the
monochromatic X-ray beam.

Fig. 3. Strain map simulated using the contour map by deconvolut-
ing the lattice parameter variations from lattice tilt inside the crystal.

was recorded for the region using a 0.003° angular
step size. Each stripe on the image represents a
localized equi-inclination contour, which diffracts in
the same Bragg angle condition. The narrow widths
and the relatively large separation between the
neighboring contours indicates local high strain.
The complicated pattern, which appears like an
hourglass with two concentric lobes displayed
nearby the center indicates a high stress corre-
sponding to the high doping region. The calculated
strain is shown in Fig. 3. It should be noted that the
white areas represent where the data were not
recorded in g =+ 0008 in experiments. Figure 3
has a similar distribution as the contour map
pattern, where the same color represents the aver-
age value for the corresponding region of the
crystal. The negative sense of strain in general
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Fig. 5. Strain map simulated using the contour map by deconvolut-
ing the lattice parameter variations from lattice tilt inside the crystal.

shows an overall compression of the lattice con-
stants along growth direction, which is in agree-
ment with the prediction of volume shrinkage after
the dopant nitrogen atoms with the smaller covalent
radii substituting the intrinsic carbon atoms. The
average absolute strain value inside the heavy
doped oval is above 1 x 10~%. The highest absolute
strain is up to 4 x 1074 | which appears as a deep
blue color bar located inside the top lobe of the
“hourglass”. This indicates the largest nitrogen
incorporation level. A 7 x 7 mm? beam size region
covering part of this most heavily doped area was
selected for g = + — 2203 diffraction in transmis-
sion geometry. The contour map in g = 2— 203 is
shown in Fig. 4, which recorded in an angular step
size 0.003°. The corresponding strain map along this
diffraction vector direction is shown in Fig. 5. The
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sense of strain indicates an overall lattice compres-
sion with the magnitude ranges from 2 ~ 8 x 104,

Anisotropic Elasticity Model Calculating
Doping Level from Strain

The 4H-SiC single crystal has a hexagonal crystal
structure, which is highly anisotropic with the
elastic properties different in basal plane and c-
axis. According to Fig. 3, the strain inside the high
doping region is very large, while outside the high
doping region is negligible. It is reasonable to
assume that the strain in our crystal is mainly
introduced by doping. Assuming the doping atoms
are locally uniformly distributed, the whole bulk
crystal could be modeled as a number of rectangular
prism units with the two square faces on basal
planes and the longer edge aligned along [0001]
direction. Each isolated rectangular prism unit is
occupied by one dopant atom, as shown in the
schematic (Fig. 6). The edge lengths of the square
faces and the height are A and C, which equals the
average distance between dopant atoms within the
basal plane and along the [0001] direction, respec-
tively. In order to represent better the rectangular
prism model, the orthogonal coordinate is trans-
formed from HCP crystal structure, where x = [2-1-
101, y = [01-10], z = [0001].

Fig. 6. The entire bulk 4H-SiC crystal was considered as a collection
of rectangular prism units with one nitrogen atom located in the
middle. The edge lengths of the square faces and the height are A
and C, which equals the average distance between dopant atoms
within basal plane and along [0001] direction, respectively.

If N is the concentration (in cm ™) of the substi-
tutional dopants, the volume V of each cubic unit
can be calculated as:

V:]lV:AZXC;

Thus, C can be written as

1
¢= N x A2 (1)
The origin of the change in volume after incorpo-
rating a dopant atom is due to the intrinsic size
difference, which can be calculated as®:

47
Av; =
ViT3

where r¢, and ry are the tetrahedral covalent radii
of C and N dopant,® respectively.

This amount of volume change can also lead to a
three-dimensional dilation or shrinkage of the bulk
crystal, which can be expressed by the displace-
ments of an individual rectangular prism unit.
According to continuum elasticity theory,

[r% —rd] = —0.385 x 107 m?  (2)

Av; = [V + u(8v)] — V = (A + u(A)*x[C + u(C)] ~ A x C;
(3)

where u(A) and u(C) are the displacements along
each edge of the rectangular prism after incorpo-
rating a nitrogen.

Here, the displacements u(A) and u(C) can be
defined by strain values in corresponding directions.
We have:

u(A) = ey %A,

u(c) = ¢c x C;

where ¢4 and ¢¢ are the strains along x and z
directions, which can be extracted from the contour
mapping results discussed above. Take the region in
specimen where we measured the highest strain as
an example. The strain measured in [0008] and
[— 2203] directions are —4 x 107* and — 8 x 1074,
respectively. In hexagonal close-packed lattice, the
lattice constant in <— 2203> directions can be cal-

1
culated as 6(§+§)2, a and c are the lattice

constants along [2-1-10] and [0001] of perfect 4H-
SiC crystal in room temperature, respectively. The
strain in <— 2203> direction can be represented by
the displacement of each lattice constant, Aa and Ac.

(a+Aa)? | (c+Ac)?
R

—4
&[-2203] = =-8x107%
N
The strain measured in [0008] equals to the strain
in [0001] direction ¢_C, which also equals to the
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Fig. 7. Raman profiles of LO-phonon-plasmon recorded in optically
lighter color region and darker color regions. As moving to the opti-
cally darker regions, the peaks of the LO-phonon-plasma are
broadened and shifted to a higher frequency, which indicates a
significant nitrogen concentration increase from the lighter color re-
gion to the darker color region.

value Ac/c. Therefore, the strain in [-1100], ¢4 can be
obtained by the expression above, which equals to
da 27 x1073.

Solving the simultaneous Eqgs. 1, 2, and 3, we can
obtain the highest doping level N inside heavily
doped region of our specimen to be around
1.5 x10°°cm 3. Hall Effect Measurements cur-
rently underway will be used to verify this doping
concentration data.

Correlation of Doping Concentrations with
Other Measurement Techniques

Raman Spectroscopy was examined from the
optically lighter green color region and the oval
shape darker green color region at room tempera-
ture using a visible laser at 514 nm and spot
diameter 0.104 um. The spectral lines of the LO-
phonon-plasma in Fig. 7. shows the peaks are
broadened and shift to a higher frequency as the
test spots move to the optically darker region. This
typical variation indicates a significant increase in
the nitrogen doping level from the optically lighter
to the darker regions.'®

As mentioned earlier, the sample was subjected to
annealing at an elevated temperature after chem-
ical mechanical polishing. Topographic images
recorded across the whole wafer using SWBXT
technique showed area contrasts on g = 1-100 indi-
cating the existence of high density of double
Shockley stacking faults generated inside the most
heavily doped region.? Calculations done by Kuhr*
indicates a threshold doping level of 2 x 109 cm™3
must be exceeded inside the region where the
overlapping stacking faults are generated. The
highest doping level in this region we calculated is
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1.5 x 10%° cm—3, which satisfies the requirement for
formation of stacking faults.

Experimental studies on lattice parameter change
measurements along c-axis as a function of doping
in SiC crystals reported by several other groups'™!
agrees well with our results. The strain level is or
the order of 10~* when nitrogen doping concentra-
tion is around 1 x 102°cm™3. Gavrilov et al.'® also
reported the change is negligible in ¢ lattice param-
eter compared with a lattice parameter with the
increase of the nitrogen doping using the Bond
method.

CONCLUSIONS

In our study, monochromatic contour mapping
technique was carried out in both reflection and
transmission geometry in order to deconvolute the
contribution of plane strain from the plane tilt.
Anisotropic strain introduced by nitrogen incorpo-
ration in 4H-SiC bulk crystal has been analyzed via
contour mapping, the highest value calculated is up
to —4 x 107* and —2.7 x 1072 along c¢- and a- axis
respectively. The anisotropic strain originated from
the different elastic properties and electric environ-
ment in closed packed plane and the growth direc-
tion inside 4H-SiC bulk crystals. The highest doping
value calculated from the strain measured is up to
1.5 x 102°ecm=2, which exceeds the theoretical
threshold doping level of around 2 x 10 cm3for
spontaneously faulting at temperatures greater
than 1000°C. The corresponding SWBXT images
indicate the existence of the faulting induced by
heavy doping thus verifying the doping concentra-
tion measured. The shift and broadening of LO-
phonon-plasma peak in Raman Spectroscopy mea-
surements indicates a significant increase in doping
concentration of the heavy doped region inside our

wafer crystal which agrees well with our
measurements.
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