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A novel micro-Raman technique to detect and characterize 4H-SiC stacking

faults

N. Piluso,® M. Camarda, and F. La Via
IMM-CNR, stradale primo sole, 50, 95121 Catania, Italy

(Received 26 June 2014; accepted 14 October 2014; published online 24 October 2014)

A novel Micro-Raman technique was designed and used to detect extended defects in 4H-SiC
homoepitaxy. The technique uses above band-gap high-power laser densities to induce a local
increase of free carriers in undoped epitaxies (n < 10'® at/cm ™), creating an electronic plasma that
couples with the longitudinal optical (LO) Raman mode. The Raman shift of the LO phonon-
plasmon-coupled mode (LOPC) increases as the free carrier density increases. Crystallographic
defects lead to scattering or recombination of the free carriers which results in a loss of coupling
with the LOPC, and in a reduction of the Raman shift. Given that the LO phonon-plasmon coupling
is obtained thanks to the free carriers generated by the high injection level induced by the laser, we
named this technique induced-LOPC (i-LOPC). This technique allows the simultaneous determina-
tion of both the carrier lifetime and carrier mobility. Taking advantage of the modifications on the
carrier lifetime induced by extended defects, we were able to determine the spatial morphology of
stacking faults; the obtained morphologies were found to be in excellent agreement with those pro-
vided by standard photoluminescence techniques. The results show that the detection of defects via
i-LOPC spectroscopy is totally independent from the stacking fault photoluminescence signals that
cover a large energy range up to 0.7 eV, thus allowing for a single-scan simultaneous determination
of any kind of stacking fault. Combining the i-LOPC method with the analysis of the transverse op-
tical mode, the micro-Raman characterization can determine the most important properties of unin-
tentionally doped film, including the stress status of the wafer, lattice impurities (point defects,
polytype inclusions) and a detailed analysis of crystallographic defects, with a high spectral and

spatial resolution. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4899985]

l. INTRODUCTION
A. 4H-SiC material

Over the last two decades, Silicon Carbide has attracted
wide interest being an excellent material for high-power,
high-temperature, and high frequency devices. Accordingly,
many characterization methods have been optimized to
obtain better and faster detection of defects. While most
harmful defects (such as micropipes) have been almost com-
pletely eliminated from the epitaxies, other defects degrade
and hamper the proper functioning of SiC devices.
Crystallographic defects, such as stacking faults (SFs), are
currently the major issues that prevent the high yield of devi-
ces grown on large wafers (6 in.). One of the main aims in
the 4H-SiC research field is to eliminate them from the epi-
taxial layer. Many of these SFs are highly damaging for uni-
polar high power SiC devices' and bipolar power devices,*”
increasing the leakage current and altering the I-V relation,
reducing the reliability of the devices.*™®

Currently, the photoluminescence technique (PL) is the
most used method to detect and study the nucleation and prop-
agation of 4H-SiC crystallographic defects, in particular, SFs
that can be generated in the substrate”® and at the interface
with the substrate or in the epilayer during growth proc-
esses.” ! Stacking faults characterization is important because
they are featureless and invisible on optical microscopy.
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Moreover, optical methods are strongly recommended because
they avoid complex and time consuming sample preparation,
being non-destructive techniques. UV-PL imaging has been
widely used for detection and study of defects, e.g., lumines-
cence imaging of dislocations bounding stacking faults.'?
Extended defects in SiC, including SFs, Basal Plane
Dislocations (BPD), crystalline inclusions and micropipes
have been revealed and studied by PL imaging techni-
ques.'*™"> Furthermore, recent results'® related to the emission
along partial dislocations bounding recombination-induced
stacking faults in 4H-SiC pin diodes, demonstrated that hyper-
spectral imaging of luminescence from extended defects could
also be performed, providing the simultaneous collection of
both spatial and spectral information.

SFs manifest themselves as an error of stacking along the
[0001] crystal direction, acting as carrier recombination cen-
ters (quasi-quantum wells).'”° Their formation energy is rel-
atively low,”! so that their nucleation and expansion, during
epilayer growth, is very likely. Furthermore, studies have pro-
ven that some SFs, in particular, the Single Shockley stacking
fault (SSF), are able to enlarge during forward bias in bipolar
devices® or under laser excitation during PL characteriza-
tion,”*2° which in turn leads to a change in the basic device
characteristics, such as the junction potential or the forward
on-resistance Ron.>” A detailed model describing a possible
driving force on SF expansion and contraction is provided by
Caldwell ef al.®® Also, some authors>” have shown the effect
of extended defects on carrier lifetime. Time-resolved
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cathodoluminescence measurements have shown that near the
regions where extended defects (SFs, Triangular Surface
Defects, 3C-SiC inclusions) are found, carrier lifetimes are
strongly reduced.

B. A novel micro-Raman spectroscopy approach

Micro-Raman spectroscopy is a powerful technique
based on the inelastic scattering of light (usually supplied by
a laser) by solid-state material. A typical Raman spectrum
allows a rapid analysis of the phonon modes which incorpo-
rate many properties of the semiconductor material. The
high spatial and spectroscopic resolution of the micro-
Raman technique makes it suitable for the analysis of defects
in thin film. Currently, the Micro-Raman technique can be
used as a complementary method to PL imaging for SiC
characterization thanks to the simultaneous collection of in-
formation related to the material probed, e.g., strain status,
polytype inclusion, doping concentration.

Some authors have reported the relationship between
SFs and Raman scattering®® = in the cubic polytype (3C-
SiC). An enlargement and a shift of the TO Raman mode is
observed for highly defective epilayers (as indicated by
Rohmfeld er al.*' which shows an appreciable enlargement
of the TO Raman mode for high stacking fault density, with
an average distance between the SFs of 20nm) and in
regions with intense stress fields.*>** Given the higher qual-
ity of 4H-SiChomoepitaxial films (characterized by much
lower defect densities and stress fields) the enlargement and
shift of the TO Raman mode cannot be used. Micro-Raman
technique has been used to study the properties of SiC>° and
to detect extended defects®® in highly defective regions by
using the variation of the TO Raman mode that depends on
the stacking fault density. Moreover, the UV-Raman tech-
nique has been used to detect comet defects in 4H-SiC*” by
probing the intensities of the Raman modes, and to charac-
terize ion-implanted SiC crystals,”® demonstrating that, by
using a deep UV laser as excitation wavelength, micro-
Raman spectroscopy is a powerful tool for investigating sur-
face structures and surface defects.

An alternative method that allows the detection of defects
(in particular, SFs) can be considered by using the longitudi-
nal optical (LO) Raman mode. The atomic displacements
associated with the LO phonon mode generate a longitudinal
electric field (due to the partially ionic nature of the lattice
and the difference in electronegativity between Silicon and
Carbon atoms) which interacts with the neighboring electrons.
In the case of high free-carrier density such a longitudinal
electric field results in an additional interaction between the
LO phonons mode and the free carriers.”® The mathematical
model that describes such an interaction is widely used and
described in the literature,**™** it determines the doping®**
and the electron mobility** of thin films. Micro-Raman analy-
sis has also been used along with the Hall effect and transmis-
sion measurements to extract carrier density profiles from SiC
wafers.* Moreover, as described by some aluthors,47 at high
optical excitation the formation of a dense electron-hole
plasma has been observed in many semiconductors (GaAs,
GaP). Furthermore, under an intense laser excitation, the LO
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phonon-plasmon coupling mode has been detected and stud-
ied in undoped GaP crystal.*® In this context the excess car-
riers, induced by laser pumping, are characterized by a carrier
lifetime and electrical mobility, appearing as a local increase
of carrier concentration that can be easily measured by
Raman tools. These electrical properties are perturbed by
crystallographic defects so that a systematical study of the
local (induced) carrier density variation can be used to detect
crystallographic defects. Free carrier redistribution, resulting
from SF formation in annealed 4H-SiC, has been observed by
some authors.*” Based on these considerations a new Raman
methodology analysis, called induced-LOPC (i-LOPC), was
designed. The injection of free carriers by a laser with a wave-
length lower than the material band edge (HeCd at 325 nm,
4H-SiC band-gap at 388 nm) with different power densities
was used to study the effect of a crystallographic defect, such
as SF or point defects, on a local increase of the carrier den-
sity. The interaction between the electronic plasma and the
lattice vibration, through inelastic scattering, is related to the
plasmon damping constant y = e/(m*u), and the plasmon fre-
quency a)zp :477:ne2/81nfm*, where e is electron charge, m* is
the electron effective mass, u is the carrier mobility, and &;,¢ is
the high frequency dielectric constant, see Refs. 41 and 42 for
details.

From this set of equations it is possible to extract n and
U, i.e., determine the doping and carrier mobility of the film.

It is interesting to note that, in general, the effective
electron-hole pair density () is controlled by the equilibrium
conditions between carrier generation (G) and recombination
processes (U), this equilibrium can be expressed by the fol-
lowing expression:

U=G=n—ny/r, (1)

where 7 is the equilibrium carrier concentration, ) is the ini-
tial carrier concentration, 7 is the minority carrier lifetime
and G is the injection of carriers due to the laser exposure

G = ®ae™, 2)

where @ is the flux applied by the laser, o is the absorption
coefficient, and x is the distance within the epitaxy at which
the carriers are generated. In the case of high doped epitaxies,
low laser densities or low carrier lifetimes Gt < ny so that
n—ny~ 0, and no carrier generation can be revealed (n = ny
1018). In these conditions, the standard Raman LOPC deter-
mines the film doping (7). On the other hand, in the case of
low-doped epitaxies (1) < 10'%) and for high carrier injections
(®>10") a substantial carrier generation can be observed
and from Egs. (1) and (2) carrier lifetime can be extracted.

We systematically compared the PL signal and the
phonon modes to determine the nature of the perturbation
generated by the defects observed in Raman spectra: crys-
tallographic and stress field effects (TO mode sensitive) or
electronic effects (LO mode sensitive).

Il. EXPERIMENTAL DETAIL

Micro-Raman and PL maps were collected using an
HRS800 integrated system by Horiba Jobin Yvon in a back-
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FIG. 1. TO (left) and LO (right) Raman modes acquired far from extended defects for different laser powers.

scattering configuration. The excitation source was supplied
by an He-Cd laser with a wavelength of 325 nm and a vari-
able, on-sample, power ranging from 1 to 10mW (with a
power density of about 0.5 to 5kW/cm?, respectively). The
laser was focused via a x40 objective onto the sample and
then reflected onto a 2400 grooves/mm kinematic grating. At
room temperature and under normal condition of tempera-
ture stability (*1°C), the accuracy of the instrument is
+0.2cm~'. The spatial resolution achievable with the
motorized stage is 0.5 um, while the spot laser diameter is
about 2 um, i.e., about 80% of the laser intensity is contained
in a 2 um spot. In order to avoid a needless spatial overlap in
the acquired maps, a spatial acquisition step of 3 um or 4 yum
was adopted. Each spectrum was collected with acquisition
times less than 0.5 s.

4H-SiC homoepitaxial layers of different thickness
(from 6 to 100 um and with doping concentrations below the
Raman limit sensitivity (n < 10'7 at/cm ™ (Ref. 46)) grown
on 4° (11-20) off-axis Si-face substrates were analyzed. For
comparison we also analyzed 4H-SiC substrates, which are
characterized by high doping concentrations (n~ 10" at/
cm ), well within Raman sensitivity.

lll. RESULTS AND DISCUSSION

The variation of the Raman spectrum, acquired far from
defects, at different laser powers, was evaluated. The Raman
modes (LO and TO) were acquired for a homoepitaxial 6 um
thick unintentionally doped (n~ 10'* at/cm ) 4H-SiC film,
at different laser powers (from 1 to 10 mW). The excitation
source was filtered to evaluate how the laser power affects
the Raman modes. Figure 1 shows that TO is unchanged
with laser power (except for the Raman peak intensity), with
a peak value of 776.8cm™', very close to the stress free
value.*>>° This is mainly due to the high quality of the mate-
rial. Conversely, LO Raman mode underwent an evident
shift towards high frequencies as laser power increased. This
variation was due to an increase of electronic density (elec-
tron-hole pairs) correlated to the increased laser power.

Through the analysis of the LOPC the free carrier concentra-
tion was calculated;“’“’51 Table I shows the results.

The spectrum acquired at 1 mW showed the LO Raman
mode centered at 965.1cm ™' that represents the ideal posi-
tion of an unintentionally doped 4H-SiC. For laser-power
<ImW the supposed increase of carrier concentration was
below the sensitivity of Raman tools. The spectrum acquired
at 5 mW showed an evident increase of the Raman shift
(965.7 cmfl). The Raman shift increased further at 10 mW
(967.1cm™").

As stated above, this analysis was performed far from
any crystallographic defect. In order to determine how SFs
perturb the increase of free carriers, different spectra were
acquired for different laser powers on SFs and compared with
spectra acquired far from SFs. Figure 2 shows the comparison
between Raman modes acquired on the defect and far from
the defect for two laser powers. LO Raman mode did not
change on or out of the SF when the laser-power was 1 mW
being too low to appreciably increase the carrier density.
Conversely, when 10 mW laser-power was used, the spec-
trum acquired on the SF showed a consistent reduction of
Raman shift, suggesting a trapping of free carriers. Such an
effect can be used to detect the presence of defects through
Raman inspection. Figure 2 shows a reduction of Raman shift
from 967.1cm ™! (far from defect) to 965.4cm ™! (on the
defect). The latter value is very close to the ideal LO value of
undoped4H-SiC, thus, an indicative value related to the effect
of the SFs on carrier density reduction can be calculated. The
carrier density corresponding to the LO Raman shift observed

TABLE I. LO Raman Shift, plasmon frequency and carrier density as a
function of laser power.

Peak center ,, plasmon n, carrier

Laser-power (ecm™h frequency (cm™h density (at/em™)
Laser at 1 mW 965.1 Not calculable Not calculable
Laser at 5 mW 965.7 90 2% 10"
Laser at 10 mW 967.1 160 6.5x 10"
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FIG. 2. LO Raman phonon mode acquired on and away from an extended defect for laser powers of 1 mW (left) and 10 mW (right). TO Raman mode is

unchanged (inset).

under laser pumping at 10 mW was ~6.5 x 10" at/cm >,

This represents the value of carrier density reduction under
the action of an isolated SF. Although the extended defect
determined a strong reduction of the free carrier concentra-
tion, a slight Raman shift of 0.3 cm ™! was noted between the
spectra acquired on the defect when a high laser power was
applied and far from defect when a low laser power was
applied. It indicates that a very small coupling between LO
Raman mode and free carrier remains on the defect. This is
mainly due to two reasons: (1) the penetration depth of the
laser is very high (7.5 um,*?) compared to the width of the SF
that crosses the epitaxy as a tilted plane with respect to the
growth axis, so that the free carriers are also generated above
and below it; (2) the SF can trap a limited amount of free

carriers that, probably, did not exceed a density of
6.5 x 10"at/cm . Figure 3 shows the detection of a particu-
lar SF by using PL and i-LOPC techniques. The spatial mor-
phology and the PL spectrum determine the crystal structure
of the defect. In particular, the triangular shape together with
a PL signal centered at 2.7eV are related to 4SSF, which is
associated to a (4,4) stacking sequence in Zhdanov’s nota-
tion.?>* The width of the defect along the' '™ direction indi-
cates that it was formed close to the epilayer-substrate
interface (see Figure 3(A)).

Map (B) in Figure 3 was obtained from the analysis of
the LO Raman mode shift performed across the same region
characterized by the PL method. An evident modulation of
the Raman shift can be observed. It detected the presence of
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FIG. 3. (A) Stacking Fault (4SSF) observed at 2.7eV by PL technique. (B) Stacking Fault (4SSF) observed at 965 cm! by Raman technique. Additional

defects are noticed.
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FIG. 4. (A) Defect with stacking sequence (10,2) in Zhadonov’s notation, observed at 2.3eV (as shown in the inset) by PL technique. (B) The same defect

observed at 965 cm ™' by Raman technique.

a 4SSF, obtaining the same results achieved by the PL map
(Fig. 3(A)). The modulation of the LO shift accurately repro-
duced the expected triangular shape. An additional LO
Raman shift was observed around the 4SSF. Such a variation
was related to another SF with different energy characteris-
tics (PL peak) and thus not clearly seen through the PL tech-
nique (they can just be seen in Fig. 3(A) as darker areas).
The high spectral resolution used allows a careful inspection
of the Raman data, with a wavenumber range of about
1000cm ™', while it penalizes the PL analysis, as the energy
range is about 0.1eV.

Several SFs were detected and studied with this tech-
nique. Figure 4 shows an uncommon SF detected on a highly
defective homoepitaxy. The SF appears triangular in shape

250

200

Y (pm)
Intensity (arbitr. unit.)

-400 -300 -200 -100 0 100 200
X (um)

with a photoluminescence signal located at 2.3eV (as indi-
cated by the inset in Figure 4(A)). Such an SF is expected to
be a 4SSF with a stacking sequence of (10,2) in Zhadonov’s
notation.”® Once again, the micro-Raman technique provided
a detailed morphological map, indicating the presence of
additional defective regions around the detected SF, which
could not be directly seen by PL analysis in the spectral range
shown.

Since the penetration depth (~10 um) was larger than
the film thickness (~6 um), characterizations were per-
formed on thicker samples (100 um) and on substrates in
order to decouple the effects of the latter from those of epi-
taxial films. Figure 5 shows an agglomeration of extended
defects, principally hosting a Bar Shaped SF (BSSF) coming
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FIG. 5. (A) Stacking Faults observed at 2.93 eV by PL technique. (B) Stacking Faults observed at 965 cm ™' by Raman technique. Sample thickness 100 zm.
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from the defective substrate.” As shown by maps A and B of
Figure 5, both techniques reproduced the complex morphol-
ogy of the defects in the inspected region. On the other hand,
analysis conducted on highly doped substrates, as expected,
did not reproduce the above mentioned results (data not
shown). The main reason being that the high doping concen-
tration (n ~ 10" at/cm73), the electronic density reduction,
produced by SFs (quantified in the order of 6.5 x 10'at/
cm > ), was undetectable.

A subsequent analysis was conducted to determine the
correlation between the LO Raman shift associated to the
laser power, and the carrier lifetime (7). Indeed, point defects
such as interstitial and substitutional vacancies, depending
on the location of the defect level within the band-gap, can
act as scattering or recombination centers, reducing the aver-
age mobility or lifetime of the epitaxy.*’

To verify such an assumption, two samples, with very
thick homoepitaxy (100 um) and large difference in carrier

J. Appl. Phys. 116, 163506 (2014)

lifetime, were analyzed. The carrier lifetimes of the two
samples (~200ns and ~3 us) were measured using the
microwave-PCD technique.’** The sample with the highest
carrier lifetime underwent an oxidation process, which is
known to reduce the density of deep-level point defects.>®’
The trend of the LO Raman shift as a function of the laser
power is reported in Figure 6. The highest value of LO
Raman shift was observed for the oxidized sample. An evi-
dent conclusion is that the lowering of point defect density
increases the electronic free path, determining a longer car-
rier lifetime than the “as grown” sample. We used the LOPC
model*!*? together with Egs. (1) and (2) to determine the
carrier lifetime (7) and induce carrier density (n) in different
samples. The results are shown in Figure 7 and demonstrate
the strong reliability of the Raman method.

These results suggest that an electrical characterization
(carrier lifetime, doping and mobility) of 4H-SiC epitaxial
films could be carried out through micro-Raman spectros-
copy by using the i-LOPC method.

The overall defect characterization, applicable to both
extended and point defects, makes the Raman technique a
very powerful non-destructive method to determine the gen-
eral status of epitaxy, which could be further, extended to a
quick large-wafer analysis.

IV. CONCLUSIONS

A novel Micro-Raman approach, based on the induction
of Longitudinal optical phonon-plasmon coupling (i-LOPC),
was used to detect extended defects in 4H-SiChomoepitaxy.
The correlation between the laser-power and the LO Raman
mode shift was observed and used to detect and study
extended defects. For high laser-powers (>5 mW) the free
carriers, generated by the, above band-gap excitation, tended
to create an electronic plasma that coupled with the LO pho-
non mode (LOPC). The greater the laser-power the greater
was the Raman shift of the LOPC. Such an effect was
altered/reduced when a defect was detected. The LOPC
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mode shift was reduced on the defect because the free car-
riers underwent a redistribution over the defect,” emptying
the free electron plasma. Thus, due to the defect, the LO pho-
non lost its plasmonic coupling, showing a Raman phonon
mode that is typical for undoped 4H-SiC. This trapping
mechanism is independent of the SF type thus allowing si-
multaneous identification of all SFs in the probed samples by
acquiring a single Raman map. The results were compared
with PL characterizations showing excellent agreement.

It should be mentioned that i-LOPC allows the identifi-
cation of extended defects which do not generate intra-band-
gap levels, such as (1,1,1,1) or (1,2,3) SFs,' which cannot
be observed by PL analysis.

Finally, the i-LOPC method showed the connection
between the carrier concentration induced by laser pumping
and the carrier lifetime for undoped film, obtaining meaning-
ful information related to the electrical properties of the film,
and demonstrating that this technique is a fast, reliable and
powerful method to characterize most crystallographic
defects (extended and point defects) in the semiconductor
field. Carrier lifetimes, deduced by the i-LOPC technique,
were in very good agreement with the results obtained by
the u-PCD technique (see Fig. 7(A)).

Studies are underway to apply the i-LOPC method to
other materials such as GaN and AlGaN.
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