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ABSTRACT

We demonstrate the use of the D1/D2 defect luminescence spectral range (1400 nm < λ < 1700 nm) of dislocations in cast-mono silicon to
access geometrical tilt and opto-electronic recombination properties in their vicinity. The angle between dislocation and surface was
determined thanks to the spatial asymmetry of the PL intensity in the regions close to the dislocations. Our optical model relies on the
classical recombination–diffusion continuity equation as well as simple optical absorption and light propagation properties. It takes
advantage of the optical transparency of silicon for wavelengths above 1400 nm. Carrier transport properties such as nonradiative lifetime
around that location are also investigated. The model is discussed with a parameter study and the unicity of the extracted parameter set has
been confirmed. As an example, we find out an angle of a selected dislocation pattern of about 25.4° with respect to the surface and an
effective lifetime of 0.8–0.9 μs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140245

I. INTRODUCTION

Dislocations are hardly avoidable in the directional solidifica-
tion system for the silicon growing process, even for the emerging
quasimono (or monolike or cast-mono) technology wherein seeds
obtained by the Czochralski process and free from dislocation are
used to control the crystalline direction. Dislocations in silicon
have been known for a long time to be detrimental to the perfor-
mances of opto-electronic devices like solar cells, by affecting their
bulk diffusion length1 or overall efficiency.2 They have been, there-
fore, studied by employing a wide range of characterization tech-
niques and several models to describe their behavior have been
proposed.3,4 The combination of chemical treatment,5,6 improved
optical analysis,7 and then transmission electron microscope8 has
allowed describing in detail the geometrical properties as well as
the growth and the diffusion of these dislocations. Other studies
described also their optical properties. In 1976 and 1977, Drozdov
et al. published a first description9 of the sub-bandgap lumines-
cence at 4.2 K of the dislocations in n-type as well as in p-type
silicon. The different emission wavelength bands have been named

D1 (centered at 1526 nm), D2 (centered at 1416 nm), D3 (centered
at 1327 nm), and D4 (centered at 1240 nm). These emissions may
be observable also at room temperature and their intensities and
spectral width strongly depend on the strain and temperature
process applied to the material. Therefore, other luminescence
signals may also appear at other wavelengths like the bands named
D5 and D6.10 In addition, it has been shown extensively that the
dislocations act as recombination centers for excited carriers, reduc-
ing the carrier effective lifetime.11,12 Dislocations also modify the
electrical conductivity due to the modification of charge and elec-
tromagnetic field around them created by the crystal distortion.13 It
may locally increase the density of impurities that are often
unavoidable, such as iron.14

As the luminescence became an important way to characterize
dislocation, imaging techniques have been applied in different ways
for characterizing dislocations in silicon. In 1987, Guidotti et al.
used scanning photoluminescence to estimate in a nondestructive
way the density of dislocations on a GaAs wafer.15 Regarding
silicon, Lightowlers et al. (1993) realized cathodoluminescence
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scanned images to assess the origin of D1–D2 luminescence com-
pared to D3–D4 luminescence.16 Photoluminescence imaging of
dislocations is more recent, like the work of Sugimoto et al. in 2006
about their influence on lifetime.17 Later on, Peloso showed in 2011
the link between the orientation of the dislocations by photolumi-
nescence imaging and the polarization of their luminescence
signal.18 Mankovics et al. illustrated the use of both band-to-band
luminescence (BB) and D1 band luminescence images to discuss
the recombination activity of the dislocations.19 Some geometrical
features of the dislocation have been also investigated. Castellanos
et al.20 described the link between the eccentricity of the etch pits
and the recombination strength of the dislocations. Nguyen et al.21

explored the possibility that the asymmetry of a PL profile across a
subgrain boundary originates from the angle of the dislocation
pattern and concluded this was not the case with their samples. In
one of their recent work,22 it turned out on the contrary that the
asymmetric luminescence of D1/D2 signals was associated with the
inclination of the dislocations underneath the surface, which was
confirmed by TEM analysis. They also noticed that the asymmetry
had two preferential directions perpendicular to each other depend-
ing on the dislocation patterns. The asymmetry of D1/D2 lumines-
cence profile of dislocations in silicon was also noticeable in the
work of Tajima et al.23 even if this was not mentioned or analyzed.
Only a few works exist related to the investigation of dislocation
geometry by the mean of optical analysis like luminescence. For
example, Nagano et al.24 or Tanuma et al.25 imaged with 2-photons
excitation in three dimensions up to 200 μm deep the dislocations
μ-PL in 4H-SiC and reported their angle with the surface.

Our work aims at studying the optical properties of the lumi-
nescence of the dislocations in silicon, especially regarding the D1
and D2 bands above 1400 nm to determine the geometrical proper-
ties of the dislocation. We will show how a simple model of the
D1/D2 luminescence profile extracted from a single PL image gives
access to several characteristics of the dislocation: its angle with
respect to the surface, the effective lifetime along the dislocation and
an estimation of the surface recombination velocity. The method pro-
posed being purely optical, it is also nondestructive for the sample.
We will also present another optical method to estimate the bulk life-
time and dislocation recombination velocity from the band-to-band
PL image, provided that the surface recombination velocity is known.

II. SETUP AND DATA ACQUISITION

Our experiment consists in recording images of the photolu-
minescence (PL) intensity of a silicon sample for two distinct wave-
length ranges: below 1250 nm, corresponding to the band-to-band
emission, and above 1400 nm, corresponding to the D1–D2 lumi-
nescence of the dislocations in silicon. The setup is based on a
hyperspectral imager from PhotonEtc, built on an Olympus micro-
scope, with a 2 nm spectral resolution and coupled to a NiRvana
640ST InGaAs camera cooled at −60 °C. The excitation is realized
with an 808 nm laser beam, spatially homogenized with a 1 mm
diameter. The absorbed photon flux was set to 1.4E20 photon/cm²/s.
Appropriate filters are placed into the optical path to select the
desired wavelength range while eliminating the laser light.

The sample is a slab of cast-mono p-type silicon oriented
[100] with resistivity about 1.2Ω cm and thickness 3.12 mm. It was

mechanically and chemically polished to get a surface roughness Sa
about 6 nm. The sample surfaces were not passivated and the
sample was left to ambient air during storage and experimentation.
A dislocation contour whose pattern at the surface looks like a
closed loop with at least one side as straight as possible has been
selected and observed with an optical microscope [Fig. 1(a)], SEM
[Fig. 1(b)], and the photoluminescence imaging setup [Figs. 1(c)
and 1(d)]. The integrated photoluminescence images above 1400 nm
[see Figs. 1(c) and 1(d)] depict a very asymmetrical intensity across
the dislocation. This is particularly evident when plotting the PL pro-
files selected perpendicularly to each segment of the selected cluster.
One of the sides of this cluster, indicated by the dashed yellow line
in Fig. 1(c), will be further investigated. A zoom on this area is dis-
played in Fig. 1(d). It is to be noticed that the lateral diffusion of the
minority carrier in the bulk of both sides of the dislocation contour
might induce a smearing in band-to-band PL images as described
and corrected in the paper of Phang et al.26 We did not correct this
artifact as it is beyond the scope of this paper.

The asymmetrical shape of the PL profile might originate from
the orientation of the dislocations with the sample surface. In other
words, if the dislocations were contained in plane perpendicular to
the surface, we would expect the PL profile to be symmetrical. The
asymmetry can thus be ascribed to the tilt of the dislocation wall.
It makes the PL intensity higher on the side where it is inclined.
Moreover, the profile asymmetry is reversed when the luminescence
is measured on the other side of the slab contrary to what was
noticed by Nguyen et al.21 Also, another cause of this asymmetry
could be the trace of dislocation migration during the ingot growth
as described in the works of Winning et al.27 and Lawrence et al.28

To explain how the inclination of the dislocation wall makes
the D1/D2 PL asymmetric, we will develop a model combining
optical, geometrical, and material characteristics of the sample.

III. MODEL

We present here the optical model developed to describe the PL
profile across the dislocation. Dislocation patterns visible in optical
microscopes generally consist in closed shapes or loops formed by
the juxtaposition of the intercept of the dislocations unraveled
by chemical treatment with the surface of the sample (etch pits)
[see Figs. 1(a) and 1(b)].

The geometry of the model is shown in Fig. 2. It considers that
the luminescence is emitted along the dislocations. Those dislocations
are supposed to be straight and continuous from one side of the
sample to the other. We consider in-plane parallel dislocations, so the
pattern on the surface forms a straight line SL along the y-axis. We
first write the model for one dislocation that is supposed to be tilted
with the surface with an angle beta (β). The growth axis (perpendicu-
lar to the surface) is set as the z-axis while the horizontal axis perpen-
dicular to SL is the x-axis [see Fig. 2(a)]. We then generalize the
model by considering a juxtaposition of dislocations along y.

It is worth noting that the absorption coefficient of the silicon
is less than 2e–7 cm−1 for wavelengths higher than 1400 nm.29

Therefore, the absorption of the dislocation radiation by the silicon
for these wavelengths is negligible. One can thus consider the mate-
rial as transparent and develop a relatively simple optical model of
the signal recorded by the camera.
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We consider that each dislocation has an isotropic emission
at any location, expressed in Sr�1. This emission is proportional
to the local excess carrier density Δn. This carrier density is
modeled by the Beer–Lambert law with absorption coefficient α
associated with a 1D diffusion model.30 It is applied on a semi-
infinite sample along direction z. The parameters of the diffusion
model are the carrier effective lifetime τ and the front surface
recombination velocity S and the incident flux Φ. This carrier
density reads

Δn ¼ Φ α τ

(1� α2 L2)
e�αz �

S
D þ α
S
D þ 1

L

e�
z
L

 !
: (1)

The luminescence flux impinging at the position
(x, y ¼ 0, z ¼ 0) generated by the radiation of the dislocation is
expressed with Eq. (2), following Bouguer’s law31 with distance r,
angle β, and diffusion length L ¼ ffiffiffiffiffiffi

Dτ
p

. The term δ accounts for
the total internal reflection of the luminescence

FIG. 2. (a) Schematic view of a dislo-
cation pattern. (b) Geometrical descrip-
tion of one dislocation of the pattern, in
the plane made by the dislocation line
and the point of luminescence
recorded B.

FIG. 1. (a) Confocal microscope
picture of the dislocation pattern
(100 pixels = 323 μm). (b) Typical SEM
image of dislocation etch pits in silicon
(100 pixels = 100 nm) taken from
similar sample. (c) Luminescence of
the dislocation pattern above 1400 nm
(100 pixels = 202 μm). (d) Zoom out of
the selected line showing the optical
trace of the dislocation luminescence,
with an angle of ∼40° with the line
(100 pixels = 45 μm).
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E(x, y, z) / Φ α τ

(1� α2 L2)
e�αz �

S
D þ α
S
D þ 1

L

e�
z
L

 !
*

z

z2 þ (x � z � tan (β))2 þ y
ρ

� �2� �3
2

* δ(γ)

2
6664

3
7775: (2)

With δ(γ) ¼ 0 if γ . γ lim
1 if γ , γ lim

and γ lim ¼ a sin(1=(silicon refraction index)): (3)

A linear density ρ of the dislocations is assumed along y. One
dislocation plane being arbitrarily taken at y = 0, in which the
profile is modeled and fitted, the total luminescence at the position
(x, y ¼ 0) is the sum of the luminescence of the N dislocations
distant from each other by n ¼ 0

ρ to n ¼ + N
ρ from this origin

plane, with N=ρ large enough to get a converged profile.
After the convolution by the Point Spread Function (PSF)

of the optical system approximated by a Gaussian kernel with
parameter σ, the luminescence recorded by the camera is

IPL(x)/
X

n

ð
z
E(x, z)� 1

σ
ffiffiffiffiffi
2π

p exp � x2

2σ2

� �� �
dz: (4)

The quantum efficiency of the camera is not included in
Eq. (4) because it is rather flat between 1400 nm and 1600 nm.

Moreover, the transparency of the silicon for these wavelengths
means that there is no reabsorption effect.

From radiometric considerations, the luminescence emitted
from the dislocation and recorded along the x-axis is attenuated by
1/r². This implies that the luminescence above 1400 nm, incoming
at (x, y ¼ 0) and emitted farther than ∼30 μm away from the
surface, is negligible. We can conclude that the luminescence of the
dislocations is essentially a local phenomenon despite the transpar-
ency of the silicon at those wavelengths.

To first probe the influence of the model variables, we have
varied the carrier lifetime τ, the angle β, the surface recombination
velocity S, and the linear density ρ of the dislocations. Figure 3
depicts the influence of each parameter on the PL profile while the
other parameters are taken constant. We also show in the inset
both the maximum and the average PL intensity (defined as
the integral of the profile divided by the maximum intensity).

FIG. 3. Luminescence profiles calcu-
lated with the model. (a) With variable
angle. (b) With variable lifetime. (c)
With variable surface recombination
velocity. (d) With variable linear density
of dislocations.
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The average value is representative of the curvature of the profile
by quantifying its relative broadening.

Regarding the angle β, we expect that the profile becomes pro-
gressively asymmetrical by increasing the value of this parameter,
as exhibited in Fig. 3(a). When increasing, the angle variation shifts
the spatial position of the maximum profile intensity, which is no
longer at the dislocation position on the surface (x = 0 in the
graphs). For example, this shift is about 3 μm for β ¼ 15�. Another
important remark is that the integrated profile remains constant
when the angle increases, e.g., the total number of photons
recorded by the camera does not vary.

When the lifetime increases [Fig. 3(b)], the PL profile is
broadened and its maximum intensity increases. This increase is
more pronounced at shorter lifetime and tends to be less visible
above 10 μs.

We also notice that the surface recombination velocity
[Fig. 3(c)] influences the profile intensity and its width in a differ-
ent manner than the one observe by varying the effective lifetime.
The maximum intensity decreases sharply for low recombination
velocities up to 1 × 104 cm/s and then varies slowly until
1 × 105 cm/s. The relative broadening is essentially stable with a
slow increase for values higher than 1000 cm/s.

The linear density of dislocations [Fig. 3(d)] increases the
profile intensity while keeping the same PL profile aspect ratio. On
the one hand, this allows us to use the maximum of the PL inten-
sity as a fitting parameter to extract the linear density. On the other
hand, we can fit normalized PL profiles and then ignore the linear
density itself. This results in the clear advantage of avoiding the
fitting of one unnecessary parameter (or experiment).

We can also deduce that the ratio of the maximum intensities
of two different profiles which have similar normalized profiles
corresponds to the ratio of their linear densities of dislocations,
considering the surface recombination velocity being constant on
the sample.

Overall, it is worth mentioning that the different parameters
have different effects on the PL profile, which means that they are

not cross-correlated. This ensures the unicity of the set of parame-
ters {β, τ, S, ρ} that corresponds to one specific PL profile, provided
that S is larger than 1000 cm/s. Moreover, the observed variations
can be used to qualitatively compare different dislocations.

Now that we have established our model and discussed the
influence of the parameters, we will make use of it to fit and
analyze our experimental data.

IV. FITTING RESULTS

The fitting procedure minimizes the square of the difference
between the normalized measured and modeled intensity profiles
(as said before, the normalization avoids fitting the linear density
of dislocations). The fitted parameters are the minority carrier
effective lifetime τ, the dislocation angle β, and the PSF (Point
Spread Function) parameter σ. The fit of the PSF has been intro-
duced to account for the optical response of the system and
remains stable in all cases at about 2 μm. For the fitting procedure,
we have considered a value of 1 × 105 cm/s for the surface recombi-
nation velocity to take into account the absence of passivation layer
on the surface.

As shown in Fig. 4, the model fits well the measured lumines-
cence profile with adjusted-R² equal to 0.997. The parameters
obtained from the fit are displayed in the inset of Fig. 4. To
confirm the unicity of the solution, we have calculated the error
between the best set of parameters and different sets of values
around the optimal ones, including the surface recombination
velocity that we have not fitted. The results are depicted in Fig. 5,
where the calculated error is plotted against angle, lifetime, and
surface recombination velocity. The unicity of the optimum is con-
firmed by the concave shape of the curves in the explored domain.
The relative smooth curvature around the optimum values shows
that the angle and the recombination velocity are comprised
between the two sets {16°; 1 × 106 cm/s} and {17°; 1 × 105 cm/s},
whereas the optimum lifetime is stable at about 850 ns.

We have shown in this section that our model fits well our
experimental data and that the dataset extracted is unique. The
question is now to assess its consistency by comparison with other
experimental approaches.

V. DISCUSSION

The angle β of the plane made by the dislocations below the
surface was found to be equal to 17.0°. This angle has been sepa-
rately evaluated between 15° and 17.5° by measuring the position
of the dislocation segment between both sides of the slab imaged
with a confocal microscope. The accuracy of our model is notice-
able from this point of view. Let us mention in addition that the
work of Nguyen et al.22 exhibits a TEM image of an angled disloca-
tion on a thin sample obtained by FIB. The angle is about 17.5°,
which is similar to our result. The method we propose is, therefore,
reliable to assess such a value using a simple PL experiment acqui-
sition. However, the dislocation lines may be inclined within the
dislocation plane (i.e., they may not be orthogonal in the xOz
plane) (see Fig. 2). This is visible in Fig. 1(d) by zooming out on
the luminescence profile. We notice the optical trace of lumines-
cence with an angle δ∼ 40° (blue lines) with the line in the plane
of the surface. If we assume that this trace corresponds to the

FIG. 4. Normalized luminescence profile (position shown in Fig. 1), measured
and fitted.
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dislocation lines, it means that the actual angle of the dislocations
with the normal of the surface is actually γ∼ 25.4°.

Castellanos et al.20 have also exploited the eccentricity of the
etch pit to characterize recombination strength of the dislocations.
The eccentricity ε of an ellipse, with a the major ellipse length, b
the minor one, and γ the angle of the dislocation with normal to
the surface reads

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

a2

r
, (5)

γ ¼ arcos
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ε2

p� �
: (6)

The eccentricity is 0 if the ellipse is a circle and 1 if a tends to
infinity, which is equivalent to γ tending to π=2. The assumption is
that one single dislocation is a cylinder whose intercept with the
surface is an ellipse depending on their angle. The eccentricity
allows one to calculate the angle γ of the dislocation with Eq. (6).
Castellanos et al. reported eccentricities of about 0.4, 0.45, 0.6, and
0.72, which corresponds to angles of about 23.6°, 26.7°, 36.9°, and

46.1°, respectively. The value given by our experiment is, therefore,
coherent with the lower range of these data.

We will now discuss the effective lifetime along the disloca-
tion, which is influenced by the bulk lifetime and the recombina-
tion velocity of the dislocation. To do this, we have simulated the
band to band luminescence of the sample, e.g., below 1250 nm,
with a simple 2D finite element model. The experimental image
taken at this wavelength is displayed in Fig. 6(a) and the corre-
sponding PL profile is shown in Fig. 6(b). We have then solved the
differential equation of a classical diffusion–recombination model.
The recombination velocity of the dislocations wall Sdisloc corre-
sponds to one of the boundary conditions, the others being set to
1 × 105 cm/s (top and bottom) or left not constrained. τbulk is the
lifetime of the bulk as defined by the Shockley–Read–Hall model
(SRH). For the sake of simplicity, the dislocation wall is considered
to be perpendicular to the surface, see Fig. 6(c). We have calculated
the couple {Sdisloc; τbulk} that fits the best the PL profile with two
indicators: the fwhm and the contrast of the band to band PL
profile across the dislocation wall (see Fig. 6). The contrast is
defined as C ¼ Imax� Imin

Imaxþ Imin
.

FIG. 6. (a) PL image for lambda < 1250 nm, 100 pixels = 202 μm. (b) PL cross profile along blue line. (c) FEM model for vertical dislocation wall.

FIG. 5. Error between measured profile and theoretical one for sets of parameters varied around the optimal one. Depending on (a) angle, (b) lifetime, and (c) recombina-
tion velocity.
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The surface recombination velocity was kept constant at
Sfront = Sback = 1 × 105 cm/s. It comes out that very narrow domains
of Sdisloc and τbulk fit the experimental data and we can estimate
Sdisloc ∼ 2200 cm/s and τbulk ∼ 3.45 μs. To compare our result of
2200 cm/s for the dislocation recombination velocity, we can refer
to the work of Budhraja et al.4 They consider a value of 5000 cm/s
for fitting experimental data with their model and a value of
1000 cm/s in some of their sensitivity studies, which is in the
same range than our value. To confirm the bulk lifetime, we have
passivated the surface of the sample with thin layer of a:Si-H after
chemical cleaning and measured it with a modulated PL setup.32

The result is found to be about 7 μs. The discrepancy is relatively
low if we consider the short lifetime of the sample. This short life-
time may be a consequence of a high concentration of iron in the
sample. Indeed, the latter originates from the top of the brick
(i.e., at the end of the ingot cooling) where the iron concentration
is known to be high. Now, we compare this bulk lifetime value
with the effective lifetime along the dislocation that has been
found by fitting the D1 PL profile to be about 0.85 μs. To do this,
we calculated the in-depth carrier density we should get if the
bulk lifetime were τfit = 0.85 μs according Eq. (1) and the one
along the simulated dislocation in our FEM model with
τbulk = 3.45 μs and Sdisloc = 2200 cm/s. The error between both is
less than 15%, which shows the coherence of the values obtained
with our original method.

VI. CONCLUSION

In conclusion, we have shown that by recording and fitting
the luminescence profile of dislocation pattern above 1400 nm in
cast-mono silicon wafer, one can access geometrical features of the
dislocations as well as charge transport and surface recombination
properties. The optical model and the experiment are relatively
simple due to the long wavelength range used. We reported tilt
angle of dislocations about 25.4° and tilt angle of the dislocation
wall of about 17°. Recombination velocity along the dislocations
was found about 2200 cm/s (corresponding to a linear density of
1.25 dislocation/μm) as well as an effective lifetime along them of
about 0.8–0.9 μs.
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