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Quantitative evaluation of grain boundary activity in multicrystalline
semiconductors by light beam induced current: An advanced model
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We present an advanced analytical model which applies to light beam induced current contrast
profiles to determine reliably the effective surface recombination velocities (S.) of grain
boundaries (GBs) and diffusion lengths (Lg) in the grains, in cases where a GB is close to the
studied one or when L of the neighboring grain differs. We introduce additionally a new method
for a very accurate determination of the plateau value of the investigated linescan and make use of
simultaneously fitting GB profiles measured at various laser wavelengths both aiming at increasing
the accuracy of the Ly determination. Through several special case investigations, the various
applications and limitations of the model are demonstrated. We discuss the influence of the electrical
parameters of the semiconductor on the various zones of the profile as well as the influence of
measurement technique parameters on the experimental profile and point out the need of an
accurately determined small laser beam radius to ensure a reliable extraction of S ;. We discuss the
occurring discrepancy between fit and measured data and show that it gives hints about particular
material features and the reliability of the extracted parameters. We finally point out the possibility
of determining L in small grains. This model thus allows more realistic GB situations to be

investigated. © 2010 American Institute of Physics. [doi:10.1063/1.3462447]

I. INTRODUCTION

Multicrystalline semiconductors are of major interest for
low cost and large size electronic applications. The main
reason for the lower performance of multicrystalline semi-
conductor devices in comparison to monocrystalline ones is
the detrimental influence of the grain boundaries (GBs). The
GBs affect the performance directly by a current and voltage
drop due to recombination or indirectly by a voltage drop
induced by local fixed charges. Therefore, semiconductor
GBs have been extensively characterized' and the transport
properties have shown to involve complex phenomena (e.g.,
an injection dependant potential barrier induced by charged
defects at the GB influencing its recombination strength4). A
complete study therefore involves several characterization
techniques on one isolated GB (e.g., capacitance voltage
measurements on a silicon bicrystall).

In general, a GB can hardly be considered isolated in
real multicrystalline materials and therefore spatially re-
solved measurement techniques like light beam induced cur-
rent (LBIC) or electron beam induced current (EBIC) are
often used for a quantitative analysis. As only the overall
result of all the different phenomena occurring at the GB can
be straightforwardly investigated using LBIC or EBIC mea-
surements, the effective surface recombination velocity (Sgg)
is the only GB parameter that can be extracted exploiting
these measurements. By reducing the GB to a discrete sur-
face affected by S., the advanced model described in this
contribution allows its reliable extraction for various GB ar-
rangements encountered in real multicrystalline materials.

In the case of, e.g., multicrystalline silicon based solar
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cells, relevant models for LBIC or EBIC investigations are
based on particular solutions of the steady state minority
carrier diffusion equation only. These models allow deter-
mining S of the GB and the minority carrier diffusion
length (Lgyp) of the neighboring grains by fitting the GB
contrast profile. The GB contrast profile is a linescan perpen-
dicular to the GB extracted from LBIC or EBIC maps nor-
malized to the level obtained infinitively far from the GB
(also called plateau level). In this framework, Donolato’ de-
veloped a model for the simple case when the studied GB
can be considered to be isolated.

It has, however, been remarked by von Roos and Luke®’
that different Ly on either side of the GB as well as the
presence of another GB located at less than 4 L from the
studied GB can induce strong asymmetry in the profile lead-
ing to wrong estimations of Ly and Sgg. It has been re-
marked by Corkish et al.® that the method of Donolato,5 that
estimates Ly and S.¢ through the variance and the area of
the dip in the contrast profile, leads to errors in the deduced
parameters because local inhomogeneities in the grains are
not properly considered. Additionally, it has been demon-
strated that estimating the variance accurately requires to ex-
tract a GB profile spreading over a distance of several Ly
from the GB.® In order to neglect the influence of a second
GB, the grain size should be approximately twice this afore-
mentioned distance. For this reason, only grains that are very
large compared to Ly can be investigated and thus only few
GB situations can be investigated reliably with this method.
Thus, Corkish et al.® proposed a direct fitting procedure as a
more reliable method.

These mostly theoretical studies were dedicated mainly
to the evaluation of EBIC contrast profiles. While EBIC pre-
sents the advantage of a very localized spatial distribution of
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FIG. 1. (Color online) Schematic of the diffusion problem.

the generated electron hole pairs [with a maximum located
close to but significantly below the pn-junction using a beam
energy of 30 keV (Ref. 5)], LBIC is a much more widespread
technique in solar cell laboratories than EBIC. We, therefore,
present here an advanced model adapted for LBIC contrast
profiles that includes two GBs arbitrarily spaced and with
arbitrary diffusion length in the three regions in which the
semiconductor is divided by the two GBs.

We chose to develop an analytical solution because it
allows the visualization of the different influences of each
element (GBs, Ly in the grains) in the profile equation for
selected special cases. In addition, we like to point out that
the solution should fulfill strong requirements in terms of
speed (trial and error methods as well as optimizations algo-
rithms require several evaluations of the solution) and accu-
racy (less than 0.1% error is required). These two require-
ments are far better met by an optimized algorithm
computing an analytical solution than by a complete numeri-
cal simulation even very well optimized.

First the model and its assumptions are given. Then, we
describe important implementation issues regarding numeri-
cal computation convergence as well as accurate determina-
tion of the plateau level. We explain the applicability limits
of the model by demonstrating the evaluation procedure with
some examples. In the end, we will present some further
extensions regarding improving accuracy, robustness and ap-
plicability of the method.

Il. MODEL DESCRIPTION
A. Assumptions

The presented model is a two-dimensional reduction in
the (x,z) plane of the three-dimensional problem. It is there-
fore assumed that the semiconductor is invariant along the
y-axis.

The configuration on which the model is based is shown
in Fig. 1. Two GBs, named GB1 and GB2, with respective
effective surface recombination velocity S and S g, sepa-
rated by a distance w, divide the semiconductor in three re-
gions with minority carrier diffusion length L,, L,, and L.

The current collection is performed by the pn-junction
with the boundary condition of zero excess carrier density.
Within this approximation, the carriers generated in its space
charge region (SCR) are assumed to be negligible in com-
parison to the ones generated in the bulk. This assumption
requires choosing the laser wavelength so that the light pen-
etration depth in silicon is much larger than the SCR width.
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It is further assumed that the diffusion length is homo-
geneous in each region and the GBs are oriented perpendicu-
lar to the wafer surface. GBs are described as discrete sur-
faces affected by an effective surface recombination velocity.

It is assumed also that the laser beam has a Gaussian
power density distribution and its reflection at the surface is
constant over the whole linescan. In addition, the incident
beam is normal to the semiconductor surface and does not
undergo multiple surface reflections.

It is further assumed that the finite thickness and the
back surface recombination have only a small impact on the
fitted profile shape. Therefore this theory is established con-
sidering an infinite thickness of the multicrystalline material.
This approximation requires that the light penetration depth
in silicon and L4y are smaller than the wafer thickness.

B. Model

For an n-doped wafer based solar cell in low injection
condition, the minority excess carrier density p(r) diffusion
equation in steady state is expressed in Eq. (1) using Dono-
lato’s formalism:>

D,Ap() - —p()=-g() o Ap(r)~ A’p()=
P
g()
- D_ s (1)
p
where D, denotes the minority carrier diffusion constant, 7,
their lifetime, A=1/Lgg=1/(D,X 7,)"* is the inverse of the
diffusion length Ly, g(r) the spatial distribution of the gen-
erated electron hole pairs induced by a source (electron or
light beam) also called the volume generation function and r
the position that could be expressed in three-dimensional
Cartesian coordinates by X, y, and z. Therefore, the problem
can be schematically represented according to Fig. 1 in
which the junction is represented as an infinitely recombina-
tive surface with

p()|=0=0. (2)

At the GBs, a first condition expressed by Egs. (3a) and (3b)
imposes the continuity of the carrier concentration.

p(r)|x:0+ = p(r)|x:0_ (3 a)
and
p(r)|x:w+ = p(r)|xzw‘ (3b)

The second condition [Egs. (3¢) and (3d)] imposes that the
total minority carrier flux (total recombination current) at the
GBs is proportional to the local carrier density

dp

et _ r — N 3

Ix ot Ix o Slp(r)|x—0 (C)
and

dp Jp

— - — = _ 3d

x| T x| $5P(1)] o (3d)

introducing s, , the reduced surface recombination velocity
at the GBs corresponding to
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with S, the effective surface recombination velocity at
GBI and GB2.

Considering that an LBIC measurement uses a Gaussian
laser beam, the volume generation function g(r) in Eq. (1)
can be expressed as

2.2
X“+y
g(r) =gy X CXP(— = ) X exp(- az). (5)
In which the prefactor g is expressed as
go=Pan(l-R). (6)

With ®@ the maximum photon flux density of the laser beam
(photons cm™ s7!), « the absorption coefficient for the laser
wavelength, 7 the quantum efficiency, R the reflection coef-
ficient, and o the beam radius defined as the radius where the
amplitude has dropped by a factor 1/e.

Then the measured current collected at the junction is
found by integrating the normal gradient of p(r) [solution of
Eq. (1) with boundary conditions of Egs. (2) and (3a)—(3d)]
at the surface plane z=0 times the elementary charge q

I=quf f E

Using the Green’s function method, Donolato shows that the
collected current can be obtained by the solution of a two-
dimensional partial differential equation (PDE) for the two-
dimensional Green’s function G instead of the three-
dimensional PDE of the minority carrier diffusion given by
Eq. (1), providing an invariance of the problem along the
y-axis.5 As the derivation of the formula finally used for

dxdy.
z=0

()
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fitting the profiles is quite lengthy, we will present only the
end result here, while the most important steps leading to the
final formula presented in Eq. (8) are presented in Appendix
A.

Considering only one diffusion length for the whole
problem, Donolato shows that his GB linescan model equa-
tion is the sum of a negative term corresponding to the GB
recombination current and of a constant background current
term corresponding to the current obtained very far from or
without a GB, the so called plateau level. This additive con-
stant depends on the reflectance of the multicrystalline wafer
surface at the laser wavelength (R) and on the maximum
photon flux density of the laser beam (®) through the factor
g, [see Eq. (6)] as well as of the laser beam radius (o) and of
the diffusion length (L), which is constant in Donolato’s
case, and therefore its accuracy is limited by the uncertainty
associated with the determination of these parameters. He
then decided to remove this constant by subtracting it and to
normalize the remaining expression by this term. This is the
so called contrast profile which is independent of this value.
However, in our model the background current term [see Eq.
(A22)] depends on the laser beam position (x,) because of
the different diffusion lengths of each region that influence
its value. Therefore, this term cannot be removed straightfor-
wardly from the equation. One can nevertheless remove the
constant g, by normalizing the expression of the collected
current to the plateau level obtained on the left side of the
profile (Ij;). Doing so, we remove the dependence in A and
R but, however, we keep the dependence in o and L, , 5. We
have to point out that the choice of the left side is arbitrary,
and the right side could have been taken instead.

The contrast profile normalized to the left plateau I, is
defined by Eq. (8)

k2
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With ) 3=(L755+k%)2=(A7, 3+k?)2, x,, the position of
the center of the laser referring to the GB1 position and k an
integration constant.

In order to keep the equations simple, we avoid conver-
sion factors where possible. Therefore, Eq. (8) is expressed
as a function of o and not the full width half maximum
(FWHM) of the laser beam. The conversion is, however,
straightforward

FWHM =21In(2) X o= 1.665 X . 9)

C. Implementation

We created a code in MATLAB to use Eq. (8) as a fitting
expression on a measured LBIC profile linescan over a GB
and normalized to the left side plateau level in which
L,,L,,L; and s,s, are fitting parameters. Due to some criti-
cal aspects mostly related to plateau level evaluations as de-
tailed in Sec. IV B we observed that standard optimization
methods, like e.g., the Nelder and Mead simplex or the
Levenberg—Marquardt algorithm, lead to unrealistic values
of the diffusion length for high diffusion lengths. We there-
fore present a trial and error method in this work.

The evaluation of the “exp(y?) X erfc(y)” terms in Eq.
(8) leads to very strong divergences if inadequately handled
when y tends to infinity (our case). Indeed, mathematically
speaking exp(y?) will tend very quickly to infinity while er-
fc(y) will tend to O slightly more quickly making the global
result tending slowly to 0. However, computationally speak-
ing, this term leads to a “not a number” resulting from the
operation “cc X 0” even when y is not very large because of
the very strong variation in both functions. An adequate way
to treat these terms computationally is described in Appendix
B.

The numerical evaluation of the improper integral in Eq.
(8) was performed most efficiently using the Gauss—Kronrod
quadrature.9

As we normalize the first plateau (left side) to 1 by con-
vention, this operation implies that the plateau level of re-
gions 2 and 3 are expressed according to Eq. (10).

a+A1

235 (10)

a+ Az
As P, 3 depends on L; and L, 3, a variation in one or the
other diffusion length influences it. However, P, and P; are
straightforwardly extractable quantities corresponding to
slight overestimations of the maximum value observed in the
respective region on the normalized profile. Using Eq. (10),
we can express L, 3 as a function of L; and P, ;

LPys
L3

= 11
’ 1+ aLl(l —P2’3) ( )

Therefore, the determination of L, is equivalent to the
determination of L; and P, 3 making use of Eq. (11). How-
ever, as P, ; are straightforwardly extractable for the reason
mentioned above, only L; remains as nonstraightforwardly
extractible parameter instead of L, , 5 in the direct approach.
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This procedure therefore simplifies the determination of the
diffusion lengths when they differ.

It is worth mentioning that P, and P; have a maximum
value of P,,=1+1/(aL,) corresponding to infinite L, or L;.
Therefore, higher plateau values are physically inconsistent.

Regarding the estimation of L;, we can observe that us-
ing slightly different values for the left plateau level, still
lying within the uncertainty in the determination of the pla-
teau, results in a better fitting of the overall profile. There-
fore, for each value of L, one should adjust the plateau to an
optimal value and analyze the residual error to determine its
suitability (see Sec. II D 5). Instead of estimating each time a
suitable plateau value, we choose an interval as large and
constant as possible (regardless of the noise) which will be
considered as the best plateau estimation. This interval of
confidence will allow the computer to finely tune the plateau
on a least square sense.

Indeed, if we discard the influence of an offset current as
well as the measurement noise and assume the fit to be per-
fect, the theoretical profile should be proportional to the
measurement profile with an unknown scaling factor A that is
estimated in the least square sense on the interval of confi-
dence. The estimated A is then used to rescale the whole
profile.

The observed range of S is four orders of magnitude
while the range of diffusion lengths physically relevant for a
defined material is less than one order of magnitude. Thus
we decided to fit the logarithm of the S rather than S g
itself to allow a comparable change in the shape of the
curves varying the fitting parameters of comparable relative
values.

D. Procedure
1. LBIC measurement

The LBIC system in this investigation uses four modu-
lated lasers (at wavelength A=635, 833, 910, and 980 nm)
and allows a sharp focusing of the lasers (<8 um) as well
as a step size as small as 1 wm in x and y direction. The
system performs a lock-in measurement of the short circuit
current as well as reflectance for each wavelength.

For this investigation it is beneficial to use a sharply
focused laser to enhance the contrast at the GBs. Indeed, if
the beam is broad, a large amount of carriers would still be
collected when the beam is in the surroundings of the GB
and would result in a broadening of the dip in the profile and
prevent the detailed observation of small features. Another
consequence would be a decrease in the relative amplitude of
the dip that will decrease the accuracy of the determination
of S

Another mandatory condition is a high spatial resolution,
meaning a small step size (<5 wm). A large number of
points in a region guarantees that even small features will be
captured as well as better evaluation of the noise in order to
reduce its influence on the fit.

Because of the long duration of a high resolution mea-
surement, a map at low resolution is taken on which regions
of interest are determined followed by high resolution mea-
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FIG. 2. High resolution LBIC map of the short circuit current at A\
=833 nm with a step size of 2 wum. The dashed line indicates the linescan
extracted from this map whereas the two bold vertical lines belong to the
metallization grid.

surements of these regions (see Fig. 2). For determination of
a suited area for evaluation, care has to be taken that the
assumed invariance in y-direction is given to the highest de-
gree possible.

2. Profile extraction

For the selection of a suitable GB profile, one has to
consider that the investigated GB is relatively straight and
relatively far from other differently oriented GBs in order to
fulfill the assumption of invariance along the y-axis (see Sec.
IT A). At least one of the neighboring grains should be larger
and longer than 4L, in order to extract the plateau value.

The linescan is then extracted perpendicular to the GB,
the plateau value is determined and the profile is normalized.

The laser beam radius is evaluated by fitting linescans
perpendicular to the busbar or fingers of the solar cell front
side metallization, providing that they are broader than three
times the beam radius. If the beam profile is Gaussian, this
profile can be fitted automatically using a scaled complemen-
tary error function as a model.

3. Profile fitting

As a general rule, the various parameters of the fit influ-
ence different parts of the profile. Starting from the outer-
most part of the profile (the plateau), the first parameter that
has an influence on the shape is the diffusion length. Indeed,

10+
09+
0.8+
Sf) t # L,=90 um
x> 0.7 —v— L=100 pm E
= | —a— =200 um
06k —a—L =500 pm |
0.5y J
0 100 200 300

X, [m]

FIG. 3. Simulation of GB LBIC profiles at A=833 nm assuming o
=8 um and S.=10° cm/s for L;=>50, 100, 200, and 500 um.
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03
0 200

x, 1o

FIG. 4. Simulation of GB profiles at A=833 nm assuming o=8 um and
Lgir=200 um for S.;=10%, 10%, 10°, and 10° cm/s.

a long diffusion length implies that a non negligible fraction
of carriers generated relative far from the GB will diffuse
toward and reach the GB where they can recombine. The
current collected at the junction will therefore smoothly de-
crease while the laser gets closer to the GB. Thus mainly the
outer region of the profile is influenced by Ly as shown in
Fig. 3.

In the inner part of the dip, S influences mainly the
slope of the wall of the dip and its depth as can be observed
in Fig. 4.

Finally, due to a more or less extended generation
around the GB, the laser beam radius is a parameter that
influences directly the depth of the dip, and should therefore
be well determined in order to correctly determine S g AS
we can see from Fig. 5, o influences the depth, but to the
contrary of S, it influences very little the slope of the wall
of the dip. A discrepancy on the walls while the depth is
correctly reproduced is therefore an indication of an incor-
rectly estimated S and, in this particular case, an incor-
rectly estimated o.

We can summarize the various zones of influence of
each parameter while all the others are kept constant by the
schematic of Fig. 6.

The zone in which the most important discrepancy oc-
curs is therefore an indication of the parameter that should be
readjusted in a trial and error method. The area close to the
GB is the area of highest sensitivity toward errors.

1.0
0.9
0.8
_o B
<07 -
\lf —A—c=8 ym
0.6 —v— o=16 um 4
o=32 ym
0.5 ]
0'40 0 100
&@M

FIG. 5. Simulation of GB profiles at A\=833 nm assuming S.;=10° cm/s
and Lgz=200 wum for o=4, 8, 16, and 32 um.
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FIG. 6. Zone of influence of each fitting parameter when all the others are
set constant.

We suggest to perform a rough fit by starting from the
innermost part of the dips. Having set o, one then selects
appropriate S.is to match the depth of the dips. However,
one needs to adjust L; and P, 5 to match the shape (see Fig.
3), which will have a weak influence on the depth of the dips
as one can see in Fig. 4. Thus one needs to readjust the S.gs
after adjusting the diffusions lengths. This procedure usually
reduces the residual error to rather low values, however, one
can observe that values of diffusions lengths have an uncer-
tainty of 20%—100% without drastically changing the result-
ing RMS error. In Sec. I D 5, we propose a more advanced
residual error analysis in order to increase the accuracy of the
fitted parameters.

4. Simultaneous fitting of profiles based on different
laser wavelengths for charge carrier generation

An inherent problem with the diffusion length evaluation
by this method occurs when the diffusion length is large
because of the collection efficiency reaching unity.8

Long wavelength light, by penetrating deeper into the
wafer, results in a more accurate determination of large dif-
fusion lengths. We, however, face in this case that the dip
becomes broader, which shrinks the dimensions of the pla-
teaus and increases the probability of not finding any plateau
value to accurately scale the profile. Another limitation is the
fact that we get more influence of the back side of the cell on
the profile.

We thought therefore of fitting a short wavelength pro-
file, in which the plateau but not the fitted parameters (L, , 5
and S ») are accurately determined due to a reduced con-
trast and reduced lateral extension of the profile, simulta-
neously with a longer wavelength profile, in which we have
the opposite situation. The successful fitting of both profiles
gives therefore more reliable parameters than the fitting of
only one profile alone. This method could be extended to
three different wavelengths of the LBIC system, further en-
hancing its reliability and accuracy. One has, however, to
take care that the penetration depth is in any case much
smaller than the wafer thickness. If the residual error is sig-
nificantly larger for one wavelength than for the other despite
of using the same set of parameters, a possible explanation is
that the wafer is not homogeneous in depth. The kind of
discrepancy encountered can bring some information about
the changing wafer quality with depth in the linescan region.
For our two lasers at A=833 nm and A=910 nm we set,
respectively, the absorption coefficient to agy;;=65 mm™!
and ag;(=27 mm™"."°
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5. Residual error analysis

After performing a rough adjustment of the profile pa-
rameters as described in Sec. II D 3, the residual error is the
sum of several weak sources of errors that are hardly sepa-
rable because they are of the same amplitude. They can be,
however, more easily discriminated regarding the position at
which they occur in the linescan and the range on which they
span:

Short range correlated (1-10 um)

—LBIC measurement errors and local inhomogeneities in
the reflection (see Sec. IV F).

Medium range correlated (30—100 wm)

—Tilted GB (see Sec. IV C).

—Material inhomogeneities.

Long range correlated (100—-300 wm)

—Back side effect if thickness t<Lgy (see Sec. IV D).
—L ¢ noncorrectly adjusted.

Whole profile correlated

—Plateau level not correctly adjusted (interval of confi-
dence not suitably adjusted).

To evaluate the residual regarding these aspects we pro-
pose to use the normalized autocorrelation function in con-
junction with the residual itself on both laser profiles with
different wavelengths.

The influence of a homogeneous back side, which was
not taken into account in the model described in Secs. II A
and II B, will be symmetric on both sides of the dips. In
consequence, this allows to determine one L;s value that fits
correctly the profile closer to the plateau and another L
value that fits the profile closer to the GB. This phenomenon
is characteristic of a back side influence and according to
some simulations it seems that in a majority of situations
L4 is more correctly estimated when fitting closer to the
GB.

From the preceding list, asymmetries in the residual can
be attributed to lateral inhomogeneities in Ly or to tilted
GBs. In the case of a tilted GB, however, the asymmetry has
a peculiar shape (see Sec. IV C) that could be distinguished
from material inhomogeneities if the GB is tilted by more
than 20°.

This residual error analysis allows analyzing more
clearly the origin of the deviations from the model prediction
and refining the parameters thus improving the overall fit
accuracy. This method is proposed as an alternative to the fit
of the Fourier transform of the profile introduced by Mittiga
and Capizzi.11

lll. SPECIAL CASE STUDIES

The present model can overcome some of the restrictions
of former models”*!*!? providing that model parameters are
adapted to the specific case as described in Table 1.

A. Scenario 1: “One Lg”
1. High S 4

We extract the profile of a highly active isolated GB
from the LBIC maps of the two lasers at A=833 nm and A
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TABLE I. Overview of the different scenarios for fitting Lg;; and s values and their labeling.

No. L, Sy L, Sy Ls
1 “One L™ L s L 0 L
2 “Two Ly L, s L, 0 L,
3 “Two Sei L S L S5 L
4 “Defect region” L, 0 Lyer 0 L,
2+3 “General model” L, S L, Sy Ls
“Reference 5.
PReferences 6 and 12.
“References 7 and 13.
=910 nm. After normalization the simultaneous fitting is I(x,)
shown in Fig. 7 with a very good agreement between the fit I, =P-1I,-1, (12)
and the measurements.
We are talking of high S.; when the normalized depth of  with
the dip, the GB contrast, is more than 0.5, corresponding
generally to an S above 10° cm/s for a sharply focused P= 1[2 _ (M)er&(_ E)] (13)
laser (c<10 um). 2 a+ A, ol |’
A high S i GB presents two attractive features:
L)
(1) The recombination activity is so high that local diffusion I, = l( A+ a) f zk 5 X !
length inhomogeneities due to defect clusters or precipi- ™ o Ki+a® o
tates in the vicinity of the GB can be discarded.
(2) If Ly differs from either side of the GB, a high Sy X (“2_” Ly, + B2 F2 % Uz)dk, (14)
allows studying both sides of the dip independently due el M2
to a negligible carrier transfer (see Sec. I1I B).}
s K 1 U, +U,
12=—(A1+a)f — X X dk,
™ o Ki+a® mop ptpats
2. Low Seff (1 5)
A low S at the GB, however, is more difficult to fit ) )
accurately due the nonvalidity of the two attractive features 10 Which
of the high S.y case. The use of several wavelengths im- 0\
proves the accuracy of the estimations. A fit of a GB with U,= exp{(L) + (- 1)n+1 ,unxo}
low S is presented in Fig. 8. 2
Xerfc[M+(— 1)“*1@} (16)
2 o

B. Scenario 2: “Two Ly’ and carrier transfer

The “two Lgy~ scenario leads to the phenomenon of
carrier transfer between both sides of the GB. To demon-
strate it, we need to express the equation obtained for this
simple case in the form of the sum of three terms each hav-
ing a physical meaning

1.0 &
0.9
0.8
507
= A meas833
X 06F | i3s3 1
v meas910
05 it910 .
04} .
03 Il Il Il
-300 -200 -100 0 100 200

X, [um]

FIG. 7. Simultaneous fitting of a GB presenting a high S.¢ at A=833 and
910 nm with S,z=1.4X10° cm/s and L;=L,=180 wum.

P is the normalized plateau level corresponding to the current
obtained without GB, considering a purely one-dimensional
model.

We observe that I, is independent of s, and therefore of
the GB, and cancels out if w;=u, implying L;=L,. There-

1.0 g
0.9
0.8
_5 0.7} i
\_>$o 06 ©  meas833 .
—— fit833
05F v meas910 7
fit910
04+ -
03 Il Il Il
-400 -200 0 200
X, [m]

FIG. 8. Simultaneous fitting of a GB presenting a low S at A=833 and 910
nm with S.=5.6%10° cm/s and L;=1L,=200 wum.
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1.00
0.98
0.96
_094
_O
2 092
090} ]
------- plateau
B —— plateau+carrier transfer i
088 fit833
0.86 - v meas833 i
-200 -100 0 100 200

X, [bm]

FIG. 9. Fitting of a “two Lgg~ situation at A=833 nm with S =2.3
%X 10* cm/s, L;=1 mm and L,=340 um. The plateau dependence on the
position is shown as well as its correction by the carrier transfer term.

fore, this term corresponds to a carrier transfer between the
two regions that cannot be taken in account by a one-
dimensional model.

Finally, we observe that s is a factor in front of the I,
expression and therefore I, vanishes completely for s=0,
meaning no GB.

In the case of a low S i GB with largely differing diffu-
sion lengths on both sides, I; becomes of the same order of
magnitude and even larger than I,. In this case, the minimum
of the collected current is no more exactly located at the GB
position, and in extreme cases the dip induced by the GB can
even fully disappear.

This phenomenon observed by von Roos and Luke® finds
here its justification and makes every low S fitting much
more critical as high S, ones.

We performed a fit on a profile and show the plateau and
the contribution of the carrier transfer term in Fig. 9. We
observe that in comparison to the profile of the one-
dimensional case (plateau) the profile of the two-dimensional
case (plateau+carrier transfer) is smoother because of the
lateral carrier transfer from one side to the other.

C. Scenario 3: “Two S’

In this section we present the fitting of the linescan ex-
tracted in Fig. 2 in which two GBs are separated by a dis-
tance that is too short to allow a study of each one indepen-
dently (Fig. 10).

In the case where two GBs are located at a distance of
less than 4L g from each other, the region in between is
affected by the recombination of both GBs and the maximum
current found in this region cannot be considered as a plateau
value by definition. Therefore, the problem cannot be decou-
pled in the inner part even considering highly recombinative
GBs. Our model allows therefore studying this situation pro-
viding that our profile includes one plateau region on the left
side.

D. Scenario 4: “Defect region”

On some profiles (see Fig. 11) an accurate fit could be
obtained only by assuming a rather large laser beam radius
0>30 wm. This finding was not in agreement with indepen-
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0.9
508
55
= 07 »  meas833

fit833
v meas910
061 fit910 1
05 -

-400 -200 0 200 400 600
X, [Mm]

FIG. 10. Simultaneous fitting of two GBs at A=833 and 910 nm with
Ser=2 X 10* cm/s, S.p=1X%10* cm/s and L;=L,=900 um and L,
=320 um.

dently estimated o values that were below 10 um. One pos-
sible explanation is the presence of a narrow defective region
around the GB. In this case, these defects will lower the
diffusion length in the immediate surroundings of the GB
which will induce a broadening of the dip profile. If S s of
this GB is relatively weak, the recombination of these de-
fects can exceed the recombination of the GB. In this case, a
reasonable approximation is to define a narrow region cen-
tered around the bottom of the dip with low Lg;. Even if our
model can consider only abrupt transitions of L, a good
agreement can be found adapting the width of the region and
its L. Matching accurately the walls of the dips as well as
its bottom for a given o requires a defined couple of width
and Lg;y. For this approximation the transition between re-
gions of different diffusion lengths does not contain GBs and
therefore we set S.¢;=Ser=0.

Figure 11 shows the fitting discrepancy that occurs while
fitting accurately the outer curvature (L) and the bottom of
the dip (S and o although o is known). However, consid-
ering a defective region of 35 um width with Lgg
=32 um, we observe a much better agreement with the mea-
surement.

E. Depth inhomogeneity

We observe in Fig. 12 that while fitting accurately the
profile for A=833 nm, the profile for A=910 nm is under-

1.0 s

0.9
= »  meas833
"XB - - fit833 GB
= fit833 defect region
0.8} v meas905 b
- - - - fit905 GB
—— fit905 defect region
07 Il Il Il Il
-600 -400 -200 0 200
X, [Hm]

FIG. 11. Simultaneous fitting of a GB at A=833 and 910 nm with L,
=200 um, L,=175 um and assuming the influence of a GB (dashed lines)
with S.=8.8 X 103 c¢m/s as well as assuming a narrow defective region of
35 pm of width and Ly;=32 wm (full line).
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g ~  meas833 v
- it833 M
v meas910
08l fit910 i
-400 -200 &) 200
X, [um

FIG. 12. Simultaneous fitting of a GB at A=833 and 910 nm with L,=L,
=200 um and S.;=4.6 X 10> cm/s showing a discrepancy between the two
laser fittings which indicates a depth inhomogeneity at the GB.

estimated. This phenomenon could be explained by a more
recombinative region in the depth of the bulk that is reach-
able only by the deeper penetrative laser light at 910 nm.
This phenomenon could be explained by a surface gettering
or hydrogenation effect reducing S of the GB at the surface
while keeping essentially a higher value in depth. Taking in
account in our model this phenomenon would, however, re-
quire a much more advanced investigation on the gettering or
passivation effect.

IV. DISCUSSION ON THE LIMITATIONS
A. Long and straight GB necessary

The strong requirement of the invariance of the problem
along the y-axis (see Sec. I A) is a main cause of limited
applicability of this theory for the majority of GBs in a rela-
tively small grained material. One of the best materials
suited for this model is therefore vertically grown silicon
ribbon material like edge-defined film-fed growth (EFG) and
String Ribbon'* for which the very elongated grains provide
this condition. This model can as well be applied to multic-
rystalline silicon in which the grains are large enough com-
pared to Ly to fulfill this condition.

B. One long plateau necessary

The necessity of normalizing the profile to one plateau
value explained in Sec. II B imposes the mandatory condi-
tion of a very accurate estimation of a plateau level. A pla-
teau implies being far away from any GB so that one can
neglect their influence. Therefore, one grain should be at
least 4L ;s large. As pointed out by Corkish,® a variation of
1% of the plateau value can induce an error of 100% on the
diffusion length value when the diffusion length is high.

C. Tilted GB

Another reason for asymmetry can be the nonperpen-
dicularity of the GB to the wafer surface. Simulations (Fig.
13) show that for up to 20° of tilt angle, this influence could
be neglected. We observe that this influence is more pro-
nounced with increasing laser wavelength. This phenomenon
is due to a higher penetration depth that induces deviations
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0.9
0.8
507
>><a 833 nm 6=0°
= 06} —v— 833 nm 0=20° |
; —a— 833 nm 0=45°
05r 0 —=— 833 nm 6=60° |
: —o— 910 nm 6=60°
04} e

0 3 3 L L L L
-300  -200  -100 ? 100 200 300
X, [um]

FIG. 13. Simulation of a GB contrast profile when the GB is tilted by an
angle 6=0°, 20°, 45°, and 60° with S_;=10° cm/s and Ly;=100 wm on a
250 pm thick structure for A=910 and 833 nm.

on a larger distance scale. In the case of an asymmetric pro-
file with the same plateau on both sides (no differing diffu-
sion length) and no close GB, we could deduce that the GB
is tilted and is not accurately fitted with any model that does
not take into account the tilt angle. Unfortunately, a nonper-
pendicular GB is a problem that cannot be solved
analytically15 and thus requires full numerical methods.

D. Long diffusion length and back side effect

In the case of high Ly, the collection efficiency ap-
proaches unity and therefore the profile does not change sig-
nificantly between two very different L g ﬁttings.8 Addition-
ally, due to the fact that a non negligible part of the carriers
diffuses toward the back side of the cell, the approximation
of an infinite thickness of the wafer becomes incorrect, par-
ticularly when the penetration depth of the light is large. For
our laser wavelengths of 833 and 910 nm (absorption depths
of approximately 15 and 37 um) we are well below typical
wafer thicknesses of around 200 wm. Therefore, the pro-
posed model can strictly speaking only be applied for cases
where the wafer thickness is larger than the laser penetration
depth and L. Only a new model taking the finite thickness
into account and therefore adding the back side to the present
model can satisfactorily solve this problem.

E. Injection level

Due to the various phenomena mentioned in the intro-
duction, S is strongly injection dependent in the interme-
diate and high injection regime and weakly dependant in the
very low injection regime.4 We have, therefore, evaluated the
maximum injection level to be of the order of An=~3
X 10" c¢cm™ for a large Lyz=1 mm by means of a three-
dimensional simulation considering our four lasers finely fo-
cused to 0=8 um (maximum possible injection with our
setup, no bias light). Considering that the wafer doping, and
so the majority carrier density, is of the order of
10-10'% ¢cm™, we are clearly in low injection. According
to Oualid,” this injection level is unfortunately in the range
where S is still significantly dependant on the injection
level. Therefore, the determination of S ¢ presented here has
to be compared for the same condition of injection.
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F. Nonconstant reflection over the profile

Local inhomogeneity of the semiconductor surface can
cause small short range variations in the reflection (R) of the
order of 1%—2% in the experimental profile. As the plateau
value is a very sensitive parameter, a variation in this order
could perturb the results of this method. These variations that
appear like an increased noise on the profile could in prin-
ciple be avoided by normalizing the profile by (1-R). Indeed
(I-R) appears in the expression of the left plateau level Iy,
[see Eq. (A29)]. Our LBIC system can measure the reflec-
tance associated with each laser, however, only in a relative
manner. The use of integral reflection data measured in an
absolute manner by a spectrophotometer can provide a cali-
bration for the LBIC reflection data and would allow per-
forming this normalization procedure. But it should be con-
sidered that these variations are probably caused by the
varying orientations of the microscopic small features of the
semiconductor surface. Therefore, a phenomenon associated
with nonperpendicularity of the internal beam, like changes
in the generation volume function g(r), cannot be taken into
account by this simple procedure.

V. CONCLUSION

The limits of the method of extracting values of L g and
S around a GB by using LBIC data pioneered by Donolato’
in 1983 and improved by Corkish® in 1998 were pushed
further. We developed an advanced model that aimed at fit-
ting various GB contrast profiles situations. We implemented
this model in a MATLAB graphical interface making it a pow-
erful tool for GB investigation. Advances in the determina-
tion of the plateau level by means of setting an interval of
confidence as well as in the simultaneous fitting of several
laser wavelengths, assuming an in depth invariance of the
surface recombination velocities and effective diffusion
lengths lead to a more accurate determination of the diffu-
sion lengths compared to previous methods. We demon-
strated the application of the model to several GB situations
and show a very good agreement between measurements and
fitted curves. The analysis of the discrepancies between mea-
surement and fitting can reveal the presence of features like
in depth inhomogeneities or narrow defective regions that
are nearly impossible to access by other measurement and
interpretation means. Investigation of the dependence of the
effective surface recombination velocities to the injection
level, varying the power of the laser and/or the laser beam
radius, will allow getting more information about the GB
defects in real multicrystalline materials.
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TABLE II. List of the boundaries in the x-axis.

m 0 1 2 3

Xm —% 0 w +

APPENDIX A: MODEL DERIVATION

After reducing the problem to two dimensions (x,z), it is
convenient to consider separately the diffusion problem in
the three regions in which the semiconductor is divided by
the two GBs. We define therefore the respective x boundaries
in Table II.

We then introduce the restriction G corresponding to a
two-dimensional Green function for reg1on i when the point
source is located in region j at (X,7,). Thus, the problem
can be expressed as the following system of coupled PDEs:

#G;; PG, 1
—l — A2G Si— 8(x = X,g) 8(x — Z,,)
x> oz 'D, P ;

(A1)

with A;=1/L,;, i=1,2,3, j=1,2,3, and 6ij the Kronecker
delta symbol.

It can be checked that the boundary conditions of Egs.
(3a)—(3d) become, respectively,

Gl,j|x:0 = G2,j|x:0 (A2a)
G2,j|x:w = G3,j|x:w (A2b)
G i dG, ;
9 > - > =5/Gyjlxe0 (A2c)
X x=0 Ix x=0
G i dG, ;
. > = 5,6 jlxew (A2d)
X | yow X | yow >
and Eq. (2) becomes
Gijl,20=0. (A3)

In this representation, the solution for any arbitrary g(r) is a
convolution product of the point source carrier collection
probability Q by h, the projection in the x,z-plane of the
volume generation function g(r) induced by an electron/laser
beam centered at x

I(XO) = CIJ J Q(Xps’zps) X h(XpS - XO’Zps)destps’
—o J()

(A4)

h(x,z) = f g(x,y,z)dy. (A5)

We need here to introduce the point source carrier collection
probability when the point source is located in region j,
named Q;, that is expressed by making use of Eq. (7) and
adding the current contribution of each region
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(Y9G
Ui
Qj(Xps,Zps) = DPE dX- (A6)
i=1Jx_, 97 |0

The total current generated for a nondiscrete source centered
at X, can then be considered as the sum of the contribution of
all the points of this source and therefore involves Q)
when the source has points in the three regions of the semi-
conductor. Therefore, Eq. (A4) becomes

X

* j

I(XO) =q E Qj(xps,zps) X h(xps
0 =1 Jx

= X0sZps) dX 7. (A7)
Using the sine Fourier transform that respects the boundary
condition of Eq. (A3)

Gi’j(X,Z) = f bi’j(x,k)sin(zk)dk (A8)
0
and making use of the identity
2 (7. .
Nz —12p) =— j sin(z,sk)sin(zk)dk. (A9)
m™Jo

Equation (A1) reduces to an ordinary differential equation
(ODE) in x

&b
oMb == 4 (A10)

2 .
P . A(X = Xps)sin(z,,sk)

p

i

with ;=(L7?+k?)2=(A7+k>) 2.

Because the boundary conditions of Egs. (A2a)—(A2d)
involve only the x-variable and the sine Fourier transform
affects only the z-variable, these equations remain un-
changed through this transformation and the boundary con-
ditions of these ODEs are Eqs. (A2a)—-(A2d) replacing G, ; by
b; ;.
J Because we are dealing with an unbounded spatial vari-
able (x) and therefore need a bilateral transformation, these
ODE:s are solved most adequately by using the Fourier trans-
form.

The general solutions of Eq. (A10) are therefore

1
b= A et + By e + 5i,jD—Sln(Zpsk)e_” il
’n' .

pMi

(A11)

in which A;; and B;; are some constants which have to be
determined by using the boundary conditions Egs.
(A2a)—(A2d) considering b, ; instead of G; ;. For convergence
reasons at infinity B;; and As; have to be 0.

The absolute value in Eq. (A11) can be treated by taking
into account the position of the considered GB (x,=0 for
GBI and x,=w for GB2) and changing the exponential ex-
pression sign if (x,—Xs) <0.

For j=1 inserting Eq. (A11) in Egs. (A2a)—(A2d) leads,
respectively, to the following system in matrix form:
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— M My M 0 Apy
My Mot S — Mot S 0 . Ay
0 e H2V etaW — e MW B2,1
0 — ppe™ % ppet?™ (us+sy)e ™ Bs
CeHi¥ps
CeM1¥ps
= 0 (A12)
0
with
|
= 71_Tsm(zpsk) . (A13)

p
Using Eq. (A6) and Eq. (A8), Q; can be expressed as

oo 3 Xi
Qi(Xps:Zps) =D, j {Z f bi,j(x,k)dx]k dk. (Al4)
0 i=1 x4

For j=1 using Eq. (A11) and taking the absolute value into
account by separating the range of integration

QU5 =D, | [_’-—O—e“l*m)
SN PN RV

+ > >

M2

(1 —e™2%)

B
+ ie-MW]k dk. (A15)

M3
The tedious system of Egs. (A12) is solved and the constants
replaced in Eq. (A15) by use of the MATHEMATICA software
package16 leading to an expression of the form

Q1 (Xps>Zps) = T1(Zs) = Q1 (Xpss Zps) (A16)
with
Ji(zp) = % f : ﬁsin(zmk)dk = At (A17)
and
Q1 (XpssZps) = %f” f1(k) X e#1%s sin(z,k)dk (A18)
0
and
fi(k) = EL~{62"2WM3(,1L2 + ua+ o) (e + 51) — ]
p1 D(k)
+ 262V i g (s + 89) — 3] — sty = pa +52)
X[ua(s) — o) + uil} (A19)
and

D(K) = g sopta[ €22 (s + o+ 81) (g + p3 +55) — ()

= o+ s (3= ua+5,)], (A20)

where J; corresponds to the current that would be generated
without GBs and lateral carrier transfer, while QT contains
the both aforementioned influences.
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While Egs. (A16) and (A17) can be generalized for any

j, it is not the case for Eq. (A18). Therefore, we need to
apply the same procedure for j=2 and j=3 that leads to

. 2 (7
QZ(XPS’ZPS) = _f [f21(k)e'u2pr
™Jo

+ f55(k)er2 ™ ]sin(z, k) dk (A21)
with
k 2
(k) = - D(k) —{ms(8y + s — ) s — sy + )]
eV sy + py + ) pa(sy + ps) — pal}
(A22)
and
k 2
(k) = E% XAy (sy+ g — po) s — pa(sy + p3)]
+ eV 2us(5 + po + pa) (51 + ) — w31}
(A23)

The expression of Qj is identical to the expression of Qj by
exchanging the indices of w3 and w; as well as s; and s, and
replacing X, by (W-Xp).

To obtain h(x,z), the projection of g(r) on the (x,z) plane,
we use Eq. (A5) with Eq. (5) that leads to

2

h(x,z) = \;"”TTO'gO exp(— %)exp(— az). (A24)

Making use of Eqgs. (A4) and (A16) with the property of
linearity of the convolution product leads to

3
1(xg) = Ip(xp) = E IGB,j(XO) (A25)
j=1

with

%
Ty(xp) = qf 2 Ji(zps) X h(Xps = X, Zps)dXpdz
0 j=1 x4
(A26)
and
IGBJ(XO f f Q (Xps’zps) X h(Xps
= X0»Zps)dZ,idx (A27)

Assuming the order of integration can be permuted, the
background current term Iy(x,) is computed relatively
straightforwardly using Egs. (A17) and (A24) in Eq. (A26),
leading to
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1 20[+A2 (AZ_A1>
a+ A, a+ A a+ A

Aj—-A -
Xerfc(— E) —( 3 2)erfc(w XO)}.
o a+ Aj o

(A28)

1
Ip(x) = Em’zqgo

The values obtained infinitely far from the GBs are called the
plateau levels. By convention we normalize the profile to the
plateau level of the left side (I;) that is obtained by the limit
of Eq. (A28) when x, tends to minus infinity

1

Iy = 7Ta2qg0 T (A29)
1

Making use of Egs. (A28) and (A29) and reordering leads to
the normalized I, value.

Io(Xo) 1 A2 - A XO a+ Al
—=—|2- erfc| — - —
101 2 o+ A2 g a+ A2
As-A -
X( 2 2)erfc(w XO)].
o+ A3 (o
Assuming the order of integration could be permutated, we

compute the term Igg; from Eq. (A27) making use of Eq.
(A18) and Eq. (A24) for j=1.

(A30)

2 oo
Igp.1(x0) =qogo = XJ f,(k)
vr o Jo

Xfe_
0
X

0 )2
Xf exp[,ulxps—(—ﬂoz;%)]dxpsdk.

—o0

“ps 8in(z,,5k)dzp

(A31)

The integration in z,, and X, can be solved analytically re-
sulting in, normalized by I, [see Eq. (A29)]

IGB,l(XO)

Iy

-l +A>xrf1<k>
™ 0

VLI (Ml(T)z
€X — + X
Kra? P\ H1%o

o
X erfc(% +

X;")dk. (A32)

The same procedure is used to derive the other Igg ; normal-
ized terms. The sum of all the normalized Igg; with the
normalized background current [Eq. (A30)] results in the to-
tal normalized current profile expressed in Eq. (8).

APPENDIX B: NUMERICAL EVALUATION OF
“EXP(Y2)ERFC(Y)” TERMS

In the case of y tending to infinity we make use of an-
other expression for erfc(y) (Ref. 17) involving a continued
fraction [CF(y)] that does not diverge
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1
= = CF th > 0,
2 (y) with y
+
y ) .
Y N 3/2
Y 2
y+
Y+
(A33)
erfc(y) = V”7_Te_y2CF(y). (A34)

Replacing this expression in “exp(y?)erfc(y)” leads to Eq.
(A35)

e erfe(y) = VaCE(y). (A35)

“exp(y?)erfc(y)” denotes just the dependency of the expo-
nential and erfc functions when y tends to infinity. A more
general expression is, however, needed to evaluate any terms
of this form thus the general case is expressed by Eq. (A36).

elerfe(b) = Vme* ™ CE(b)  with b >0 (A36)

Note that if in this equation b>=a we find Eq. (A35). Even if
Eq. (A36) works for all b>0, the convergence of the con-
tinued fraction is slow when b is small which is the opposite
case if we evaluate erfc using the Taylor series around O.
Therefore, for practical purpose, if [b| <2 we use the Taylor
series approximation of the erfc multiplied by the exponen-
tial. For b>2 we use Eq. (A36) to evaluate the whole term.
For b<-2, for speed of convergence reasons, we use the
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continued fraction evaluation that, however, needs to be
modified to handle negative arguments. Using the property
of symmetry of the erfc function of Eq. (A37) with Eq.
(A36) leads to Eq. (A38).

erfc(b) =2 —erfc(—=b), (A37)

elerfe(b) = 2¢* — Ve P ’CF(=b) with b<0. (A38)

The evaluation of the continued fraction CF(b) is performed
using Lentz’s method'® that is free of a convergence prob-
lem.
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