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Measuring Diffusion Lengths with the ELYMAT

’ Here is an actual research paper describing the ELYMAT technique

New Developments of the ELYMAT Technique
J. Carstensen, W. Lippik, S. Liebert, S. Kdster, H. Foll
University of Kiel, Faculty of Engineering,
Kaiserstr. 2, D-24143 Kiel

The ELYMAT technique is now routinely used for the monitoring of wafers and processes in the semiconductor industry,
and no problems are encountered as long as the regular modes are employed with standard wafers. Extension of the
technique to either non-standard Si (e.g. multicrystalline solar Si) or to more involved measurements have been proposed,
but experiments were only partially successful. Applying a deeply penetrating Laser, a new mode is possible, yielding
measurements which are completely independent of the surface condition and offer an improved signal to noise ratio.
Combining several independent measurements as input in a mathematical model of the wafer allows to extract maps of
the surface recombination velocity on both sides of the wafer and to obtain some information about the depth dependence
of the diffusion length. Improvements in hard- and software of the ELYMAT allowed for the first time to obtain diffusion
length maps with very high spatial resolution of multicrystalline Si. In addition, first experiments relating to a leakage
current mapping will be presented.

1. Introduction

Life-time mapping techniques are by now routinely used by many producers of Si wafers and are finding their way to the
factory floor of "wafer fabs", i.e. factories which the manufacture integrated circuits /1-8/. It can be surmised that this
characterization technique was instrumental in improving wafer production techniques to a point where diffusion lengths of
several mm are common, thus not only improving wafer quality and device yields in general, but also opening the way to
novel etching techniques using very special electrochemical procedures /9, 10/.

The ELYMAT technique (for basic descriptions see /1, 2/) has been a strong contender among the methods employed,
despite the fact that some properties of the ubiquitous Si-electrolyte contact are not well understood, e.g. the degradation
of the interface after repeated measurements /11/. On the other side, the full potential of the ELYMAT technique /5-8/ has
not been exploited either.

This paper reports on some new developments of the technique. It will be shown that by using Lasers of different
penetration depths, a set of several measurements may be used to obtain depth information about diffusion lengths and to
generate maps of the surface recombination velocity on the front and back side of a wafer. A particularly useful new mode
(BSC: "both side mode") allows not only to overcome any problem with still existing surface recombination or degradation,
but offers unparalleled signal to noise ratios and reveals new structures in wafers which so far have been hidden in the
general noise level.

The diffusion length is not only a very important parameter in the integrated circuit industry, but the key parameter in any
kind of crystalline Si intended for solar cells. However, so far it has been difficult to transfer life time mapping techniques to
multicrystalline Silicon. By constructing a new cell and by optimizing measurement procedures, the successful
application of the ELYMAT technique to multicrystalline Si has now become possible, results (including Lock-in
techniques) will be presented.

The integral leakage current in the ELYMAT is known to provide important information about defects in the space charge
region. First results of a mapping technique for leakage currents using an simple electrochemical method will be reported.

2. Development and Results of Three-Dimensional Diffusion Length Mapping

With regard to gettering techniques it would be advantageous to know the depth dependence of the diffusion length: L(z).
Another parameter gaining in interest for submicron structures is the surface condition, e.g. the surface recombination
velocity S(x,y) /12/. A minimum requirement for 3D-mapping would be to measure S(x,y) at both surfaces of the wafer and
to determine the average L(x,y) for the front, center and rear part of the wafer separately. This implies knowledge of the
approximate thickness of these three regions, i.e. the quantities z1 and z2 which define the boundaries of the center
portion of the relevant wafer. In other words, at least seven independent quantities need to be determined at every point
(x,y) of the wafer, which demands at least seven independent measurements. In practice, it is advisable, if not unavoidable
to provide more than seven measurements, because the stability of the underlying model with respect to small variation in
the data may be ascertained only if redundant information is available.
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A minimum requirement for 3D mapping are measurements with two quite different penetration depths, i.e. Lasers with two
different wavelengths. This allows for a couple of more or less independent measurements, since every wavelength can be
used in four ways: Backside photo current (BPC) and frontside photo current (FPC) by illuminating the polished side of the
wafer, and the same two measurements "upside down", i.e. illuminating the backside of the wafer.

Measurements using wavelengths of 820nm and 1047nm (with corresponding penetration depths of 16um and 500um)
were duly undertaken and fitted to a model that contained the seven parameters given above. Results, however, were
unsatisfactory. What was needed was some kind of "reference" measurement with results not depending on all seven
parameters to be fitted and which minimized experimental scatter. The new "both side mode" provides exactly this
reference and shall be described first.

The basic idea is simple: If a deeply penetrating Laser is used, the electrolyte junctions on both sides of the wafer can be
biased to reverse conditions, front- and backside currents thus can be measured simultaneously. (This mode does not
work with small penetration depths because in this case the backside current is too small to be measured accurately).
The advantage of this mode is its absolute independence of S (mathematically S approaches infinity); this mode therefore
intrinsically overcomes any problems with surface conditions, including degradation phenomena. There is yet another
advantage of the both side mode, if one forms the relation between the two currents measured, i.e. IF/ls. By doing this,
noise causing factors cancel, e.g. the Laser intensity variations; the picture thus obtained offers the perfect reference for
any modelling endeavors. A minor disadvantage is the somewhat more complicated relation between the currents
measured and the diffusion length.

Fig. 1 demonstrates this. Fig. 1a,c compare the two standard modes of the ELYMAT in this particular case. As usual, the
FPC mode shows little structure whereas the BPC mode shows some features which would be interpreted as L-variations
in the bulk of the wafer. Independent FPC and BPC measurements using a deeply penetrating Laser show these features
in both modes as would be expected. The both side mode (Fig. 1e,f), however, is strikingly different:

Whereas the frontside current reproduces the features seen in the other measurements, the backside current picture
reveals completely different circular structures not seen in any other mode. This implies that the prominent features seen
in Fig, 1b-e are due to L-variations in the front part of the wafer whereas the rear "half" is differently structured.

This is verified by the calculated depth dependence demonstrated in Fig. 2. The structures, seen in Fig. 1b-e correspond
to the structures in Fig. 2a which is the calculated diffusion length for the front part of the wafer. The upper and lower part
of these maps are calculated from different sets of measurements, one with the back surface exposed to air and another
with the back surface passivated by HF. The difference in surface recombination is most obvious in the "upside down"
BPC-maps (Fig. 2e) and the reduction of the surface recombination by HF-passivation is revealed in the calculated S-map
(Fig. 2d). While the calculated diffusion length of the back part of the wafer is different for both measurements (probably
due to different injection levels) the calculated L of the central and front part (Fig. 2a,b) are totally independent of the
different boundary conditions, which is a good test for the validity of the fitting routine.

3. Measuring of Multicrystalline Silicon

Multicrystalline silicon (mc-Si, i.e. course-grained Si) becomes a propitious alternative to monocrystalline silicon in solar
cell fabrication although the mc-Si solar cells still have a lower efficiency than mono silicon solar cells. Because the
fabrication processes are identical for mc-Si and mono-Si solar cells, the reduction of efficiency is due to the as-grown
material and research is required to improve this material. Since the ELYMAT technique is a powerful tool for
monocrystalline silicon investigation, it was near at hand to apply this technique to mc-Si. Three problems, however, not
encountered with mono-Si had to be solved: Breakage, leakage currents and high series resistance.

Multicrystalline silicon is cut into squared wafers of about 300 pm thickness which are much more susceptible to
mechanical breaking than mono-Si. In the ELYMAT technigue the critical moment for breakage is the closing of the
electrolytical double cell. The double cell has to be leak-proof and square, causing some additional problems in
comparison to mono-Si. The problems were solved by a fine tuning of mechanic and part of the cell and by using a flat
metal ring as middle contact instead of the pointed needle contacts of the standard ELYMAT.

The leakage current (of the Schottky-like electrolyte contact) is orders of magnitudes larger than in mono-Si, due to
defects in the space charge region (SCR) like grain boundaries, point defects and stacking faults. Thus the leakage
current Idark is of the same order or ever larger than the light generated minority current Iphoto. The sum of both currents
light is measured by the ELYMAT technique. Calculating the difference

(L) Hronsee) = agre@isce) ~ LU

yields a small signal to noise ratio for the photo current on mc-Si. Experiments show that the dark current exhibits not
only statistical fluctuations around an average value, but also sudden leaps between different dark current levels. Best
results for the photo current are achieved using a procedure which smoothes the statistical deviations around the actual
dark current level. Eq. (1) also implies that currents should be subtracted, which have been measured applying the same
bias across the space charge region USCR. The measurements, however, are performed by applying a constant bias Ubias
across the whole electrolytical double cell. Taking into account the series resistance UQ of the system, USCR is a
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function of the current and the series resistance UQ . The measured current values have to be corrected by a IR-
compensation using the equation

(2) Upo: =Un ¥ Ugen =4 Ry + Uy

and the above discussed statistical analysis of the dark current allows to measure diffusion lengths on mc-Si, where the
standard ELYMAT dark current treatment fails.

Because of the inhomogeneous diffusion length distribution of mc-Si a high spatial resolution is needed in order to get
satisfying information about the material structures (BPC resolution ~ wafer thickness, FPC resolution = influence area of
grain boundaries = diffusion length). For FPC measurements a standard step width of 1/6 mm is chosen, leading to maps
with 250000 pixels on an 85x85 mm area of the wafer. Measurements with higher spatial resolutions are possible with a
step width down to 50 pum.

The four ELYMAPSs in Fig. 3 demonstrate the capability of the ELYMAT technique for mc-silicon wafers. They reveal
essential differences between the mc-Si material of four different manufacturers. Most obvious are the differing influences

of the grain boundaries on the diffusion lengths. While Fig. 3a indicates a gettering effect of grain boundaries and thus an

increased diffusion length, Fig. 3c shows a negligible influence of boundaries on L and Fig. 3d exhibits a high

recombination near the grain boundaries.

4. Lock-in Technique

The Lock-in technique (phase sensitive measurement of a modulated signal) is generally used to tackle problems with a
small signal to noise ratio. In the case of the ELYMAT technique this implies the measurement of photo currents
generated by modulated Laser light. The Lock-in technique offers conceptive advantage for wafers with high leakage
currents (e.g. mc-Si for solar cell application or non standard wafers like sand blasted silicon or highly doped material), in
the case of low Laser intensity (injection level spectroscopy or measurements in the low injection regime) or if the photo
current is very small (due to small diffusion length or in the IR-Bothside mode).

Applying a Lock-in technique for ELYMAT measurements, however, needs an understanding of the dynamical properties of
the silicon electrolyte contact. While the dynamics of the minority current flow within the silicon wafer is well described by
the diffusion equation, the dynamical response of the silicon electrolyte junction for modulated carrier concentration is not
well understood. Impedance spectroscopy (modulation of the bias across the junction) shows a limiting frequency of about
1 kHz due to several capacitors across the silicon electrolyte contact (e.g. space charge region, Helmholtz layer).
However, measurements in the FPC mode show no reduction of the Lock-in signal up to 10 kHz. So obviously the
relaxation times of the chemical reactions are smaller than the relaxation times for the diffusion and do not limit the
frequency for Lock-in measurements in the ELYMAT technique.

Despite the fact that there are some problems left concerning the quantitative analysis of BPC-ELYMAPs with Lock-in
technique, the first results are very promising. Fig. 4. shows the amplitude map of the Lock-in signal on mc-Si. In contrast
to the standard BPC-map (inset), the Lock-in signal shows the grain structure very clearly, although the wafer had
extremely high leakage current.

5. Leakage current mapping

One of the more challenging tasks in characterizing Si is the development of a method for leakage current mapping. As
Bergholz /6/ has shown, the integral leakage current of a wafer as measured by the ELYMAT may provide the most
sensitive information about beginning contamination in a production line. For solar cell Si, high leakage currents are tied to
reductions in the open-circuit voltage and are instrumental in reducing yields of solar cells.

Using an open electrolytical chamber with the silicon wafer as the bottom and filled with diluted HF, a scanned needle
(counter electrode) allows to measure a leakage current with sufficient spatial resolution, if all parameters are optimal. This
resolution depends on several parameters like needle geometry, HF concentration, the distance between needle and
silicon surface and the applied reversed bias. In Fig. 5 two leakage current maps are shown with extremely different
parameter sets. The current densities in Fig. 5b correspond to expected values from the measurement of the integral
leakage current. Due to the dull shape of the needle the spatial resolution is not high enough to investigate e.g. crystal
defects in mc-Si. This is possible by using a pointed spike (cf. Fig. 5a), but the measured current densities are far too
high to be a part of the normal integral leakage current. This effect is presently not well understood, but probably due to
the very inhomogenous electric field distribution which may induce local break through at defects in the SCR.

6. Conclusions

The utilization of new ELYMAT modes and measuring techniques offer new applications and increased measuring range,
e.g. for depth dependence of diffusion length and surface recombination velocity or injection level spectroscopy. Another
encouraging feature of the silicon electrolyte contact is the mapping of leakage currents, a material parameter which was
up to now only measurable as an integral value.
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Fig. 1a,b,c: FPC measurements Fig. 1d.e,f: BPC measurements
a) Standard FPC mode with short ) Standard BPC mode for diffusion
penetrating Laser (4un). Mo dif- length mapping of bulk structures

fusion length dependence is visible. e) BPC map with the 500 pm penetrating
b) FEC measurement with deep pene-  Laser.
trating Laser (500pm), which ex- ) Bothside BPC with this Laser. Structures

hibits bulk pattern (cf. Fig. 1d) of rings seen in no cther mode are visible,

¢) Map of the Bothside FPC mode, because the Bothside BPC is sensitiv to
bulk structures are vizible, due to the rear bulk and i1snot as sensitive to
contarnination near the front structures near the front surface asthe
surface Bothside FPC

Obvicusly the diffusion length structures seen in the maps b) - &) are due to defects,
located near the front surface Tt cannot be surface recombination, becanse the Both-
side modes are not sensitive to surface recornbination. Calculations of the Depth de-
pendence of the diffusion length distribution are shown in Fig. 2
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Fig. 2a-e Calculated surface recambination velocity (d) and depth dependence of the bulk diffusion length

(a-c) of a monocrystalline silicon wafer. Using a two step-model for the bulk diffusion length, the bullk 15
divided into three parts (a = fiont, b =muddle ¢ =rear) Theupperpart of each map 15 the caleulation for measure-
ments with the back surface exposed to air, the bottom part show s the caleulations for back surface passivation
with diluted HF. The calculation for the front surface velocity in both cases is nearly zero, due to HF passivation
(not shown). Fig. 5e shows one of the twelve measuremnents for each fit, in this case the BPC 'upside-down'
rneasurement with the 4um penetrating Laser, which ismost sensitive to back surface recombination

220 pm

Fig 3 Diffusion length ELYMAPs of me-silicon from 4 different manufacturers,
a}) exhibits accumulations of grains with low diffusion length,
b) shows an extremely large grain with very low diffusion length

= T =

0 220 pm
q

¢) The diffusion length distribution is quite homogeneous, grain boundaries
are almost mvisible. The bad areas are due to stress

d) In contrast to Fig. 3c the diffusion length is extremely reduced by the
gram boundaries
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Fig. 4
BPC-ELYMAFP of
me-S1 with very
high leakage cur-
rent The mset shows
a standard BPC map,
dernonstrating the
low signal to noise
ratio. The main pic-
ture is a lock-in
measurement show -
ing the grain struc-
ture clearly

Dark currént: 4 ma
atabias of 5 Volt

i pA
0 . D 22000 oz 120 - 300 ——
a) by
Fig 5 Leakage current maps (lom x 1om areas)
a) of me-sihicon, measured with a pomnted spike (spatial resolution = 5 umy),
probably break through currents are measured an

b} of mono-silicon, measured with a dull spike (spatial resolution = 1rmm),
a scrabch was used as a testing structure for the resolution determination
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