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Synchrotron-based, spectrally resolved x-ray beam-induced current �SR-XBIC� is introduced as a
technique to locally measure the minority carrier diffusion length in semiconductor devices.
Equivalence with well-established diffusion length measurement techniques is demonstrated. The
strength of SR-XBIC is that it can be combined in situ with other synchrotron-based analytical
techniques, such as x-ray fluorescence microscopy ��-XRF� and x-ray absorption
microspectroscopy ��-XAS�, yielding information about the distribution, elemental composition,
chemical nature, and effect on minority carrier diffusion length of individual transition metal species
in multicrystalline silicon. SR-XBIC, �-XRF, and �-XAS measurements were performed on
intentionally contaminated multicrystalline silicon, revealing a strong correlation between local
concentrations of copper and nickel silicide precipitates and a decrease of minority carrier diffusion
length. In addition, the reduction of minority carrier diffusion length due to submicron-sized Cu3Si
and NiSi2 precipitates could be decoupled from the influence of homogeneously distributed
nanoprecipitates and point defects. © 2005 American Institute of Physics.
�DOI: 10.1063/1.1997274�

Over the course of the past decade, a suite of
synchrotron-based analytical techniques has been developed
to study efficiency-limiting, impurity-related defects in solar
cell grade multicrystalline silicon �mc-Si�. Initially, McHugo,
Thompson et al.1,2 demonstrated the potential of x-ray fluo-
rescence microscopy ��-XRF� to locate and characterize the
elemental composition of metal-rich nanoprecipitates within
mc-Si solar cells. McHugo et al.3 subsequently demonstrated
the utility of x-ray absorption microspectroscopy ��-XAS� to
identify the chemical states of these particles. These two
techniques were later developed, with higher flux and sub-
micron spot size, to detect a single iron silicide nanoprecipi-
tate of radius 16±3 nm within 1 s, and to characterize its
chemical state in minutes.4 However, with only �-XRF and
�-XAS, no direct correlation between the presence of metals
and device performance can be made.

Recently, Hieslmair et al.5 and Vyvenko et al.6 demon-
strated the potential of x-ray beam induced current �XBIC� to

map the recombination activity, in situ at the �-XRF/XAS
beamline.6 The physical principle of XBIC is similar to light/
laser beam induced current �LBIC�, in that incident photons
generate minority carriers which are collected by a Schottky
diode or pn junction; however, x-rays are used instead of
visible light. XBIC was successfully combined with �-
XRF/�-XAS on several occasions to demonstrate the re-
combination activity of iron4 and copper7 related nanodefects
in mc-Si, and to correlate results with LBIC maps.8 How-
ever, with XBIC alone, it is difficult to quantitatively mea-
sure the effect of metals on the minority carrier diffusion
length.

This is now easily achieved via the technique we pro-
pose to call spectrally resolved x-ray beam-induced current
�SR-XBIC�. The theory behind SR-XBIC is very similar to
the spectrally resolved laser beam induced current �SR-
LBIC� technique:9 current collected by the junction is mea-
sured for x-rays with different penetration depths, and the
current collection efficiency �fraction of photogenerated car-
riers collected by the pn junction or Schottky diode� is cal-
culated from the known flux and the number of electron-hole
pairs generated by each x-ray photon. �X-ray photon flux is
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determined using a calibrated ion chamber positioned before
the sample. One electron-hole pair is generated for each 3.61
eV of x-ray energy, e.g., a 7 keV x-ray would produce
�1940 minority carriers.� Then, following the usual
methods,10,11 a graph is produced comparing CCE−1 to �−1,
where CCE is the charge collection efficiency, � is the opti-
cal absorption coefficient, and �−1 is the attenuation �or ab-
sorption� length. For �−1 much greater than the depletion
width but small enough for back surface recombination not
to significantly influence CCE, an effective diffusion length
Leff can be extracted, as shown in Fig. 1.

The only major differences between SR-XBIC and SR-
LBIC arise from the distinct natures of the excitation sources
�hard x-rays versus visible laser light�. A fit to available x-ray
absorption data tables12 indicates that when the incoming
x-ray energy E is between 3 and 13 keV, specifically for
silicon,

�−1��m� � 0.1729 · E�keV�2.8881. �1�

Within this energy range, �−1 is between 4 and 290 �m,
which includes typical values for minority carrier diffusion
lengths in mc-Si. Fortuitously, this energy range is available
at hard x-ray microprobe beamlines, which are usually de-
signed to scan over the K edges of the 3d transition elements.

To test the quantitative accuracy of SR-XBIC, compari-
sons with several other diffusion length measurement tech-
niques were performed. Firstly a surface photovoltage �SPV,
Ref. 13� calibration standard with 500 �m thickness and
220 �m diffusion length was measured. SR-XBIC consis-
tently revealed diffusion lengths between 215 and 232 �m
�e.g., Fig. 1�, accurate within experimental error. Since SPV
measures the minority carrier diffusion length at low injec-
tion levels,14 this result suggests that SR-XBIC also mea-
sures under low injection conditions, i.e., when �n� p0. This
conclusion is further substantiated by SR-XBIC measure-
ments on samples of n- and p-type silicon with strong injec-
tion dependences. It must be noted that changes in photon
flux and sample doping concentration may alter the condition
�n� p0, and thus, the injection conditions. In particular, the
x-ray flux may vary by orders of magnitude, depending on
the synchrotron beamline, focusing optics, and aperture set-
tings. All experiments in this letter were performed at the

Advanced Light Source Beamline 10.3.2 �a bending magnet
source� �Ref. 15�.

SR-XBIC was also compared to SR-LBIC, which oper-
ates at much higher injection conditions �near 1 Sun�, and
quantum efficiency measurements averaged over the full wa-
fer area, with variable injection conditions depending on bias
lighting, for a solar cell pre-characterized at the Fraunhofer
Institute for Solar Energy Systems and the University of
Konstanz. Qualitatively, both SR-XBIC and SR-LBIC are
very similar, revealing the same recombination-active grain
boundaries �Fig. 2�. Quantitatively, SR-XBIC and SR-LBIC
produce similar peak Leff values �31 and 49 �m, respec-
tively�, albeit a shift to lower Leff values is observed for
SR-XBIC �Fig. 2�. This shift is expected, due to the injection
dependence of the minority carrier diffusion length in this
particular sample. The average SR-XBIC diffusion length
falls within the range of expected values determined by full-
wafer quantum efficiency measurements �dotted lines and ar-
rows in Fig. 2�, which reveal average diffusion lengths be-
tween 18 and 45 �m for this sample using low �no bias
lighting� and medium-high �0.35 Suns bias lighting� injec-
tion conditions, respectively.

When the SR-XBIC technique is combined with the
well-established �-XRF and �-XAS techniques, one can
measure the elemental composition, chemical state, and ef-
fect on minority carrier diffusion length of metal-related de-
fects in situ, with micron or submicron spatial resolution. For
example, Fig. 3 shows maps of copper and nickel distribu-

FIG. 1. SR-XBIC determines a diffusion length of 219.9±7 �m at a single
point on a monocrystalline Si sample, which was pre-characterized by the
SPV technique and determined to have a diffusion length of 220 �m. A
monochromator was used to vary the energy of the incoming x-rays for each
data point on the graph, thus changing the penetration depth according Eq.
�1�.

FIG. 2. Comparison between spectrally resolved light/laser beam induced
current �SR-LBIC�, spectrally resolved x-ray beam induced current �SR-
XBIC�, and average diffusion lengths determined from quantum efficiency
measurements averaged over the entire wafer with 0 and 0.35 Suns bias
illumination. The same features are evident in each map. The slightly lower
average minority carrier diffusion length measured in SR-XBIC is believed
to be due to the lower minority carrier injection level.
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tions determined by �-XRF, and minority carrier diffusion
length determined by SR-XBIC, of a metal-contaminated
multicrystalline float zone �mc-FZ, Ref. 16� sample inten-
tionally contaminated with copper, nickel, and iron in order
to achieve a very well-defined impurity distribution. The
�-XAS analyses determine Cu and Ni to be in the form of
Cu3Si and NiSi2, respectively, in agreement with previous
results.7 Fe did not form precipitates larger than the detection
limit of these experiments, and could not be observed in
�-XRF maps.

Figure 3 demonstrates a clear correlation between local
metal concentration and minority carrier diffusion length,
and areas with the highest Cu and Ni counts have the lowest
diffusion lengths. The recombination strengths of Cu3Si and
NiSi2 appear to be similar, as given by the slopes of the fit in
Fig. 3 �note the different scales of the Cu and Ni axes�. By
comparing the SR-XBIC value at the points of maximum Cu
and Ni �7 �m� versus the points with the least of these met-
als �25 �m�, one deduces that the presence of Cu3Si and
NiSi2 precipitates may locally reduce the minority carrier
diffusion length by up to 72% compared to background lev-
els.

When one extrapolates the Cu and Ni concentrations to
zero in Fig. 3, one determines a low baseline minority carrier
diffusion length of approximately 30 �m. Meanwhile,
“clean” mc-FZ samples can obtain local diffusion lengths
higher than 100 �m. The likely explanation of this reduction
is iron, present in point defects17 or very small clusters.
When comparing clean and Fe-contaminated mc-FZ
samples, one observes this same effect, while it is not evident
in mc-FZ samples contaminated with Cu only. The low solu-

bility and diffusivity of Fe favor the formation of smaller
precipitates and point defects, unlike the larger precipitates
formed by fast-diffusing and highly soluble Cu and Ni. The
small distances separating neighboring Fe defect clusters in-
crease their effect on device performance.

By combining SR-XBIC and �-XRF, one achieves a
quantitative correlation between minority carrier diffusion
length and metal concentrations with micron or submicron
spatial resolution. Thus, it becomes possible to decouple the
effects of individual metal species and defect types on the
minority carrier diffusion length of mc-Si. It was found that
submicron-sized Cu3Si and NiSi2 precipitates, as well as ho-
mogeneous distributions of smaller precipitates and/or point
defects, can both significantly reduce the minority carrier
diffusion length in mc-Si. In the future, this combination of
techniques should make possible the quantitative comparison
between different samples, e.g., hydrogen passivated and un-
passivated material.
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FIG. 3. SR-XBIC data �top right� can be obtained in situ at the �-XRF
beamline, allowing for direct comparisons with metal distributions �top left,
middle�. The three-dimensional correlation plot demonstrates a strong cor-
relation between increasing metal content and decreasing minority carrier
diffusion length.
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