
Carrier lifetimes in high-lifetime silicon wafers
and solar cells measured by photoexcited muon
spin spectroscopy

Cite as: J. Appl. Phys. 132, 065704 (2022); doi: 10.1063/5.0099492

View Online Export Citation CrossMark
Submitted: 17 May 2022 · Accepted: 14 July 2022 ·
Published Online: 12 August 2022

J. D. Murphy,1,a) N. E. Grant,1 S. L. Pain,1 T. Niewelt,1,2,3 A. Wratten,1 E. Khorani,1 V. P. Markevich,4

A. R. Peaker,4 P. P. Altermatt,5 J. S. Lord,6 and K. Yokoyama6

AFFILIATIONS

1School of Engineering, University of Warwick, Coventry CV4 7AL, United Kingdom
2Fraunhofer Institute for Solar Energy Systems ISE, Heidenhofstraße 2, 79110 Freiburg, Germany
3Institute for Sustainable Systems Engineering, University of Freiburg, Emmy-Noether-Straße 2, 79110 Freiburg, Germany
4Department of Electrical and Electronic Engineering, University of Manchester, Manchester M13 9PL, United Kingdom
5Trina Solar Limited, State Key Laboratory for PV Science and Technology (SKL), Changzhou 213031, China
6ISIS Neutron and Muon Source, STFC Rutherford Appleton Laboratory, Didcot, OX11 0QX, United Kingdom

a)Author to whom correspondence should be addressed: john.d.murphy@warwick.ac.uk

ABSTRACT

Photoexcited muon spin spectroscopy (photo-μSR) is used to study excess charge carrier lifetimes in silicon. Experiments are performed on
silicon wafers with very high bulk lifetimes with the surface passivation conditions intentionally modified to control the effective lifetime.
When the effective lifetime is low (<500 μs), implanting the muons to different depths enables the reliable measurement of carrier lifetime
as a function of distance from a surface. It is also demonstrated that the photo-μSR technique can measure effective carrier lifetimes in com-
pleted commercial gallium doped silicon passivated emitter and rear cell devices, with results validated with harmonically modulated photo-
luminescence imaging. It is discovered, however, that prolonged muon irradiation of samples with very long effective lifetimes (>10 ms)
results in detectable degradation of the measured lifetime. Re-passivation of degraded samples with a temporary room temperature supera-
cid-based passivation scheme demonstrates that degradation occurs in the silicon bulk. Deep-level transient spectroscopy measurements
reveal the existence of several defect-related traps near the muon-exposed surface in concentrations of order 1010 cm−3 that are not present
near the surface not exposed to muons. In contrast to the common perception of the μSR technique, our results demonstrate that muons
are not inert probes and that beam-induced recombination activity modifies the bulk lifetime significantly in samples with high effective
carrier lifetimes.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0099492

I. INTRODUCTION

Excess charge carrier lifetime (henceforth just “lifetime”) is a
key property of semiconductor materials, which is often crucial for
the performance of electronic devices, such as solar cells and
bipolar transistors. There are well-established methods to measure
lifetime, such as photoconductance decay (PCD) and modulated
photoluminescence (PL).

It has recently been demonstrated that lifetime measurements
can be made by photoexcited muon spin spectroscopy (photo-μSR)

using the high-power pulsed laser system on the high magnetic
field muon spectrometer (HiFi) at ISIS.1–3 This technique involves
exciting carriers with a laser light pulse shortly followed by the
implantation of 4MeV positive muons (μ+), measuring the emitted
decay positron and finally obtaining the muon spin asymmetry
time spectrum. The spin relaxation processes are driven by a
complex network of transitions between states, as discussed previ-
ously in Ref. 1 and references therein. The precise details of the
transition channels are beyond the scope of this paper, so we only

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 065704 (2022); doi: 10.1063/5.0099492 132, 065704-1

© Author(s) 2022

https://doi.org/10.1063/5.0099492
https://doi.org/10.1063/5.0099492
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0099492
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0099492&domain=pdf&date_stamp=2022-08-12
http://orcid.org/0000-0003-0993-5972
http://orcid.org/0000-0002-3943-838X
http://orcid.org/0000-0003-1333-2023
http://orcid.org/0000-0002-0360-2942
http://orcid.org/0000-0002-2503-6144
http://orcid.org/0000-0001-7667-4624
http://orcid.org/0000-0003-3900-5186
http://orcid.org/0000-0001-8315-482X
http://orcid.org/0000-0001-6136-1908
mailto:john.d.murphy@warwick.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0099492
https://aip.scitation.org/journal/jap


provide an outline of the key mechanisms here. The spin-polarized
positive muons capture electrons to form muonium “atoms”
(Mu = μ+ + e−). Illumination creates electron–hole pairs in the
semiconductor, which then start charge exchange interactions with
Mu atoms. One important interaction occurs when photogenerated
holes recombine with the bound electron in the Mu, freeing up μ+,
hence enabling the capture of another electron of either spin state.
Other interactions including the formation of negatively charged
Mu by μ+ capturing two electrons and its subsequent ionization by
a hole are also possible. Ultimately, muons with an opposite elec-
tronic spin are depolarized via hyperfine interaction (∼GHz),
whereas muons with a parallel electronic spin can maintain their
spin polarization. The net result of the complex network of pro-
cesses is spin depolarization of Mu, the rate of which (λ) is propor-
tional to the excess carrier density (Δn) in the semiconductor and
can be determined from the relaxation of a μSR time spectrum as
described in Ref. 1. By changing the time interval between the laser
pulse and the muon pulse (Δt), a carrier lifetime spectrum can be
determined from measurements of λ. Photo-μSR has been demon-
strated as a technique to measure carrier lifetime in silicon1,3 and
germanium.2

The photo-μSR technique allows lifetime to be measured as a
function of depth within a sample, as the implantation depth of the
muon probe can be modified by inserting degraders into the beam
path.3 Depth-dependent lifetime is particularly important for high-
purity bulk indirect gap semiconductors (e.g., Si, Ge), for which
surface recombination can significantly reduce the effective lifetime
toward the surface. Previous work using photo-μSR has measured
lifetimes in unpassivated samples1,2 or in samples with partially
hydrogen-terminated surface states following an HF dip,3 so the
surface recombination velocities for the samples studied to date are
a lot higher than those which can be achieved with dielectric
surface passivation (see a recent review4). Atomic layer deposition
(ALD) is a widely used technique for the production of nanometer-
scale thin films (see Ref. 5 for a review). Many materials grown via
ALD are able to passivate silicon surfaces very effectively, with
Al2O3 widely used,6 and other materials such as HfO2

7 having
potential. In this study, we use high-lifetime silicon samples passiv-
ated with Al2O3 and HfO2 with a view to establishing the limits of
the photo-μSR lifetime measurement technique.

Another aim of this study is to demonstrate new uses of the
photo-μSR technique. We first demonstrate that photo-μSR can be
applied to thin (120–130 μm) samples, which means the technique
can be applied to wafers used for commercial solar cells. Second,

given that muons easily penetrate any surface passivation layers or
diffused/ metallized regions, we demonstrate that the technique can
be applied to completed commercial solar cell devices. Lifetime
measurements on such structures with PCD approaches are more
restricted. Application of the harmonically modulated PL tech-
nique8,9 offers a pathway to lifetime measurements on such
samples. We use photo-μSR to measure effective lifetime in passiv-
ated emitter and rear cell (PERC) solar cells, which are now indus-
try standard (see Ref. 10 for a review), and verify the results against
those from harmonically modulated PL.

II. EXPERIMENTAL METHODS

A. Sample preparation and pre-characterization

Experiments were performed on silicon wafer samples and on
completed PERC silicon solar cells. Wafer samples (approximately
5 × 5 cm2) were made from very high lifetime (>20 ms) substrates
and were passivated with thin-film dielectrics grown by ALD to
reduce surface recombination. Different passivation conditions
were used to produce samples with different effective lifetimes.
Al2O3 passivation was applied to 2000Ω cm n-type Czochralski
silicon wafers (∼750 μm thick) and HfO2 passivation was applied
to 5Ω cm n-type Czochralski silicon wafers (∼130 μm thick).
Sample properties are given in Table I.

Prior to ALD passivation, samples were subjected to a wet
chemical cleaning sequence: (i) 10 min in SC1 mix [“standard
clean 1,” comprising H2O, H2O2 (30%), and NH4OH (30%) in a
5:1:1 ratio] at ∼80 °C; (ii) a 2% HF dip; (iii) an etch in 25% tetra-
methylammonium hydroxide (TMAH) for 10 min at ∼80 °C; (iv) a
2% HF dip; (v) 10 min in an SC2 mix [“standard clean 2,” com-
prised of H2O, H2O2 (30%), and HCl (50%) in a 5:1:1 ratio] at
∼80 °C; and then (vi) a dip in HF (2%) for 10 s before being pulled
dry (without any water rinsing). ALD was performed in a Veeco
Fiji G2 system featuring an external load lock. Aluminum oxide
was deposited at 200 °C using a plasma O2 source and a trimethyla-
luminum precursor for 200 cycles to give films of ∼20–25 nm
thickness. For two-sided passivated samples, the sample was turned
over and the same ALD process was applied to the other side. One
sample was passivated with HfO2 on both sides with the deposition
performed using 200 ALD cycles using a tetrakis(dimethylamido)
hafnium precursor at 200 °C with O2 plasma resulting in about
25 nm layer thickness. A 30 min postdeposition anneal was per-
formed in a quartz tube furnace in air, with the temperature
chosen in the range 350–450 °C, as specified in Table I. Transient

TABLE I. Properties of the passivated silicon wafer sample set used and muon exposure times. All these samples were n-type.

Sample
Resistivity
(Ω cm)

Doping
(cm−3)

Thickness
(μm) Passivation Sides

Activation
annealing

temperature (°C)

Initial τPCD at
Δn = 1015 cm−3

(ms) Muon exposure

A 2000 2.2 × 1012 750 Al2O3 One 450 0.32 37.8 h (unpassivated side) + 13.3 h
(passivated side) = 51.1 h (total)

B 2000 2.2 × 1012 750 Al2O3 Two 350 4.66 52.0 h (one side)
C 2000 2.2 × 1012 750 Al2O3 Two 400 22.57 39.2 h (one side)
D 5 9.1 × 1014 130 HfO2 Two 400 1.38 18.2 h (one side)
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PCD was used to measure effective lifetimes with values measured
using this technique referred to as τPCD. Transient PCD was mea-
sured with a Sinton WCT-120 lifetime tester at approximately
30 °C and τPCD prior to any photo-μSR measurements are plotted
as a function of excess carrier density (Δn) in Fig. 1(a), with values
at Δn = 1015 cm−3 given in Table I.

Three PERC solar cells made from gallium doped silicon
substrates with different resistivities were also studied. They were
produced on usual commercial fabrication lines at Trina Solar at
the time of production in December 2020, with an overview of the
technology given in Ref. 11. Uncertified cell properties are stated in
Table II. The finished ∼150 μm thick cells were cleaved into
5 × 5 cm2 pieces for handling purposes.

B. Photoexcited muon spin spectroscopy

Photo-μSR lifetime experiments were carried out at 300 K
using the high-power pulsed laser system12 on the high magnetic
field muon spectrometer (HiFi)13 at the ISIS Neutron and Muon
Source at the STFC Rutherford Appleton Laboratory using a tech-
nique developed by Yokoyama et al.1–3 A detailed explanation of
the effective lifetime evaluation can be found in Ref. 1. The mea-
surement configuration used here is shown in Fig. 1(b) with the
implantation depth of the 4MeV muons being controlled by insert-
ing metal sheet degraders into the beam path, as discussed in
Ref. 3. The degrader-covered muon exposed side is shown in
Fig. 1(c), and Fig. 1(d) shows the side where laser illumination
using the Nd:YAG fundamental (1064 nm) as pump laser light
through an ∼3 cm aperture is used to excite excess charge carriers.
The 15 ns duration laser pulse energy was typically 2 mJ/pulse with
a beam size of 8 cm2, covering the entire aperture. This corresponds
to approximately 8.5 × 1016 photons/cm2, with the number of elec-
tron–hole pairs created dependent on the sample thickness due to
the weak absorption of the 1064 nm wavelength.

Different degraders were used to control the muon implanta-
tion depth within the samples, with the combinations used shown
in Table III. The distribution profiles were simulated using a
Monte Carlo simulation package (“musrSim”14) using the known
muon momentum and the thickness and density of degrader mate-
rials. Distributions are referred to by their peak depth relative to an
incident surface and when fitted with Gaussian peaks had a full
width at half maximum (FWHM) of 140 ± 2 μm. Calculated peak
depths and muon energies at the sample surface are given in
Table III. Five different degrader configurations were used for
∼750 μm thick wafer samples with the simulated depth profiles
shown in Fig. 2(a). Thin samples (HfO2 passivated wafers and
PERC solar cells) were measured at a single depth. In the thin
samples, the muon distribution spans across the whole sample
depth, as shown in Fig. 4(a). Muons outside the sample are
stopped either in the degraders or in air (the instrument was in
atmosphere for all measurements), and these contribute to the
muon asymmetry merely as a flat background.

The timing of the laser and muon pulses (separated by Δt) is
shown schematically in Fig. 1(e), with repetition rate of the laser
and muon pulses being 25 Hz and (pseudo-)50 Hz, respectively.12

The laser repetition rate can, however, be further reduced to 25/n
(integer n > 1) Hz for measurements with longer time constants,

which was necessary for the measurements on samples with very
long effective lifetimes. Photo-μSR experiments at ISIS generally
run on a “period” mode15 in which positron data are recorded in
different groups (“periods”) according to the external stimulus
applied. In these measurements, typically two periods were used,
alternately “laser off” and “laser on” with the laser running at
25 Hz. In this experiment, each period collected for 5 million decay
positron events (MEv) for a total of 10 MEv in the run. However,
for two-sided Al2O3 passivated samples, the lifetime was very long,
so the laser repetition rate was reduced to 12.5 Hz to ensure
injected carriers completely died out before the next laser pump
pulse. For these samples, there were four periods (Δt + 0 ms,
Δt + 20ms, Δt + 40ms, and Δt + 60 ms, with the last serving as
“laser off”). Long-lifetime samples, therefore, required 20MEv per
run to get equivalent statistics.

The effective lifetime measurement in photo-μSR requires a
slow intrinsic relaxation in the dark μSR time spectrum (normally
<1 μs−1) to measure a relaxation rate induced by carrier injection
accurately. To achieve this, a longitudinal magnetic field (its vector
parallel to initial muon spin) is applied to the sample. Under
higher fields, the Mu hyperfine interaction is more decoupled,
making the intrinsic relaxation rate lower. However, this makes the
muon signal less sensitive to the charge exchange interaction with
injected carriers. A higher level of carrier injection is, therefore,
required when a larger field is applied, which is achieved by
increasing the laser power by changing optical filter configurations.
For most experiments, a small field of 10 mT was applied; however,
significant dark relaxation was found in the HfO2 and one-sided
Al2O3 passivated samples (samples D and A, respectively) so a
larger field of 0.3 T was applied in these cases.

Each sample underwent a series of photo-μSR measurements,
with measurements often made with a range of degrader configura-
tions to vary the muon implantation depth. Some samples were
measured both ways round. Muon exposure times varied consider-
ably between samples with estimates of the total muon exposure
duration given in Table I for wafer samples and in Table II for
PERC cells.

C. Post-muon exposure characterization

After muon exposure, the samples were characterized again by
PCD effective lifetime measurements. PL imaging and deep-level tran-
sient spectroscopy (DLTS) were used to investigate the degradation
effects occurring after prolonged exposure. Uncalibrated room temper-
ature photoluminescence imaging using a 650 nm LED array and a
silicon CCD camera was performed at the University of Warwick for
qualitative assessment of sample quality. Subsequently, harmonically
modulated effective lifetime measurements were performed on some
of the samples at 298 K with a modulum tool at Fraunhofer ISE,
resulting in quantitative lifetime-calibrated luminescence images of the
samples, as well as plots of effective lifetime from PL (denoted by τPL)
against Δn.8,9

After PL characterization, the passivation layer was removed
from the Al2O3 passivated samples and the samples were
re-passivated using a superacid-based technique using bis(tri-
fluoromethane)sulfonimide (TFSI),16,17 which gives a level of
temporary surface passivation similar to dielectric thin films.18
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FIG. 1. (a) Effective lifetime from transient PCD vs excess carrier density measured prior to muon exposure for samples passivated on one or both sides with Al2O3

(750 μm thick wafers) or on both sides with HfO2 (130 μm thick wafer), with properties given in Table I. (b) A schematic to show the measurement configuration for
photo-μSR lifetime measurements with degrader configurations given in Table III. (c) A photograph of the degraders covering the sample from the muon-exposed side. (d)
A photograph of the light-exposed side of a PERC device in the sample holder (diameter of hole is ∼3 cm). (e) A timing diagram of the laser and muon pulses, with Δt
being the time after the laser pulse at which the next muon pulse arrives. This diagram shows the standard laser pulse frequency of 25 Hz used for most photo-μSR exper-
iments (except those with very long lifetimes).
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TABLE II. Properties of the Ga doped silicon PERC solar cells studied and muon exposure times.

Substrate resistivity (Ω cm) Substrate doping (cm−3) Efficiency (%) Open circuit voltage (mV) Muon exposure

0.3 6.1 × 1016 22.81 678.3 5.5 h (rear)
0.6 2.7 × 1016 22.94 680.6 20.7 h (rear) + 14.1 h (front) = 34.8 h

(total)
1 1.5 × 1016 23.13 683.8 7.3 h (rear)

TABLE III. Degrader configurations used for photo-μSR experiments, with muon peak depths and energies at the sample surface calculated by Monte Carlo simulation.

Used for Peak depth (μm) Degrader materials Muon energy at sample surface (MeV)

Thick samples 521 25 μm Ti 3.29 ± 0.20
392 25 + 75 μm Ti 2.82 ± 0.23
269 25 + 75 + 108 μm Ti 2.29 ± 0.28
166 25 + 75 μm Ti + 108 μm Al 1.74 ± 0.36
52 25 + 75 μm Ti + 300 μm Al 1.05 ± 0.42

Thin samples (including PERC devices) 79 25 + 75 + 50 μm Ti + 200 μm Al 1.20 ± 0.43

FIG. 2. Results of two photo-μSR experiments on a silicon wafer sample (750 μm thick) passivated with Al2O3 on only one side (sample A). The first experiment studied
the depth dependence of the lifetime with simulated muon depths profile plotted in (a) and the corresponding lifetime spectra plotted in (b) with experiments performed in
the order of the legend. The second studied the stability of the measurement and the impact of sample orientation. The sample was measured with the unpassivated side
facing the muon beam before it was flipped so the passivated side faced the muon beam, with the muon depth profiles shown in (c). The lifetime spectra shown in (d) are
for two repeat measurements on each side in the order of the legend.
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Importantly, the superacid-based approach does not require the
sample to be heated above 80 °C and, hence, is unlikely to modify
the bulk lifetime under investigation. The Al2O3 films were
removed with an HF(1%):HCl(1%) dip for 1 min, followed by a
SC2 step for 10 min, a TMAH (25%) etch at 75–80 °C for 10 min,
and then a second SC2 step for 10 min. Between each of these
steps, samples were rinsed in de-ionized water. Finally, the
samples were given a 1 min pre-treatment in HF(1%):HCl(1%) to
terminate the surface with hydrogen19 followed by a treatment in
TFSI-pentane (2 mg of TFSI per ml pentane) for 1 min. Samples
were then re-characterized by PCD effective lifetime measure-
ments and PL imaging in Warwick.

DLTS was performed on carefully selected regions from the two-
sided Al2O3 passivated sample annealed at 400 °C which had been
exposed to muons from one side only. Two adjacent samples
(∼4 × 10mm2) were cleaved from the region of muon exposure,
which was identified by PL imaging. DLTS was performed using
diodes formed on the muon-exposed side in one sample, and the side
not exposed to muons in another sample. DLTS sample preparation
involved cleaning (trichloroethylene, acetone, and methanol), the for-
mation of circular Schottky barrier diodes (2mm diameter) by
thermal evaporation of gold through a shadow mask, and the forma-
tion of an Ohmic contact by thermal evaporation of aluminum over
the entire back surface. Samples were mounted on ceramic substrates
with silver paint and the diodes were connected to contact pads with
gold wire.

III. RESULTS

A. Photo-μSR on wafer samples passivated on one side

We first present results of photo-μSR effective lifetime experi-
ments on a one-sided Al2O3 passivated silicon sample (sample A).
The Al2O3 passivation scheme has been demonstrated to give a
surface recombination velocity (SRV) of <1 cm/s in our labora-
tory,19 as confirmed by the PCD effective lifetime measurements
on the double sided passivated sample exceeding 20 ms [Table I
and Fig. 1(a)]. The unpassivated surface had an SRV several
orders of magnitude higher and this limited the PCD effective
lifetime to well below 1 ms in the one-sided passivated case.

The results of two sets of experiments for this sample are
shown in Fig. 2. The first set of experiments used different degrad-
ers to control the implantation depth of the muon probe, with sim-
ulated muon distributions shown in Fig. 2(a). The lifetime spectra,
which are plots of excess carrier density (Δn) obtained from the
photo-μSR technique vs the time difference between the laser and
muon pulses (Δt), are shown in Fig. 2(b). As will become clear
later, the chronological order in which the experiments were per-
formed can be important, and the ordering in the legend reflects
this. An indication of the effective lifetime from photo-μSR
(denoted as τexponential) is given by fitting an exponential decay of
the form

Δn ¼ n0 exp � Δt
τexponential

� �
(1)

to the experimental data. The fits in Fig. 2(b) give τexponential as 193,
189, 178, and 158 μs for the muon distributions with peaks at

depths of 521, 392, 269, and 166 μm, respectively. It is noted that
simple exponential approach results in a relatively poor agreement
with the experimental data at low values of Δn, and this effect
occurs because the lifetime is dependent on Δn itself, as discussed
later. This trend of reduced effective lifetime closer to the unpassi-
vated surface is consistent with a relatively high rate of recombina-
tion occurring there. For the nearest surface muon implantation
(52 μm deep peak), the muon lifetime spectrum cannot be fitted
with a single exponential decay, and similar behavior has been
observed previously.3 We measure Δn as a function of Δt, which is
a convolution of all muons in the envelope plotted in the relevant
distribution in Fig. 2(a). At Δt = 0 (i.e., when the muon and light
pulses arrive simultaneously), the carrier density is almost uniform
as a function of depth. As Δt increases, very fast carrier recombina-
tion occurs at the unpassivated surface (probably limited by the
thermal velocity), and Δn decays more rapidly than at deeper
muon implantation depths where the carrier dynamics are depen-
dent mainly on carrier diffusion. We, therefore, choose not to
compare the carrier dynamics in the near surface region with those
in the bulk.

The second set of photo-μSR experiments on the one-sided
passivated sample aimed to assess the stability of the measurement
and to demonstrate that consistent lifetime measurements can be
made with muon implantation into either side of the sample.
The sample was measured twice with the muon beam passing
through the unpassivated surface. The sample was then flipped
over and was measured twice with the same degrader configura-
tion. The muon depth distributions are shown in Fig. 2(c), and
it is noted that the muon peak is closer to the unpassivated
surface when the muons enter the sample through the passivated
side rather than the unpassivated one. The corresponding
photo-μSR lifetime spectra in Fig. 2(d) are similar for all four
measurements. When fitted with single exponential decays, the
latter two measurements with muons incident from the passiv-
ated side give marginally lower values of τexponential than those
when muons are incident from the unpassivated side. This likely
originates from the slight shift of the muon distribution closer
to the unpassivated surface. There is no evidence of lifetime deg-
radation upon repeat measurement.

B. Photo-μSR on wafer samples passivated on both sides

We next present results for high-lifetime silicon wafer samples
passivated on both sides. As in the one-sided case, a series of
photo-μSR experiments was first performed using muon implanta-
tions at different depths, with the simulated muon depth distribu-
tions shown in Fig. 3(a). The long lifetimes mean that the laser
repetition frequency was set at 12.5 Hz (instead of the usual 25 Hz),
as shown in the timing diagram in Fig. 3(b). Photo-μSR data for
two samples are shown in Figs. 3(c) and 3(d). Measurements were
made in the order used in the legend and for each case we first
discuss the initial measurement made with a peak muon depth of
392 μm. Fits of the initial photo-μSR measurements give τexponential
as 5.4 and 7.1 ms for the two-sided passivated samples activated at
350 °C (sample B) and 400 °C (sample C), respectively, compared
to 189 μs for the one-sided case (activated at 450 °C, sample A).
These values are broadly consistent with the PCD effective lifetime
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data in Fig. 1(a), noting the PCD data are dependent on excess
carrier density. Differences will also arise because the PCD lifetime
technique measures over whole thickness of the sample whereas
photo-μSR is more localized according to the muon distribution.

We note the apparent increase in excess carrier density at Δt
of 20 ms, which is particularly clear in Fig. 3(d). This is a real
signal which results from sample carrier lifetime degradation
during the experiment and because of the way the data are acquired
in the period mode which is described in Sec. II B. Note that the
data point for Δt = n ms (where n is an arbitrary delay) is acquired
in the same run as for Δt = n + [20, 40, 60] ms, where 20 ms is
muon pulse separation [shown schematically in Fig. 3(b)].
Therefore, n only needs to scan 0 < n < 20ms to cover the entire
time (i.e., 0 < Δt < 80ms). This causes an interesting effect when
the carrier lifetime is degrading during the measurement cycle
measuring from a low to high n. The level of carrier lifetime degra-
dation is smallest for the data points for n = 0ms, hence, at Δt = 0,
20, 40, and 60 ms. Carrier lifetime degradation increases progres-
sively, and by the time n = 19ms is measured, the measured excess
carrier density is lower than it would be earlier in the cycle, and

this, therefore, leads to the step at Δt = 20ms. Previous studies used
samples with much shorter effective lifetimes and did not observe
such an effect.1–3

Uniform silicon samples passivated identically on both sur-
faces should have a symmetric effective lifetime depth profile, with
a peak in the center and a decay toward both surfaces as the contri-
bution from surface recombination (still significant even in well-
passivated samples) becomes larger. Our intended aim was to use
depth-dependent photo-μSR to understand charge carrier recombi-
nation kinetics at a well-passivated surface, but during the beam-
time session it became clear this would not be possible. In Fig. 3(c),
the experiments were performed in the order shown in the legend,
with the first muon implantation peak close to the center of the
sample resulting in τexponential of 5.4 ms and the second muon
implantation peak much closer to the surface giving a lower value
of 3.0 ms. At this stage, the reduction in lifetime could be explained
by increased proximity to the surface resulting in more surface
recombination, yet a third measurement performed at a muon
probe depth in between the first measurements gave a lower value
still (2.4 ms). A fourth measurement—with the muons implanted

FIG. 3. Photo-μSR data for silicon wafer samples (750 μm thick) passivated with Al2O3 on both sides measured with the muon depth profiles shown in (a). (b) Timing
diagram showing the laser running at 12.5 Hz, which was necessary for the long effective lifetimes in these samples. The diagram also shows carrier lifetime spectra (long
and short) schematically illustrating how the carrier density is measured for timings Δt, Δt + 20 ms, Δt + 40 ms, and Δt + 60 ms. Data in (c) for sample B were acquired
with different muon implantation depths with experiments performed in the order stated in the legend. Data in (d) for sample C were acquired at the same implantation
depth. For these experiments, Δt was sequentially measured from 0 ms, where the sample was already degraded when Δt = 19 ms was measured. The long effective life-
times mean photoexcited charge carriers remain when the second muon pulse arrives after 20 ms, which explains the artifactual jump in excess carrier density after this
Δt value, which is particularly apparent in the initial measurements in (d).
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to the far side of center—gave an even lower value (2.0 ms). It was,
therefore, clear that the lifetime was not solely dependent on the
muon implantation depth relative to the surface and that the life-
time was reducing as a consequence of the measurement. This
finding was confirmed by measurements on a different two-sided
passivated sample (sample C, 400 °C activation) with the measure-
ment repeated at the same muon implantation depth close to the
center of the sample. The data, shown in Fig. 3(d), show a lifetime
reduction from 7.1 to 3.3 ms at the same location, which is clear
evidence for the lifetime degrading during the measurement.

A systematic degradation study was performed on the silicon
sample with HfO2 passivation on both sides (sample D), with
results from five experimental runs presented in Fig. 4 (each data
point counted for 10 MEv). This sample was just 130 μm thick and
the simulated muon depth profile is shown in Fig. 4(a). The
photo-μSR results in Fig. 4(b) show the excess carrier density at a
given Δt reduces with each measurement run, with values of
τexponential shown in the legend. Figure 4(c) shows the recombina-
tion rate (1/τexponential) increases with the number of detector events
(bottom axis). The top axis of Fig. 4(c) shows the accumulated
beam flux which was calculated by multiplying the detector counts

by a geometric factor to take into account the solid angle coverage
of positron detectors in HiFi (25%) and dividing by the estimated
muon beam area of 3.925 cm2. The recombination rate is sublinear
with beam exposure, which means that is likely the density of
recombination centers is not directly proportional to the accumu-
lated beam flux. Linking a recombination rate (or carrier lifetime)
to a defect concentration is not possible without knowledge of
the capture cross sections of the defect. Furthermore, DLTS
results shown later demonstrate the formation of multiple
recombination-active defects as a consequence of the muon expo-
sure, with each defect potentially having a different concentration
and capture cross section.

A limitation of using τexponential as a measure of effective life-
time arising from photo-μSR experiments is that its calculation
from the Δn vs Δt plot assumes the effective lifetime is independent
of Δn itself. This explains the relatively poor fits of photo-μSR data
with a simple exponential function in Figs. 2–4. In reality, semicon-
ductor carrier recombination processes however—whether intrinsic
(e.g., radiative, Auger) or extrinsic (e.g., Shockley-Read-Hall,
SRH)—depend on excess carrier density. To take into account
the dependence on excess carrier density, we can calculate a

FIG. 4. Results from a series of repeat measurements on sample D, which is a HfO2 passivated silicon sample (130 μm thick). The simulated muon depth profile is
plotted in (a) on the same depth scales as Figs. 2(a) and 3(a). The photo-μSR spectra in (b) are for five successive measurements (each 10 MEv per point), with experi-
mental data fitted with the exponential effective lifetimes indicated. The plot in (c) shows the recombination rate which is 1/τexponential from (b) vs, on the bottom axis, the
number of aggregated events since the photo-μSR experiment started with initial timing and power scans included (73.6 MEv), and on the top axis, vs the accumulated
muon beam flux. Plot (d) shows a comparison of different effective lifetimes. Two of these are a function of excess carrier density: transient PCD before muon measure-
ment, and photo-μSR when analyzed in differential form [Eq. (2)]. Exponential photo-μSR lifetimes that do not take into account the excess carrier density dependence
[Eq. (1)] are also shown. Photo-μSR lifetimes are shown for run 1 and run 5 to show that degradation has occurred.
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differential effective lifetime, τdifferential, from photo-μSR lifetime
data according to

τdifferential ¼ � Δnaverage
Δ(Δn)
Δ(Δt)

� � , (2)

where Δnaverage is the mean of two adjacent measured Δn values,
Δ(Δn) is the difference between two adjacent Δn values, and
Δ(Δt) is the difference between the two adjacent corresponding
Δt values. This approach is flawed due to the integrative nature
of the Δn values determined from the spin depolarization rate
(λ) over the measured time window but Eq. (2) can be used to
determine τdifferential at different values of Δnaverage that are more
compatible with the results of conventional effective lifetime
measurements via PCD or modulated PL than τexponential.

We apply Eq. (2) to the photo-μSR data recorded on the HfO2

passivated sample. The resulting τdifferential curves from the first and
fifth photo-μSR measurements are shown in Fig. 4(d) alongside the
curve measured via PCD pre-muon exposure already shown in
Fig. 1(a). The Δn value for photo-μSR is taken as Δnaverage, and we
have first averaged Δ(Δn) over two adjacent points to reduce noise.
The initial effective differential lifetime from photo-μSR is consistent
with PCD effective lifetime, although the photo-μSR data are signifi-
cantly noisier even after two-point averaging. The degradation
between the first and fifth runs is clearly evident in the τdifferential

data. The effective lifetimes from photo-μSR are dependent on excess
carrier density, and this shows the limitation of using a simple
τexponential approach. The corresponding values of τexponential from the
fits in Fig. 4(b) are shown in Fig. 4(d) as horizontal dashed lines,
and these lie within the range of values taken by τdifferential for differ-
ent values of excess carrier density. Further optimization of the mea-
surement routine is needed for the extraction of excess carrier
lifetime from photo-μSR data. Results presented in Fig. 4 demon-
strate that the photo-μSR technique can be applied to silicon wafers
of the thickness typically now used for silicon photovoltaic cells.

C. Understanding the lifetime degradation

Wafer samples have been shown to degrade after exposure to
the muon beam. The reduction in effective lifetime in high-lifetime
silicon (Figs. 3 and 4) could be due to increased surface recombina-
tion as a consequence of damage to the passivation layer (either
Al2O3 or HfO2), the formation of recombination centers in the
bulk, or a combination of both. Additional experiments were
performed on the samples after the photo-μSR experiments to
understand the degradation which had occurred.

All samples from the photo-μSR experiments were first char-
acterized by PL imaging. A circular region of low PL signal
coinciding with the location of the muon beam was detected,
with an example shown for Al2O3 passivation (sample C) in
Figs. 5 and 6. The size of the low PL region is smaller than the

FIG. 5. Results of a re-passivation experiment on sample C whose corresponding photo-μSR data are shown in Fig. 3(d). The left-hand PL images (0.758 W/cm2, 5 s
exposure) are with Al2O3 passivation; the right-hand PL images (0.758 W/cm2, 1 s exposure) are with superacid-based passivation using the University of Warwick PL
system. Both images were taken after the sample had been exposed to muons. The PCD effective lifetime curves are from the same sample with Al2O3 passivation before
muon exposure, Al2O3 passivation after muon exposure, and with superacid passivation after muon exposure. The intrinsic lifetime limit of Niewelt et al.

20 is also plotted.
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3 cm diameter optical excitation aperture shown in Fig. 1(d), so
hence we discount the possibility of light-induced degradation of
the surface passivation or bulk lifetime. The degraded region in PL
extends beyond the size of the muon beam profile (approximately
12 mm circular), and, in the calibrated PL images in Figs. 6(a)
and 6(b), the lifetime level can be seen to increase radially from the
location of the beam center. As high purity low or moderately
doped silicon has a very long carrier diffusion length, the effects of
a high recombination region or surface will extend beyond that
region, as carriers from low recombination regions diffuse to and
recombine in the high recombination region or surface (i.e., carrier
diffusion smearing).

We next consider the possibility that the muon beam might
only degrade the passivating dielectric layer, which, if true, would
make the passivation level not uniform across the sample and
could result in a non-uniform PL image. We have performed an
experiment to re-passivate a muon-exposed sample, with the
results presented in Fig. 5 for sample C, which was passivated on
both sides with Al2O3 and exposed to muons from one side. The
Al2O3 passivation was chemically removed and the sample was

etched before being re-passivated with a superacid-based scheme.
The uncalibrated PL images after re-passivation show higher PL
count rates (due to better passivation), yet the central dark region
remains. This proves that the lifetime degradation during
photo-μSR cannot be explained by surface passivation degradation
alone and so the bulk lifetime must have degraded. The etching
prior to superacid re-passivation removes ∼5 μm from each surface,
which implies any beam damage is deeper than this.

Effective lifetime curves measured by PCD are shown in Fig. 5
for the same sample with Al2O3 passivation prior to muon expo-
sure, after muon exposure, and after subsequent replacement of the
Al2O3 with superacid-based passivation. Prior to muon exposure,
the effective lifetime was high, approaching the intrinsic limit of
Niewelt et al. at high excess carrier densities,20 taking a value of
22.6 ms at 1015 cm−3. Muon exposure reduced the effective lifetime
at the same excess carrier density to 2.2 ms with Al2O3 passivation
and 2.9 ms after superacid re-passivation. The PL images show that
the lifetime distribution after muon exposure is not uniform over
the measurement area of the photoconductance coil (2 cm diameter
in the setup used). The measured effective lifetime curves will,

FIG. 6. Post-muon exposure characterization results from sample C whose corresponding photo-μSR data are shown in Fig. 3(d). Calibrated PL effective lifetime images
(1 Sun illumination for 5 s) from the Fraunhofer ISE system with a common scale bar from (a) the muon exposed side and (b) the side of the sample which was not muon
exposed. The ratio of lifetimes at equivalent locations from the non-muon exposed side to the muon exposed side is plotted in (c), so values >1 indicate higher PL signal
from the non-muon side. DLTS trap concentrations defined as Y in Eq. (3) are shown in (d) for samples extracted from the approximate locations of the rectangles shown
in (a) and (b). Measurement settings shown on the graph are the rate window (ee), bias voltage (Ub), filling pulse voltage (Up), and filling pulse length (tp).
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therefore, be affected by contributions from outside the muon
exposed region and hence will overestimate the actual effective life-
time in the exposed region. Nonetheless, the results confirm that
degradation has occurred in the bulk as a consequence of the
muon exposure. The slight increase in effective lifetime after super-
acid re-passivation may be indicative of additional muon beam
damage occurring to Al2O3, as the surface recombination velocity
of the superacid scheme at 1 cm/s or slightly less16,17,21 is similar to
what we would expect with our Al2O3 passivation scheme. It is also
possible that passivation degradation occurs during sample han-
dling for the beamline experiments, and the superacid-passivation
acts to recover passivation lost because of small near-surface
scratches. It is, however, proven that passivation degradation alone
cannot explain the degradation observed.

Further evidence of beam-related damage can be gained by
characterizing sample C from Figs. 5 and 6 from alternate sides, as
differences are to be expected as muons were only implanted
through one surface of this sample. Qualitatively, PL images show
lower lifetime regions at the muon beam location when measured
from either side because even on the remaining lifetime level carri-
ers generated near the non-muon exposed surface can easily reach
the muon exposed region in which they can more rapidly recom-
bine. However, due to the exponential drop of light absorption and
application of a 1050 nm shortpass filter in the PL imaging system,
an intensity difference can be expected if recombination occurs
closer to or at one surface.22 Figure 6(c) shows the ratio (at the
equivalent position) of the PL intensity measured from the
non-muon exposed side to that from the muon exposed side. Away
from the central region and not near the sample edges, the ratio is
approximately unity (white) apart from surface scratches and pas-
sivation flaws such as the wrap-around at the sample edges. In the
muon-exposed central region, the ratio is greater than 1 (red),
which means there is less recombination close to the non-muon
exposed surface. A full quantitative analysis from PL imaging is
beyond the scope of this work because accounting for the unknown
depth distribution of the damage would require extensive addi-
tional characterization.

Lifetime techniques are extremely sensitive to defect-related
recombination in silicon, but using them to identify defects is
usually only possible when the sample set is deliberately well con-
trolled,23 which is not the case here. We, therefore, applied DLTS
to provide further insight into the recombination active defects and
test the hypothesis of them being more prevalent close to the muon
exposed surface. DLTS samples were extracted at the locations indi-
cated by the rectangles in the PL images in Figs. 6(a) and 6(b).
DLTS is sensitive to electrically active states relatively close to the
surfaces. Figure 6(d) shows the DLTS spectra recorded with a rate
window of 50 s−1 for Schottky diodes made on both sides of the
photo-μSR sample, including the one which was not muon
exposed. Concentration values are plotted in Fig. 6(d) and these are
defined as

Y ¼ 2
ΔC
Cb

Ndf , (3)

where ΔC is the magnitude of a capacitance transient, Cb is the
bias capacitance, Nd is the concentration of ionized dopant atoms,

and f is the correction function, which takes into account deple-
tion widths at the bias and pulse voltages.24 The so-defined Y
values at the peak maxima are close to the corresponding trap
concentrations.

A large emission signal with its peak maximum at 66 K is
observed in both spectra, and this is likely to arise from a
substrate-related trap and not from the muon experiment.
We attribute this peak to the second donor level of oxygen-
related thermal double donors.25,26 Oxygen-related defects are
expected in Czochralski-grown silicon, which usually has an
interstitial oxygen concentration of order 1017–1018 cm−3.27,28

The high resistivity of this sample (2000Ω cm) suggests that a
magnetic field was used to control convection in the melt and
this usually gives an oxygen concentration closer to 1017 than to
1018 cm−3.29 Oxygen-related double donor defects are formed
during crystal cooling or even at the temperatures used for pas-
sivation activation.28,30

The key finding from DLTS is the difference between the
muon exposed and non-muon exposed sides at higher temperatures
in Fig. 6(c). Four electron traps are found to exist in the muon
implanted side, which are absent in the other side. These are
labeled as E91, E131, E185, and E214, where “E” means electron
trap and the number is temperature of the corresponding peak
maximum. The concentrations of the traps are of order 1010 cm−3

as can be seen from the DLTS spectrum in Fig. 6(d). Defect con-
centrations of this order of magnitude are consistent with the level
of effective lifetime degradation observed.

D. Lifetime measurements in completed PERC
solar cells

Finally, we turn our attention to effective lifetime measure-
ments in completed gallium doped silicon PERC solar cells, which
have a similar thickness to the HfO2 passivated sample studied pre-
viously. Effective lifetimes for cells are more challenging to inter-
pret than those in wafer samples, for which the effective lifetime
usually only has contributions from the bulk lifetime and surface
recombination. Cells also feature diffused regions and laterally dis-
tributed metal contacts, so the effective lifetime in cells tends to be
much lower than in wafer-level samples and the results are much
more complex to interpret.

Calibrated PL effective lifetime images of the cells after the
photo-μSR experiments using the harmonically modulated tech-
nique at Fraunhofer ISE are shown in Fig. 7(a). The PL originating
from underneath the metal contacts does not reach the camera due
to shading. Such features are, therefore, dark, as are the corner
regions of the 0.6Ω cm cell where mounting tape from the
photo-μSR experiments remained. Photo-μSR lifetime spectra from
all three cells are shown in Fig. 7(b). The curves are in order of the
cell substrate resistivity, with Δn being relatively higher for increas-
ing levels of substrate resistivity. The fits of τexponential shown give
values of 25.6 μs for 1Ω cm, 20.7 μs for 0.6Ω cm, and 12.7 μs for
0.3Ω cm, although it is noted that the extent to which the experi-
mental data can be fitted with a simple exponential is questionable.
Figure 7(c) shows effective lifetimes from the harmonically modu-
lated technique, τPL, vs excess carrier concentration, with the life-
times also increasing in the same order of substrate resistivity.
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The τexponential values from Fig. 7(b) are consistent with the har-
monically modulated PL data in Fig. 7(c), and the strong variation
with excess carrier density in the latter explains the relatively poor
fit of Eq. (1) to the photo-μSR data.

Figure 7(a) shows that the measured effective lifetime by PL
under 1 Sun equivalent conditions in the 0.3Ω cm and 1Ω cm cells
is uniform; however, there is circular region of slightly lower life-
time in the 0.6Ω cm cell. This degraded region coincides with the

FIG. 7. Results for gallium doped silicon PERC solar cells (150 μm thick). (a) Calibrated PL lifetime images for 5 × 5 cm2 samples acquired under 1 Sun equivalent conditions
after photo-μSR experiments. (b) Spectra from photo-μSR experiments measured with muons implanted into the back side of the samples shown in (a), with fits according to the
exponential effective lifetimes stated. (c) Effective lifetimes as a function of excess carrier density measured on the cells in (a) from harmonically modulated luminescence measure-
ments. The exponential effective lifetimes from the fits to the photo-μSR data in (b) are overlaid on the plot in (c) with the excess carrier density range indicated.
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location of the muon beam. The detection of muon beam-related
degradation in the 0.6Ω cm cell and not the others is likely due to
the 0.6Ω cm cell being exposed to the muon beam for considerably
longer (34.8 h total, compared to 5.5 h for 0.3Ω cm and 7.3 h for
1Ω cm, as shown in Table II). This cell was also measured from
both sides, whereas the others were only measured from the rear.

IV. DISCUSSION

A. Lifetime in thin wafers and completed solar
cell devices

We have shown it is possible to use photo-μSR to measure effec-
tive lifetimes in thin wafers (130 μm thick) with the results consistent
with PCD measurements (Fig. 4). We have also shown that
photo-μSR can be used to measure effective lifetimes in completed
PERC solar cells, with the results being consistent with harmonically
modulated PL imaging (Fig. 7). As expected, the measured effective
lifetimes of our gallium doped PERC samples scale with their resistiv-
ity and lifetimes in solar cells are shorter than in passivated wafers. A
recent study has shown the carrier lifetime in gallium doped silicon
wafers varies strongly with resistivity.31 At Δn = 3 × 1013 cm−3, the
PCD effective lifetime is approximately 50 μs for a 0.3Ω cm wafer and
approximately 180 μs for a 1Ω cm wafer.31 The effective lifetimes in
the completed cells we measured either by photo-μSR or harmonically
modulated PL at a similar excess carrier density are lower than this.
This is to be expected as the effective lifetime in cells is reduced by
recombination in the highly doped emitter region and because of
additional recombination in the vicinity of the contacts.

We note differences in the dependence of effective lifetime on
excess carrier density between wafer and cell samples. For wafer
samples, the impact of intrinsic (Auger and radiative) recombina-
tion20 becomes apparent at higher excess carrier densities in both
PCD and photo-μSR data [see Fig. 4(d) for a direct comparison for
sample D]. For lower excess carrier densities, the behavior in the
high-lifetime moderately doped wafer samples is consistent with
there being little recombination activity associated with bulk
defects. This is evidenced by the lifetime curve for sample C in
Fig. 1(a). Of the two-sided passivated samples, the activation condi-
tions for sample C were closest to optimal, and there is not a
dependence of effective lifetime on excess carrier density which would
likely occur if there were high levels of defect-related SRH recombina-
tion. The effective lifetime at low excess carrier densities in wafer
samples is probably limited by residual surface recombination even
after surface passivation. The PERC solar cell lifetimes in Fig. 7, on
the other hand, are likely limited by additional recombination sources,
including bulk defect limitations due to process contamination and
recombination due to the diffused emitter—which also implies strong
lateral conduction toward localized recombination center such as the
metal-Si contacts or sample edges. These recombination types and
their superposition often create an increasing effective lifetime with
rising carrier density, as shown in previously harmonically modulated
PL studies of solar cells.8,9

B. Muon beam damage

Generally, muons are considered to be passive probes, which
do not disturb their surroundings.32 The case presented here,

however, suggests that beam damage by muons can significantly
reduce bulk carrier lifetime, although this effect is observable only
in high-lifetime silicon wafers. In samples with lower effective life-
times, muon-induced recombination activity will still occur, yet its
effect will not be as apparent due to the simultaneous existence of
stronger recombination channels, such as the unpassivated surface
in the case of sample A. The concentration of defects created by
the beam is not high, but it can be sufficient to affect high lifetimes
in extremely pure samples that are well passivated. Evidence gained
for muons affecting the sample as a consequence of photo-μSR
measurements includes (i) the location of low lifetime region in PL
matching the position of the muon beam; (ii) the size of the low
lifetime region in PL being consistent with the muon beam size
(and not the area of optical excitation); (iii) the systematic decay in
effective lifetime during the muon experiment [Fig. 4(b)]; and (iv)
the existence of electrically active states in DLTS in the muon
exposed side of the sample and not in the other [Fig. 6(d)]. The
concentration of electrically active states formed (of order
1010 cm−3) is sufficient to degrade the effective lifetime of high life-
time silicon wafers when they are well passivated.

We have achieved a relatively low effective lifetime by passivat-
ing the wafer on just one side with Al2O3, similar to the relatively
poorly passivated wafer with a hydrogen terminated surface used in
Ref. 3. Our study confirmed that it is possible to measure depth-
dependent carrier lifetimes with photo-μSR as the effective lifetime
is too low to detect recombination arising from the beam damage.
For longer effective lifetimes, substantial degradation occurs during
the measurement and the measurement history of the sample
needs to be accounted for in the interpretation of results.

We are not aware of prior reports of muon-induced defect for-
mation specifically, although implantation of MeV electrons,
protons, γ-rays, and various ions have been found to induce electri-
cally active defects in silicon.33–36 For example, studies of n-type
silicon irradiated by 1.3 MeV protons can give rise to DLTS spectra
with five electron traps,33 which are not dissimilar to the data in
Fig. 6(c) for which the muon energy at the silicon surface is
approximately 2.8 MeV. The muon implantations were not carried
out in a sufficiently controlled way for us to be able to assign DLTS
peaks to specific crystallographic defects. Future work will focus on
producing sample sets with sufficient control for detailed specific
studies. Experiments should also be performed to determine
whether muon-related degradation can be recovered, either by
thermal annealing or by bulk passivation.

C. Advantages and disadvantages of the photo-μSR
lifetime technique

Photo-μSR has two main advantageous features over conven-
tional lifetime techniques such as PCD or standard PL imaging.
The first is that lifetime information can relatively easily be
acquired as a function of depth into a bulk material by lowering
the muon beam energy with the insertion of degrader material in
the beam path. The second is that effective lifetimes can be mea-
sured in completed devices, such as solar cells, by virtue of the pen-
etrating nature of muon beams. The photo-μSR lifetime technique
can be applied to semiconductors other than silicon, although it is
noted that relatively wide distribution of the muon probe at ISIS
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(FHWM> 100 μm) means these have to be bulk samples as
opposed to thin films. The technique has been applied to germa-
nium previously,2 but measurement should be possible in principle
for other bulk indirect gap semiconductors (e.g., SiC, diamond).

Photo-μSR should not be seen as a direct replacement for life-
time measurement problems in which more conventional lifetime
measurement approaches are suitable. Access to a suitable muon
beamline is required and the measurement times are relatively long
(each lifetime curve for a given degrader configuration takes several
hours to acquire). We have shown in this paper that the muon
beam degrades the material under investigation. This poses a mea-
surement challenge for the highest quality silicon materials where
defect-mediated SRH recombination is minimal in the starting
material. Other indirect gap bulk semiconductors typically have
much higher levels of grown-in SRH recombination than silicon
due to impurity- and defect-related states, and the level of
additional SRH recombination introduced by the muon beam may
well be negligible in such cases. We, therefore, conclude that
photo-μSR can be a valuable technique for measurement of depth-
dependent lifetime and in completed devices, provided any degra-
dation during the measurement is negligible or fully taken into
account.

V. CONCLUSIONS

Photo-μSR has been used to measure effective lifetimes in
silicon, with the results consistent with those from PCD methods
for wafer samples with thicknesses down to 130 μm and from har-
monically modulated PL imaging in the case of solar cells. When a
high-lifetime sample is passivated on just one side with high
quality Al2O3, it is shown that the effective lifetime varies system-
atically with muon implantation depth. When such a sample is pas-
sivated on both sides, recombination in the damaged region created
by the muon beam reduces the effective lifetime being measured.
We have also shown that photo-μSR can be applied to completed
solar cells, with effective lifetimes consistent with those from har-
monically modulated PL imaging. Prolonged exposure of cells to
the muon beam has also been shown to degrade the sample under
investigation. A series of experiments has been performed to
understand the degradation processes. By removing the Al2O3 pas-
sivation from the muon exposed samples and re-passivating them
with a temporary superacid-based technique, we have proven that
the lifetime of the silicon bulk has degraded. A comparison of cali-
brated PL images from the muon-exposed side to the side not
exposed to muons shows that the lifetime is lower when closer to
the surface exposed to muons. DLTS is used to demonstrate the
existence of electrically active recombination centers in the muon
exposed region. It is, therefore, clear that muons are not inert
probes in photo-μSR experiments, and their interaction with the
sample should be considered in the interpretation of data.
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