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that for a-Si:H film thicknesses above ~6 nm, SPV transients do not depend on
the film thickness anymore. On this basis, a simple numerical model is proposed that consists of a single
rechargeable gap state on the c-Si wafer surface, into which the properties of the a-Si:H/c-Si interface and
the adjacent a-Si:H are lumped. It is shown that this model can reproduce all principal features of high
e-resolved surface photovoltage (SPV) transients as a means to determine band
n properties at amorphous/crystalline silicon (a-Si:H/c-Si) heterojunctions.

excitation SPV transients, i.e. an initial fast decay shown to be due to Auger recombination, a plateau region
for high injection conditions and a fast decay when the sample returns into low injection and the defect
states are recharged. Under sufficiently high excitation, the SPV saturates at a value that is determined by the
a-Si:H/c-Si interface band bending in the dark. From the slope of the transient decay, defect parameters
(density, energetic position) can be extracted.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Amorphous/crystalline silicon heterojunctions produced by
plasma enhanced chemical vapour deposition (PECVD) of ultrathin
(5–10 nm) hydrogenated amorphous silicon layers, a-Si:H, on crys-
talline silicon substrates, c-Si, are an interesting concept for high-
efficiency solar cells on monocrystalline wafers, and to realize large
area heterojunction cell concepts on for low-cost thin-film silicon. For
those cell types, in order to achieve high efficiencies, it is necessary to
suppress interface recombination at the a-Si:H/c-Si interface. We
have shown previously [1], that this can be achieved by decreasing
the density of interface defect states Dit(E) of the a-Si:H/c-Si inter-
face and/or by increasing the c-Si band bending qφs0. Low Dit can be
obtained by reducing the c-Si surface defect density prior to a-Si:H
deposition, and by choosing optimized a-Si:H deposition conditions
[2], while the band bending is adjusted by the a-Si:H doping. The a-Si:H
doping level has to be chosen as a trade-off between high band
bending and high density of a-Si:H gap states at increased doping
levels, which lead to enhanced recombination in the a-Si:H [3]. All
those optimizations profit greatly from a tool to characterize the
a-Si:H/c-Si interface recombination. To this end, we have been using
surface photovoltage measurements (SPV), especially in the time-
dependent and intensity-dependent modes (TD-SPV/ID-SPV) [4,5]
and references therein], as a “fingerprinting” method to monitor the
electronic properties of the a-Si:H/c-Si effective interface. With the
present paper, using numerical simulations, we aim at a refined
).
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understanding of the mechanisms that determine the transient
decrease of photovoltage over time after the short illumination light
pulse. This will allow to extract a-Si:H/c-Si interface recombination
properties that can be compared, for adequate sample structures, to
those obtained by other means such as quasi-steady state and
microwave photoconductance decay (QSSPC and µPCD).

2. Sample preparation

Phosphorous-doped n-type amorphous silicon (a-Si:H) layers
were deposited by PECVD (base pressure 10−7 mbar) on high quality
p-doped (resistivity 1–3 Ω cm) monocrystalline Si (c-Si) wafers with
b111N surface orientation and bulk diffusion lengths of several
100 µm. For experimental details, see e.g. [3,4]. a-Si:H/c-Si solar
cells produced using the same PECVD system have yielded maximum
efficiencies of 19.8% [6]. The investigated set of samples consists of
(n+)a-Si:H/(p)c-Si (a-Si:H doping 103 ppmPH3 in the gas phase)with
increasing a-Si:H layer thickness (0.4 – 120 nm).

3. Experimental methods

3.1. Surface photovoltage

Surface photovoltage (SPV) is an electrical characterization
technique that is well-established for the determination of the density
of surface states especially at the silicon/silicon oxide interface [7].
The principle is described elsewhere [4,8] and will be briefly outlined
here: The sample under test is sandwiched in a structure consisting of
a transparent conductive front contact (TCO— typically zinc oxide), an
Hanwha v. Maxeon, IPR2024-01198
Maxeon Ex. 2035
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Table 1
Parameters used in the numerical simulations with Silvaco ATLAS and AFORS-HET.

Silicon
Volume lifetime 1 ms
Wafer thickness 300 µm
Doping p-type, 1×1015/cm2

Rear surface
ATLAS: constant surface recombination velocity 1000 cm/s
AFORS-HET: insulator, Eg=5 eV

Defect on front side
Type Donor
Density 3×1010/cm2

Hole capture cross section σp 1×10−16 cm2

Electron capture cross section σn 1×10−14 cm2

Energetic position EV+0.45 eV

SPV — laser parameters
Wavelength 910 nm
Pulse length ATLAS: 150 ns

AFORS: 5–150 ns
Intensity ≤1022 Phot/(s cm2)
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insulating slab of mica, the sample and a back contact. Thus, a metal–
insulator–semiconductor structure (MIS) is created. Upon intense
illumination of the sample by a short laser pulse (λ=910 nm, pulse
duration 150 ns, maximum intensity 1019 photons/(cm2 s)) through
the TCO, excess charge carriers are generated in the sample, leading to a
flattening of the bands and a split-up of the quasi-Fermi levels of
electrons and holes. The redistributed charge in the sample changes the
surface potential, which is measured capacitively via the insulator as a
photovoltage pulse VSPV. Ideally, the system has reached steady state
when the laser pulse is switched off. The maximum value of the SPV
signal right after the laser pulse, VSPV(t=0), is given by the difference
of the surface potentials in the dark and under illumination. If the
illumination intensity was high enough to reach flat-band conditions
in the sample, VSPV(t=0) (corrected by the Dember voltage, see
below) gives directly the surface band bending in the dark, qφs0. This is
the case under high injection conditions, when charge carrier densities
nillum, pillum≫ndark, pdark. After the light pulse has ended, the decay of
the light-induced excess carriers due to recombination in the bulk and
at the interfaces leads to a relaxation of the surface band bending into
its dark equilibrium state. Thus, the time-dependent measurement of
the surface photovoltage transient VSPV(t) yields information on the
recombination processes and associated rate constants in the bulk and
at the surfaces and interfaces of the sample.

For the a-Si:H/c-Si samples investigated here, the chosen excita-
tion wavelength of 910 nm corresponds to sub-bandgap light for the
a-Si:H film (Ephot=1.36 eVbEg,a-Si:H≈1.7 eV). Thus, electron-hole
pairs are generated in the c-Si substrate, and recharging of a-Si:H/c-Si
interface or a-Si:H defect states shouldmainly occur through injection
of electrons and holes from the c-Si into the thin a-Si:H film.
Fig. 1. Surface photovoltage transientsmeasured on (n+)a-Si:H/(p)c-Si structures for a-Si:
H film thicknesses from 0.4 to 150 nm. A transient measured on the c-Si substrate covered
by its native oxide is also included.
3.2. Numerical simulation

The numerical simulations have been carried out using the
computer program AFORS-HET [9] which allows to simulate the
output of measurement techniques for an arbitrary sequence of
semiconducting layers and interfaces with an arbitrary number of
defects. Since version 2.1, AFORS-HET is also capable of simulating
transient effects, which is the basis for the present investigation. For
some cases, a comparison with transient simulations using the
commercial ATLAS device simulator from Silvaco® International was
carried out to check the reliability of AFORS-HET's transient mode
against a reference. However, it was found that the transient
calculations using ATLAS did only converge to stable solutions for
very small band bending at the c-Si surface.
The structure used in all simulations consisted of a 300 µm thick p-
doped c-Si wafer with either a constant rear side recombination
velocity of 1000 cm/s (a typical value for an oxide-covered c-Si
surface) for the calculations using ATLAS, orwith a 1 nm thinwide-gap
semiconductor as insulating, SiO2-like layer on the back (Eg=5 eV, i.e.
below Eg,SiO2, for increased numerical stability) for the AFORS-HET
simulations. Regarding the simulation results, both types of back
surfaces lead to very similar results. This is to be expected, as the front
surface recombination velocity for the simulated structure, calculated
using the Shockley–Read–Hall formalism, is between ~3×104 and
~350 cm/s at Δns b1012 and N1017 cm−3, respectively, for the defect
parameters chosen here. Thus, either the front surface recombination
dominates (at low injection levels) or both interfaces contribute about
equally (at high injection level, for the case of constant S=1000 cm/s).

Based on the results of SPV measurements on the a-Si:H thickness
series (see below), the gap defect states (c-Si dangling bonds and a-Si:
H gap states) on the front of the wafer were lumped into a single
donor-like defect in the band gap at EV+0.45 eV, i.e. slightly below c-
Si midgap. The recombination via this defect is described by the
general time-dependent Shockley–Read–Hall formalism (e.g. [10] and
references therein). In addition, a fixed charge on the sample surface is
used to control the surface band bending. The presence of fixed
charges on the a-Si:H surface also had to be assumed by Olibet et al.
[11] to simulate correctly the dependence of effective lifetime vs.
excess carrier density in QSSPC. The simulation parameters are
summarized in Table 1.

4. Results and discussion

4.1. SPV on (n+)a-Si:H/(p)c-Si structures with varying a-Si:H thickness

Fig. 1 shows the TR-SPV measurements for the series of (n+)a-Si:
H/(p)c-Si samples with varying a-Si:H thickness, together with the
data obtained from an unprocessed wafer covered with native oxide.
The light pulse ends at t=0 and is not resolved on the µs time scale.

For the a-Si:H/c-Si samples, all transients show a fast initial decay
at tb10 µs. For the sample covered with 0.4 nm a-Si:H – a nominal
layer thickness, the a-Si:H forms no closed film but islands on the c-Si
at such low coverages [12] – the transient voltage then decreases
quickly up to t≈40 µs and subsequently tails off with a relatively
small slope, as compared to the other samples. The sample covered
with 4.3 nm a-Si:H already shows a plateau region for times tb60 µs
after the light pulse, followed by a steep decrease to VSPVb10 mV at
tN100 µs. For all other samples with a-Si:H layer thicknesses of 6–



Fig. 2. a) Simulated surface photovoltage transient for a single donor-like defect level
(Eit=EV+0.45 eV, Dit=3×1010 cm−2) on (p)c-Si. b) SRH recombination rate Rit via
the surface defect, Auger and band-to-band recombination rates RA,int and RBB,int
integrated over the c-Si volume. c) Charge density ns and ps of electrons and holes at
the surface, and density of trapped charge Qit in the surface state. Simulated excitation
pulse: λ=910 nm, tPulse=150 ns, ΦPhot=1022 photons/(cm2s).

6398 L. Korte et al. / Thin Solid Films 517 (2009) 6396–6400
120 nm, the general behaviour is similar, but the decrease in the
plateau region, which now extends to t~100 µs, is much slower.

These experimental results suggest that at least in moderately
doped (n+)a-Si:H layers, for a-Si:H layer thicknesses exceeding
~5 nm, a-Si:H/c-Si interface recombination is governed by the
properties of both the interface itself and the first nm of a-Si:H
adjacent to the interface. We have reported similar results already
previously [4], and introduced the notion of an “effective interface” for
the ensemble of the a-Si:H/c-Si interface and the adjacent a-Si:H
within distances of the order of the tunnel length.

Based on the experimental finding reported in Fig. 1, we attempt to
model the a-Si:H/c-Si samples by the simple structure proposed in
the previous section, neglecting the properties of the a-Si:H
completely and lumping all interface and a-Si:H properties into a
single donor-type defect level with varying density Dit [cm−2];
additionally, the surface band bending in the system can be controlled
by fixed charges Qif (i.e. non-rechargeable states that do not
participate in the recombination process). Qit can be used to simulate
the change in band bending due to varying doping in the a-Si:H.
Obviously, this is a very crude model: In reality, both the a-Si:H/c-Si
interface as well as the ultra-thin a-Si:H films exhibit continuous
distributions of defect states, both donor- and acceptor-type, in the
band gap [3,13]. In addition, it is generally accepted that a-Si:H
dangling bonds are amphoteric defects, i.e. the same defect can be
neutral, positively and negatively charged, with a shifted energetic
position for the case of negative charge. This makes an extension of
the standard Shockley–Read–Hall recombination model necessary,
which was recently adapted also to the a-Si:H/c-Si interface [11]. Still,
our model is sufficient to reproduce the general features of SPV
transients (Fig. 1), as will be shown below. Because of the high degree
of simplification, no attempt to extract quantitative values for defect
densities, capture cross sections etc. from comparison between
experimental (a-Si:H/c-Si) and simulated (single defect/c-Si) SPV
transients will be made, though.

4.2 Features of the numerical model

We now explore the properties of our model, assuming a single
donor-type defect state placed at EV+0.45 eV, with a density of
Dit=3∙1010 cm−2. Note that this is the correct type of defect for this
energetic position, as in contrast to volume defects, surface states
are donor-like at EitbEg/2 (and acceptor-like at EitNEg/2). Dit and
the energetic position are chosen somewhat arbitrarily, the main
reason for this choice being issues with the numerical stability of
the transient calculations using the ATLAS software.

With these parameters, the structure has a moderate surface
band bending of 211 meV. Fig. 2a) shows its reaction to a rectangular
illumination pulse at λ=910 nm, tPulse=150 ns, with a maximum
intensity of 1022 photons/(cm2 s). Clearly, the distinct features of the
SPV transients measured on a-Si:H/c-Si structures (Fig. 1) are
reproduced. From the model calculations, a deeper insight into the
dominant recombination mechanisms can be obtained: The con-
tribution of recombination at the surface defects as compared to the
Auger and band-to-band recombination is displayed in Fig. 2b. This
graph clearly shows, that recombination via surface defects is
dominant for tN2 µs. For tb2 µs, the decay of excess charge density
is governed by Auger recombination in the c-Si bulk. This correlates
well with the transition of the SPV voltage (Fig. 2a) from steep
decrease into a plateau. Finally, in Fig. 2c, the charge state of the
surface defects is depicted over time. Here, the reason for the kink in
the VSPV(t) transient at t~20 µs after the end of the light pulse
becomes clear: Under dark equilibrium conditions, the surface states
are ionized, i.e. positively charged, because the surface Fermi level
lies below the energetic position of the defects. Upon illumination,
the quasi Fermi level of the electrons sweeps over the defect energy
level, the donor-type states are occupied by electron and thus
neutralized: The charge in surface states drops by two orders of
magnitude under the chosen illumination conditions. When, at
t~20 µs after the pulse, recombination has proceeded up to the point
where the system leaves the high injection region (i.e. when ns and



Fig. 3. Simulation: Change of surface photovoltage transients for different band bending
at the c-Si surface. The band bending was varied by changing the additional fixed
interface charge Qif between−1.5×1011 cm−2 and +1×1011 cm−2. Defect parameters
(Dit=3×1010 cm−2, Eit=EV+0.45 eV) and excitation conditions were kept identical.
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ps start to diverge) and the quasi Fermi level positions change rapidly
again, the defect states are ionized again. The change in defect charge
state leads to an accelerated change in surface band bending, and
thus a fast decrease of VSPV. Generally, to reproduce the kink in the
transient, we find that it is necessary to assume surface defects that
are recharged during the transient — the simple assumption of a
surface recombination velocity independent of excess carrier density
leads to a featureless decay transient. The simulated transient in
Fig. 3 illustrates this again. Here, the dark equilibrium surface band
bending qφs0 was varied between +100 and −600 meV, by
introducing additional fixed surface charges Qif. Note that the same
effect can be achieved by applying an external bias voltage to the
sample under test, a method used in voltage dependent SPV
measurements (VD-SPV), or by (accidentally) introducing an
electrostatic charge on the insulating mica foil. For surface band
bending significantly (i.e. some kbT) above 450 meV (lower two
curves), the donor-like defect at EV+450 meV is occupied by
electrons and thus neutral at all times, both during illumination and
while VSPV decays. Under these circumstances, an almost linear SPV
decay is observed in the simulation. It is also worth noting that at
least for the higher band bending values, the slope of the VSPV decay
Fig. 4. Experimental SPV transients (tPulse=150 ns, λ=910 nm) for varying illumination
photonflux,ΦPh=1015–1019photons/(cm2s), obtained froma(n)a-Si:H/(p)c-Si structure.
Inset: VSPV(t=0) (i.e. immediately after the end of the light pulse) vs. photon fluxΦ0.
in the ‘plateau’ region (before significant defect recharging occurs) is
virtually unchanged for different band bendings.
4.3 Change of SPV transient with varying photon flux

In Fig. 4, we show experimental surface photovoltage transients
measured on a 10nm(n+)a-Si:H/(p)c-Si sample,where thephotonflux
ΦPh incident on the samplewas varied between 1015 and 1019 cm−2 s−1.
Three features are most notable in these transients: a) The initial fast
decay, shown above to be related to Auger recombinationprocesses, sets
in only at photon fluxes above 1017 photons/(cm2s), b) the initial SPV
voltage, at t=0, almost saturates at high excitation intensities, and c)
the plateau, i.e. the region of the transient between the Auger
dominated steep decrease and the ‘kink’ at ~40–70 µs, appears only at
ΦPhN1017 cm−2 s−1, widens and becomes less steep with increasing
photon flux. The proposed numerical model can reproduce this
behaviour: In Fig. 5, simulated transients are shown with photon flux
varying from1010 to 1023 cm−2 s−1. AtΦPh=1019 cm−2 s−1, theplateau
starts to develop, and for ΦPh≥1020 cm−2 s−1, there is an appreciable
contribution from Auger recombination, leading to the initial fast
decrease. Generally, the photon fluxes needed for producing similar
features (Auger peak, plateau) in the simulation are ~1–2 orders of
magnitude higher than in the experiment. This may most likely be due
to the simplicity of the proposed defect model and will be investigated
further. The inset of Fig. 5 shows the dependence of VSPV(t=0) onΦPh.
The graph shows that indeed, the simulated maximum photovoltage is,
for high photon fluxes, close to the initial surface band bending in the
dark: The maximum photovoltage reached in the simulations is
VSPV(t=0; Φ0=1022 photons/(cm2s))=−184 mV; while the band
bending in the dark is −211 mV. This discrepancy is reduced when the
transients are corrected for the contribution coming from the so-called
Dember voltage that arises from the mobility difference of electrons and
holes [14]. This quantity can easily be calculated if the excess charge
carrier density is known. The inset of Fig. 5 shows the uncorrected (open
circles) and Dember-corrected (filled circles) VSPV(t=0) in dependence
of the illumination density. ForΦ0=1022 photons/(cm2s)), the Dember-
corrected photovoltage is VSPV(t=0)=−199 mV. Thus, one can
conclude for the experiment, that the measured surface photovoltage
VSPV(t=0) indeed yields a value close to the c-Si dark band bending
(error b10% in the present simulation), provided that the excitation
conditions are sufficient to reach the high excitation regime, where nill,
pill≫ndark, pdark. The appearance of the Auger peak at short times after
the illumination pulse can be considered a qualitative indicator that the
high injection region is indeed reached.
Fig. 5. Time dependence of simulated SPV transients for c-Si with a donor-type surface
defect at a density of 3×1010 cm−2 and varying incident photon flux, from ΦPh=1011 to
1022 cm−2 s−1. Inset:VSPV(t=0) (i.e. immediately after the end of the light pulse) vs. photon
flux Φ0, uncorrected (open circles) and Dember-corrected (filled circles). The dashed line
marks the surface band bending qφs0 in the dark.
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5. Conclusions

Motivated by the experimental finding that in a-Si:H/c-Si hetero-
junctions, only the first ~10 nm of a-Si:H close to the heterointerface
contribute to the interface recombination properties as probed by
time-resolved surface photovoltage (TR-SPV), we use a very simple
surface defect model to describe successfully all the principal features
of TR-SPV measurements. The simulation shows that at under high
excitation conditions, Auger recombination governs the initial SPV
decay after the light pulse is switched off. Experimentally, two distinct
types of further decay characteristics are found: One with a quasi-
linear decay down to photovoltages of a few percent of the initial SPV
voltage VSPV(t=0), the other onewith a kink in the VSPV(t) curve and a
subsequent fast decay. The simulation results show unambiguously,
that the kink occurs only for those cases where interface defect states
have changed their charge state significantly during illumination, the
kink occurring when they return to their dark equilibrium state. This
happens at the transition of the surface from high- to low injection
conditions. In addition, the numerical simulation of the transient
should allow, in principle, to calculate the minority excess charge
carrier density Δn(t; x=0) at the c-Si surface or the a-Si:H/c-Si
interface over time, which will make possible the extraction of
recombination properties (energetic position, recombination veloci-
ties) of the interface states. The system of band gap defect states at the
a-Si:H/c-Si interface, consisting of the heterointerface itself and the a-
Si:H adjacent to the interface up to a distance of the order of the tunnel
length, with continuous distributions of defect states both at the
interface and in the a-Si:H, is far more complex than our model,
though. Therefore, we refrain in this work from a quantitative
comparison of experiment and model, and from extracting interface
defect properties from the simulations.

It should be noted that, as compared to techniques such as quasi-
steady state photoconductance (QSSPC), for SPV, it is (a) not
necessary to use symmetric sample structures, and (b) the technique
is also able to investigate heterojunctions (or surface states) of very
thin substrates (where for QSSPC, not enough substrate material is
present to inductively detect excess charge carriers), provided that
excitation at sufficiently short wavelengths is available and leads to a
measurable band bending. This makes SPV a method that is especially
interesting for the investigation of thin film (solar cell) materials.
Concerning the proposed numerical model, a refinement including
more realistic defect distributions, an actual a-Si:H layer on the c-Si,
and mechanisms such as tunnelling of charge carriers through the
interface, is under investigation.
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