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Abstract

We have investigated PECVD-deposited ultrathin intrinsic a-Si:H layers on c-Si substrates using UV-excited photoemission spectros-
copy (hm = 4–8 eV) and surface photovoltage measurements. For samples deposited at 230 �C, the Urbach energy is minimal, the Fermi
level closest to midgap and the interface recombination velocity has a minimum. The a-Si:H/c-Si interface density of states is comparable
to that of thermally oxidized silicon interfaces. However, the measured a-Si:H dangling bond densities are generally higher than in thick
films and not correlated with the Urbach energy. This is ascribed to additional disorder induced by the proximity of the a-Si:H/c-Si inter-
face and H-rich growth in the film/substrate interface region.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The use of heterostructures for the realization of p–n
junctions requires a careful analysis of electronic states in
the involved solids and at their heterointerface. The main
parameters determining charge transfer and recombination
activity are the band offsets and the Fermi level position at
the a-Si:H/c-Si interface as well as the density and energetic
distribution of defects at the interface and in the thin amor-
phous layer. While structural properties and the growth
mechanism of thin a-Si:H films have been investigated
recently, e.g. [1], and a wealth of data on the distribution
of gap states is available for thick (>100 nm) a-Si:H films,
little is known about the electrical properties of thin films
and their interfaces. For such thin films, the present work
shows results concerning the distribution of occupied
a-Si:H gap and a-Si:H/c-Si interface states, the interface
recombination properties and the correlation of these
parameters with preparation conditions.

2. Experimental

On 200 wafers of h111i oriented, p-type crystalline silicon
with a resistivity of q � 0.5–1 X cm (ND � 1–3 · 1016 cm�3),
a deposition temperature series of intrinsic, 12–17 nm thin
a-Si:H films were deposited by RF excited PECVD (13.6
MHz, PRF = 13 mW/cm2) using silane, SiH4, as precursor
at a gas flow of 10 sccm. Prior to a-Si:H deposition, all
wafers were cleaned following the standard RCA-proce-
dure, followed by etching in diluted hydrofluoric acid (1%
HF in H2O, 1 min). Immediately afterwards, the samples
were transferred into the PECVD system. The time between
the last cleaning step and reaching a pressure p < 2–5 ·
10�7 mbar never exceeded 10 min to avoid reoxidation [2].

After transferring the samples into a UHV vacuum
chamber without breaking the vacuum, photoelectron
spectroscopy measurements of the internal yield Yint of
the emitted photoelectrons were carried out in constant
final state (CFSYS) mode [3] by varying the photon energy,
hm = 3–7 eV. From Yint(Ekin,hm) / Nocc(Ekin � hm) [4,5],
we obtain the absolute values of the density of occupied
states Nocc(E) by normalization either at hm = 6.2 eV to
1022 cm�3 eV�1 as proposed in [6] or at the valence band
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edge, EV, to 2 · 1021 cm�3 eV�1 [7]. EV is determined from
a plot of

ffiffiffiffiffiffiffiffi

Y int

p
ðEÞ as the onset of the parabolic distribution

of valence band states. The normalization factors thus
obtained agree within a factor of 2–3. Due to the limited
photon penetration and electron escape depth, the mea-
sured distribution is a weighted average of the DOS of
the sample up to a depth of 7–10 nm. For further details
see [4] and references therein.

Surface photovoltage (SPV) is an electrical characteriza-
tion technique for the determination of band bending and
the density of surface/interface states [8,9]. The sample
under test is sandwiched in a structure consisting of a
transparent conductive front contact (TCO), an insulating
slab of mica, the sample and a metallic back contact. Thus,
an artificial metal–insulator–semiconductor (MIS) struc-
ture is created. Upon intense illumination of the sample
by a short laser pulse (hm = 1.35 eV, pulse duration
160 ns, 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 surface photovolt-
age of the sample is then measured capacitively via the
insulating slab as photovoltage pulse USPV. Because the
sample is illuminated at a photon energy smaller than the
band gap of a-Si:H (�1.7 eV), the latter acts as an addi-
tional window layer, the excitation of charge carriers takes
place in the crystalline substrate and their main recombina-
tion path is via the defect states at the a-Si:H/c-Si interface.
From measurements of the dependence of USPV on the
external field, the distribution Dif of a-Si:H/c-Si interface
gap states can be calculated [8] under the assumption that
they do not change their charge state during the light pulse.

3. Results

The energetic distribution of the densities of occupied
gap states Nocc(E) is shown in Fig. 1. The usual features,
i.e. an exponential decay of the density of states (DOS) at
E � EV = 0 to �0.4 eV and a Gaussian-shaped defect dis-
tribution up to the Fermi level EF are observed. Fig. 2
shows parameters derived from Fig. 1: The Urbach
energy E0v, the Fermi level EF and the integrated defect
density of deep defects ND vs. substrate temperature Ts.
The observed trend, i.e. a minimum of E0v = 61 meV
and energetic separation of valence band edge and Fermi
level, EF � EV = 0.96 eV (i.e. slightly above a-Si:H mid-
gap), for Ts = 230 �C, is in good agreement with findings
on thick films, e.g. [10]. In contrast to these data, the inte-
grated defect density ND shows, within the accuracy of
the measurement, no appreciable variation (ND = 0.9–
2.9 · 1018 cm3) and is slightly higher than the value of
8 · 1017 cm3 measured by Winer and Ley on thick films
using total yield photoemission [11]. The shift of EF cor-
relates with a shift of the defect band (Fig. 1).

The variations in a-Si:H quality with deposition temper-
ature can be observed as well in the SPV transients pre-
sented in Fig. 3. The decay of the transient is an image

of the recombination of photogenerated excess carriers that
occurs predominantly at the a-Si:H/c-Si interface. The first
�50 ls of the decay are exponential, described by a time
constant sini that has a pronounced maximum at
Ts � 200–230 �C due to the excellent suppression of inter-
face recombination at this temperature. The minimum of
the initial photovoltage, jU max

SPVj ¼ 311 mV, lies at the same
deposition temperature and increases by 50 and 151 mV
upon variation of Ts to 100 �C and 300 �C, respectively.
As shown in [12], photoluminescence and the efficiency of
solar cells processed with n-doped ultrathin a-Si:H emitters
prepared under identical conditions have a maximum at the
same temperature. The question arises as to whether the low
recombination velocity is caused by a passivation of recom-
bination active defects, or by pinning of the surface Fermi
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Fig. 1. Density of occupied gap states Nocc(E), measured by constant final
state yield spectroscopy, of a series of a-Si:H(i)/c-Si(p) samples with
variation of the a-Si:H deposition temperature Ts. The valence band edge
EV is chosen as origin of the abscissa. Arrows mark the Fermi level
positions. The spectra are normalized to 2 · 1021 states/(eV cm3) at the
valence band edge. See [4] for details. Inset: Decomposition of the DOS
into Urbach tail and dangling bond distribution (schematic).
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Fig. 2. Data derived from the series shown in Fig. 1: Dependence on Ts of
(i) Urbach energy E0v, (ii) Fermi level position EF � EV and (iii) integrated
defect density ND.
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