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Valence band offset in heterojunctions between crystalline silicon and
amorphous silicon (sub)oxides (a-SiO4:H, 0 < x < 2)
M. Liebhaber,® M. Mews,® T. F. Schulze, L. Korte,” B. Rech, and K. Lips

Institute Silicon Photovoltaics, Helmholtz-Zentrum Berlin fiir Materialien und Energie, Kekuléstr. 5,

D-12489 Berlin, Germany

(Received 28 October 2014; accepted 6 January 2015; published online 20 January 2015)

The heterojunction between amorphous silicon (sub)oxides (a-SiO4:H, 0 < x < 2) and crystalline
silicon (c-Si) is investigated. We combine chemical vapor deposition with in-system photoelectron
spectroscopy in order to determine the valence band offset AEy and the interface defect density,
being technologically important junction parameters. AEy increases from =0.3eV for the
a-Si:H/c-Si interface to >4eV for the a-SiO,/c-Si interface, while the electronic quality of the
heterointerface deteriorates. High-bandgap a-SiOy:H is therefore unsuitable for the hole contact in
heterojunction solar cells, due to electronic transport hindrance resulting from the large AEy. Our
method is readily applicable to other heterojunctions. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906195]

The interface between crystalline silicon (c-Si) and
silicon oxides is of profound interest due to its numerous
applications in microelectronics and energy conversion devi-
ces. Stoichiometric silicon dioxide is mainly used for surface
passivation of c-Si' or as gate dielectric in field-effect tran-
sistors.? In the field of solar energy conversion, there are
concepts of current interest which employ a silicon oxide/
crystalline Si interface. High-bandgap amorphous Si alloys
are potential emitter layers for amorphous/crystalline Si het-
erojunction (SHJ) solar cells. One suitable model system to
study the band lineup in this kind of junction is hydrogenated
amorphous silicon oxide (a-SiOx:H). The SHJ technology
yields a very high open circuit voltage due to the excellent Si
surface passivation enabled by undoped amorphous silicon
(a-Si:H) and the full-area passivated contact consisting of
doped a-Si:H layers and a transparent conductive oxide.>* A
drawback of this approach is a comparably high current loss
due to parasitic absorption in the a-Si:H layers.”® An
approach to minimize these losses is to use high-bandgap
amorphous or microcrystalline Si alloys as passivation and
carrier-collection layers.7_9 Ultrathin (sub)oxides can further
be employed as tunneling layers in passivated contact archi-
tectures such as semi-insulating polycrystalline Si (“SIPOS™)
contacts.'”

For photovoltaic applications, allowing to extract charge
carriers from the c-Si absorber while at the same time pro-
viding excellent surface passivation defines the functionality
of the thin oxide layer. Carrier transport occurs either by
tunneling (T) through or by thermionic emission (TE) across
the barrier posed by the band offsets. For both transport
mechanisms, the valence band offset (AEy) between c-Si
and a-SiO4:H is crucial as it defines the barrier height for
hole extraction (cf. Fig. 1). Note that a large band offset is
not always detrimental. It can also be exploited to selectively
block the extraction of one charge carrier type, thus resulting
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in carrier-selective contacts.'! However, recent experiments
and simulations on suboxide passivation layers for (n)c-Si-
based SHJ solar cells have suggested that the expected
increase of AEy at the a-SiO,:H/c-Si interface for increas-
ingly oxidic layers is detrimental to the device functionality.
Increasing AEy was surmised to be responsible for a deterio-
rating solar cell fill factor by impeding hole extraction,’ as
visualized in Fig. 1. No systematic study of AEy at the
a-Si0,:H/c-Si interface is available in the literature.

The aim of this letter is to provide such a study for
a-SiO4:H layers covering the entire range of O contents
from zero to a stoichiometric oxide, while at the same time
monitoring the electronic quality of the heterointerface rel-
evant for c-Si passivation. We combine state-of-the-art
plasma-enhanced chemical vapor deposition (PECVD) of
a-SiO,:H with in-system photoelectron spectroscopy (PES)
for the determination of valence band (VB) offsets in
device-relevant structures, which is readily applicable also
to other hetero-contact materials. '

Eond | (i)a-Si0:H (n)c-Si wafer
~10 nm ~ 200 pm
EC.a-SiOX'H
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FIG. 1. Schematic of the a-SiO,:H/c-Si band lineup, relevant physical quan-
tities, as well as possible extraction paths for holes by tunneling (T) and
thermionic emission (TE). In order to determine the VB offset AEy, the
band bending e is measured by the SPV technique,'? while the a-SiO,:H
VB position (relative to Ep) is determined by PES. The c-Si VB position
Ev i is known from the c-Si doping. For SPV, flat bands in the (i)a-SiO,:H
are assumed, since the excitation laser pulse energy is below the a-Si:H
bandgap, hence, no photogeneration occurs in this layer.

© 2015 AIP Publishing LLC
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In our study, we used 200 um thick (111)-oriented 0.5-1
Q cm phosphorus-doped high quality float zone Si wafers as
substrate material. Prior to deposition, the wafers were
cleaned following the RCA cleaning procedure and dipped
in diluted hydrofluoric acid (1%, 2 min) to strip off the native
silicon oxide. Depositions were done in a conventional paral-
lel plate PECVD at 60 MHz excitation with 55 mW/cm?
power density at 175°C and 0.5 mbar chamber pressure
using SiH4/H,/CO, precursor gas mixtures. In order to grow
a-SiO4:H layers with varying x, SiH,, and CO, gas flows
adding up to a total of 10 sccm were employed at a constant
H, flux of 5 sccm, while varying the ratio R =CO,/SiH,
from O to 4. Layer thicknesses and bandgaps of the a-SiO,:H
layers were determined by spectroscopic ellipsometry on a
Sentech SE850 (wavelength range 190-850nm), followed
by fitting of a Tauc-Lorentz model"® to the data. The
bandgap of the layers showed a significant widening upon O
incorporation, starting from the a-Si:H value of 1.7e¢V and
rising up to =3 eV for near-stoichiometric a-SiO,. This is in
accordance with earlier studies,'* which revealed that the
bandgap values of a-SiOy:H (higher-x regime) are drastically
underestimated by optical measurements and seemingly satu-
rate at about 3 eV for stoichiometric oxides, due to band tail
absorption. Minority carrier lifetime measurements were
conducted using a commercial photoconductance decay
(PCD) setup.

Central to the study was the determination of the VB
edge position as well as the stoichiometry of the a-SiO4:H
layers, with different modes of PES. To this end, 10 nm thick
a-SiO,:H layers were grown on c-Si and transferred from the
PECVD to an ultrahigh vacuum analysis chamber via a vac-
uum transfer system. X-ray PES (XPS) was performed using
Mg K, radiation from a conventional X-ray source (SPECS
Nano Surface Analysis GmbH), in order to quantify the a-
SiO,:H stoichiometry. Near-ultraviolet PES measurements
using a high pressure Xe lamp and a double grating mono-
chromator providing photon energies between 4.0 and 7.3 eV
were conducted in the constant-final-state-yield mode
(CESYS)."” The VB tail and edge position were determined
by fitting a model density of states (DOS) to the data.'® For
the layers deposited with R > 1, the excitation energy of
7.3eV in the CFSYS mode was not sufficient to excite pho-
toelectrons from the VB edge to the vacuum in order to be
detected. We therefore also measured ultraviolet PES (UPS)
using a Helium lamp (He I discharge line at 21.2eV excita-
tion energy). Band edge positions were extracted by linear
extrapolation of the leading edge of the extended states in
the model DOS to zero.'® To quantify the c-Si band bending
in equilibrium, we employed the surface photovoltage (SPV)
method."?

We begin with an analysis of the a-SiOy:H stoichiome-
try based on the XPS data. Fig. 2(a) shows the development
of the Si 2p peak upon variation of the precursor gas flows,
which reflects the changes in the chemical environment of
the Si atoms. Upon increasing the CO, flow, the dominant Si
2p peak indicative of Si with oxidation state zero is gradually
reduced, while a second peak appears on the higher binding
energy side between 101 and 104eV. Indeed, the 2p core
level signals for the Si oxidation states 1+...44 are found in
this energy range, and the XPS spectra can be fitted using
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FIG. 2. (a) XPS spectra of a-SiO4:H layers deposited with different SiH,/
CO, flow rates. (b) Exemplary fit (6 sccm CO, flow) showing the different
Si oxidation states. The composition and shift of the Si 2p peak indicate pro-
nounced changes in the Si chemical environment upon O incorporation. (c)
Peak fitting results for the XPS spectra in dependence of the CO, flow:
Binding energies (symbol position) and areas (symbol size) of the peaks cor-
responding to different Si oxidation states. (d) Stoichiometry calculated
from the XPS analysis using either the ratio of the O 1s to the Si 2s peak
area (black squares) or the relative contributions of the Si oxidation states to
the Si 2p peak (red points), in dependence on the CO, flow during layer
deposition.

tabulated peak positions for the different Si oxidation states
(example fit shown in Fig. 2(b)). Based on the ratio of the
peak areas shown in Fig. 2(c), we can calculate the O to Si
ratio of the films, and thus relate the parameter R of the CO,
flow to the resulting stoichiometry x. Note that this proce-
dure is well-established in literature.'”'® In Fig. 2(d), we
plot the resulting calibration curve of the a-SiO4:H stoichi-
ometry x vs. CO, flow based on this analysis (red symbols).
The black symbols mark the results of a complementary
method based on the comparison of the O 1s and Si 2s peak
weights,'? yielding comparable results. Thus, the CO, flow
regime explored here covers the range from pure a-Si:H to
nearly stoichiometric a-SiO,. Based on the XPS data, the C
concentration stayed well below 3% of the O concentration
for all layers.

In a next step, we assess the changes in the VB structure
of the a-SiO:H layers upon varying the O content x. Fig. 3
shows an overview of the near-ultraviolet PES and UPS
spectra. The spectra for the low-x samples show the typical
a-Si:H DOS signature, which has been discussed and eval-
uated earlier:'® The VB, at Eyjq=~2.5-1eV in Fig. 3(a),
extends into an exponentially decaying VB tail (Eping
~ 1-0.75eV) which merges into a broad distribution of
midgap dangling bond (DB) defects (Eping =~ 0.75-0eV). At
the Fermi edge (Epj,q=0eV), the DB signal is cut off
smoothly due to experimental broadening, caused by the
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FIG. 3. CFSYS (a) and UPS (b) measurements of the VB DOS for amor-
phous Si suboxides with different O contents. Starting from a typical a-Si:H
DOS featuring a broad distribution of dangling bonds and an exponentially
decaying band tail, the DOS develops by a shift of the VB edge to higher
binding energy and a flattening of the VB tail. The dots in (a) denote the
position of the VB edge as obtained by fitting a model DOS to the CFSYS
data, while a linear extrapolation is employed for the UPS data in (b), and
arrows mark the obtained band edge.

finite resolution of the excitation source and energy analyzer.
As seen in Fig. 3, the VB edge shifts to higher binding
energies for increasing x, while the VB tail is getting shal-
lower. It appears that the amplitude of the DB-related peak
increases before it saturates, while its width steadily
increases. The net result is a steady increase of DB density
for increasing x, consistent with the increasing density of
strained bonds manifesting in the VB tail (cf. Fig. 4(b)).>°
Thus, the electronic quality of the a-SiO4:H layers deterio-
rates with increasing x. For the highest x values, a reliable
determination of the VB edge is impossible using CFSYS as
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FIG. 4. (a) Development of the a-SiO:H/c-Si VB offset AEy derived from
combining PES and SPV data, upon varying the O fraction in the layers. The
black line is the prediction by a simple rigid-band-model based on the
effective Si 2p peak shifts and the changing H density. (b) Interface defect
density D; (left axis) as deduced from PCD measurements and Urbach
energy Egy (right axis) observed in the CFSYS data, marking the
deterioration of a-SiO:H bulk electronic quality upon increased O
incorporation.
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the VB has shifted towards higher binding energies beyond
the range accessible with our UV lamp. However, using He-
UPS, we can still observe the VB edge and track its further
evolution, while lacking the signal-to-noise to resolve VB
tail or DBs (Fig. 3(b)). The marks on the CFSYS curves of
Fig. 3(a) show the Ey values obtained by fitting a model
DOS,'® while the linear extrapolation of the He-UPS band
edges employed for x>0.8 is shown in the inset. For
x=0.84, we applied both methods for the determination of
the VB edge and found agreement within 0.3eV. These
0.3eV are a good estimate for the systematic error in deter-
mining Ey from our PES data.

In order to determine AEy, we need to further consider
possible changes of the equilibrium band bending in the het-
erostructure (cf. Fig. 1). We therefore measure the band
bending e using the SPV technique on the PES samples im-
mediately after removal from the ultrahigh vacuum system.
We find ep <0.15eV for all the samples, resulting in a
nearly 1-to-1 correspondence of the energetic retreat of the
VB edge relative to Eg to the changes in AEy. Fig. 4(a)
shows AEy calculated by combining PES and SPV data of
the a-SiO4:H/c-Si samples using AEy =Evy . siox:n — Ev.c.si
+ e (cf. Fig. 1). We see that starting from AEy ~ 0.3eV
for pure a-Si:H, AEy monotonously increases to reach more
than 4.0 eV for near-stoichiometric a-SiO».

These results are in line with previous works concerning
the end points of the stoichiometry series: Van de Walle cal-
culated AEy =0.2¢eV for 11%-hydrogen containing a-Si:H
on c-Si,>! while we have measured in previous studies'>!'°
AEy =0.3-0.45¢V for a-Si:H layers which mostly contained
a higher H concentration. Given the wide variety of different
possible H microstructures in a-Si:H and the according dif-
ferences in bandgap, the value obtained here fits well with
the existing data. For the stoichiometric a-SiO,/c-Si hetero-
junction, AEy =~ 4.4eV has been established experimen-
tally,?*** also in line with our current findings.

Using Fourier transform infrared spectroscopy, we quan-
tified the H content of our layers, which we found to
decrease from about 20% to ~0% within the considered x
range, with a particularly steep decrease around x =~ 0.5.
Thus, from the development of the H content alone, a net
decrease of AEy would be expected for the considered
series, with a magnitude of 0.2-0.5eV depending on the
assumed correlation of the H content with AEy.'*?! The
observed pronounced increase of AEy with x by more than
3.5eV thus proves that the O content is the main driver for
AEy in the samples considered here. While the general trend
of a monotonous increase of AEy from the values accepted
for a-Si:H/c-Si to the a-SiO,/c-Si values observed here seems
logical, it is worthwhile to compare our results to a basic
model: We invoke the naive idea of a rigid-band-model (as
is often used for c-Si),>* assuming that the shift of the Si 2p
core levels observed with XPS translates into a concomitant
shift of the VB edge, while taking into account the compen-
sating role of H removal alongside O incorporation. We cal-
culate the effective Si 2p core level shift from the data in
Fig. 2, averaging over the different oxidation states’ individ-
ual shifts, while taking the XPS peak area as the weighting
factor for the averaging. The impact of the H content on AEy
is assumed to be 13meV/at. %, as we have previously
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measured on a-Si:H.'? Thus, we can estimate the expected
retreat of the VB edge resulting from the Si 2p core level
shift. Obviously, this picture may break down at some point
for high x as the VB top of a-SiO, consists of oxygen-
derived states,25 while for a-Si:H, it is derived from Si p-
orbitals. Nonetheless, we observe a promising agreement of
our rather basic model (black line in Fig. 4(a)) with the
measured AEy values.

Now, we turn to the analysis of the a-SiO,:H passivation
behavior. We fabricated double-side polished c-Si wafers
symmetrically passivated with 10nm of the layers studied
above, measured PCD and fitted the data with a semi-
empirical model describing interface recombination®® to
extract the interface defect density D;,. The resulting D;;, val-
ues for the as-deposited state as well as after a subsequent
300°C forming gas (H,/N,) anneal are plotted vs. x in
Fig. 4(b). Obviously, the passivation quality starts from an
excellent level at x =0 and decreases for larger x. A forming
gas anneal is detrimental for low-x values, while it decreases
D;, by up to an order of magnitude for higher x, consistent
with previous studies on PECVD-grown a-SiO,,?” albeit on a
low level. This indicates suboptimal deposition parameters
in the high-x range regarding the resulting interface quality.
The observed trend in defect density is consistent with the
decreasing VB tail slope (corresponding to an increasing
Urbach energy, plotted as stars in Fig. 4(b))*° and the
idea that Dy, is closely related to the bulk defect density in
the amorphous film.® The observed gradual H removal from
the films with increasing x likely contributes to higher strain/
disorder and thus increased bulk defect density in the
a-SiOX:H29 via the conversion of strained bonds into dan-
gling bonds,® manifesting in deteriorated interface
passivation.

Finally, we discuss the implications of our obtained
results on AEy and D, for the application of a-SiO,:H films
in high-efficiency Si solar cells. Modeling studies have iden-
tified 0.4-0.6eV as a critical threshold value for AEy of
(n)c-Si based solar cells, above which the hole extraction via
thermionic emission is beginning to limit the solar cell per-
formance by reduction of the fill factor.>'¥? Although the
exact value of said threshold depends on the tunneling mech-
anisms considered, and on the density of VB tail states
serving as final states for tunneling processes, there is gen-
eral agreement on the existence and approximate range of
such critical AEy. Furthermore, experimental studies found a
deteriorating fill factor of a-SiO,:H/c-Si solar cells for
increasing x,” and also reported decreasing passivation prop-
erties for oxidic layers.”® This can be explained in the light
of our results which suggest that x is restrained to values
below 0.2 in order to both avoid critical AEy, values and to
preserve good passivation properties. However, this limits
the a-SiO4:H bandgap to ~2.0 eV,** which results in only
negligible current gain as compared to standard a-Si:H emit-
ters (E; = 1.7¢V). Replacing 10 nm a-Si:H—a typical thick-
ness for SHIJ solar cell emitters—by a-SiOg,:H, the
reduction in parasitic absorption is only roughly 0.4 mA/cm?
as calculated using our optical data. Thus, it appears that
a-SiO4:H is not a candidate for significant current improve-
ment in (n)c-Si based SHJ solar cells because of the rapid
increase in AEy upon gap widening. Unfortunately, this
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physical behavior seems to be a generic feature of a-Si:H-
derived alloys as it is also observed for a-Si:H/c-Si with
varying H content'? as well as for a-SiCy:H/c-Si heterojunc-
tions.>* In conclusion, this renders the family of a-Si:H
alloys to be more promising as an electron-selective contact
on a p-type Si absorber,” but unsuitable for incorporation
into the emitter of (n)c-Si absorbers in a standard SHJ emit-
ter concept, as also stated in Ref. 7.

If the higher transparency of near-stoichiometric Si
oxides is to be exploited, the device would need to rely on
tunneling through an ultrathin layer instead of thermionic
transport over a barrier. However, such a contact concept
involves a significant challenge regarding the realization of
excellent interface passivation, which usually requires elabo-
rate high-temperature processing steps.'®* Alternatively,
metal oxides as SHJ-emitter materials®® might provide con-
siderably higher potential for increased current yield on (n)c-
Si while preserving good transport properties. Once looking
beyond Si alloys, the wide variety of candidates potentially
enables a tailored emitter design in order to realize a well-
passivated hole-selective contact on (n)c-Si. The analysis
method used in this letter will prove useful in the analysis of
such Si-based heterojunctions in order to assess their
applicability to high-efficiency Si solar cells.
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