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The p-type Si layer in a-Si and pc-Si solar cells on foil needs to fulfil several important requirements. The layer is
necessary to create the electric field that separates the photo-generated charge carriers; the doping also in-
creases the conductivity to conduct the photocurrent to the front contact; on the other hand, the p-layer should
transmit the incident light efficiently to the intrinsic absorber layer. We show that it is possible to study TEM
samples prepared, for analysis of possible layer defects, by focussed ion beam milling to detect boron and carbon
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Electron energy loss spectroscopy (EELS); concentratlpns as low as 10°” cm ', using coTe—loss EELS combined with ngmerlcal a.n'alys.ls. We control the band
Thin film Si: gap and activation energy of p-a-SiC by varying the B,Hg and CH,4 flow during deposition in the process chamber.
Transmission electron microscopy; We have found a linear relation between the activation energy of the dark conductivity E,. and the optical band
p-Type SiC; gap Eps. Modelling shows that the optimum efficiency in nip solar cells is obtained when the p-a-SiC band gap is

Doping concentration slightly larger than the band gap of the absorber layer. We have assessed the potential of core-loss EELS for

detecting B and C concentrations as low as 10%° cm™ in a spatially resolved manner, and of low-loss EELS as a

probe of the local variations in plasmon energy.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Roll-to-roll production of thin film Si solar cells has several advan-
tages over batch-type reactor systems, for instance high-throughput
fabrication and the opportunity to make lightweight and flexible
products. Flexible and lightweight PV modules gear up to building in-
tegrated PV: the most important market for PV in densely populated,
developed countries [1,2]. ECN is developing a concept for roll-to-roll
production of high efficiency nip solar cells based on amorphous (a-
Si:H) and microcrystalline (pc-Si:H) silicon thin films on steel foil
coated with an insulating barrier layer and sputtered back contact
and reflection layer.

The p-type Si layer in a-Si and pic-Si solar cells on foil has several im-
portant requirements. The layer is necessary to create the electric field
that separates the photo-generated charge carriers; the doping also in-
creases the conductivity to conduct the photocurrent to the front con-
tact; on the other hand, the p-layer should transmit the incident light
efficiently to the intrinsic absorber layer. To obtain good conductivity,
the typically required B concentration is ~10%! cm™ in the thin p-a-Si
layer, or about 2% [3]. Diffusion of dopants should be avoided, since
the adjacent intrinsic absorber layer should have impurity concentra-
tions below 10'” cm™ [3]. To increase the amount of transmitted
light through the p-doped Si layer, this layer is typically alloyed with
C (referred to as p-a-SiC).
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To make high efficiency Si solar cells, it is very important to control
and limit the diffusion of B and C atoms into the i-layer during the con-
secutive processing of the solar cells. SIMS profiles have been realised
on flat solar cells. These solar cells show an improved efficiency when
the B contamination is low in the i-layer. However, the i/p interface
has an average roughness of ~10 nm, which is about the thickness of
the p-layer. This makes an accurate determination of the B depth profile
at the i/p interface with SIMS impractical as the probe diameter is of the
order of 1 um. In such cases, electron energy loss spectroscopy (EELS) in
the transmission electron microscope (TEM) may combine the neces-
sary spatial resolution (down to 1 nm) with sufficient sensitivity to
the boron content and the carrier concentration to investigate the
boundary between p-a-SiC and i-a-Si.

2. Experimental procedures

All TEM samples used in this study consist of Ag/Zn0O back contacts
and ITO window layers, both sputtered in an AJA sputter tool. The sil-
icon deposition is carried out in the Flexicoat300, an industrial pilot
roll-to-roll system for PECVD of doped and intrinsic silicon layers
suitable for foils of width up to 300 mm. The Flexicoat300 has three
inline deposition chambers. Two chambers are equipped with the
previously reported linear symmetric RF (13.56 MHz) sources [4,5],
which are excellently suited for deposition of amorphous and micro-
crystalline doped silicon layers. The intrinsic Si absorber layers are
deposited with a linear VHF plasma source (70 MHz). Samples (typi-
cally substrates of 10x 2.5 cm?) are fixed to a custom-made sample
holder, which is placed in the steel foil that in these experiments
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functions as conveyor belt. The vacuum chambers are separated by
independently pumped gas sluices to prevent (cross-)contamination.
The main advantages of linear plasma sources are that deposition uni-
formity is only required in one direction, perpendicular to the motion
of the substrate(s) and the ease of upscaling the plasma sources to
enable deposition on foil substrates of one metre width or more.

Single layers are deposited on Corning2000 glass in the p-type RF
chamber of the Flexicoat300. These samples were analysed for elec-
trical and optical properties. For conductivity measurements Al con-
tacts are evaporated by e-beam. The activation energy and dark
conductivity is measured with a 2-point set-up using a Keithley-595
quasistatic C-V metre, in a cooling-down run from 393 K to room
temperature under vacuum. A single beam photospectrometer has
been used to measure the transmittance and reflectance. This set-up
was equipped with an integrating sphere to handle the effect of
rough or porous layers.

Thin film silicon solar cells consist of a plastic, glass or metallic
substrate, several metal and oxide layers and the active Si solar cell it-
self. Due to the different milling rates of the constituting layers, sam-
ple fabrication for TEM is relatively difficult. Also, during exposure,
care has to be taken not to damage the sample area of interest. Nev-
ertheless, we succeeded in preparing 100 nm thick and 5 um wide
TEM lamellae by focussed ion beam (FIB), where the final milling
step has been made with a 5keV Ga?* beam. A bright-field (BF)
TEM image of the a-Si solar cell sample is shown in Fig. 1a. In order
to enhance the contrast from the SiC region, a so-called thickness-
over-lambda (d/\) map is shown in Fig. 1b. The p-layer appears dark
compared to ITO and Si due to the larger mean free path A of inelastic
electron scattering of SiC compared to Si.

EELS-TEM is a spectrometric technique which allows measuring
the energy loss of an electron beam when travelling through the
TEM specimen. Fig. 2 shows a typical EELS spectrum, indicating the
plasmon loss region and the core-loss region. The physical processes
involved in energy-loss can be (i) band gap transition, (ii) plasmon
collective oscillation and (iii) interatomic transition. Therefore, they
can provide information on (a) the band gap energy, (b) the carrier
density (through the plasmon energy) and (c) the local atomic com-
position with a nanometre range spatial resolution [6].

EELS has been performed on a FEI Tecnai T-20 equipped with a
LaB6 electron source and, when higher spatial resolution was needed,
on a FEI Titan 80-300 equipped with a field emission electron source
and a Gatan Tridiem imaging filter. Spectra were acquired in TEM-
diffraction mode. All data taking was carried out at 120 keV to limit
damage of the sample by the electron beam.

The core-loss EELS data have been averaged and background sub-
tracted to isolate the B peak. For each area, six EELS spectra shifted in
energy were acquired. Channel to channel gain variations were re-
duced using the iterative averaging process described in detail else-
where [7]. To minimise the shot noise, the exposure time was kept
as high as possible without damaging the specimen. For the large
area measurements, each spectrum was acquired for 1 min with a
beam diameter of about 200 nm. For higher spatial resolution, line
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Fig. 1. TEM images in (a) bright field and (b) d/A map of an a-Si solar cell prepared by
FIB milling.
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Fig. 2. Example of an EELS spectrum, showing the zero-loss peak, the low-loss region
due to plasmon absorption and the core-loss region. The ionisation energy of Si, at
99 eV, is also indicated.

scans were made with a 5 nm beam in TEM diffraction mode. Each
spectrum was acquired for 1.5 s. Details of the method are given else-
where [8].

The low-loss EELS data have been acquired in scanning TEM. To
accurately determine the absolute value of the plasmon energy, we
have fitted both the zero loss peak and the bulk plasmon peak to an
appropriate function using the least squares method, leading to errors
of 0.067% and 0.016%, respectively. The absolute plasmon energy was
taken as the difference between the fitted peak positions in eV of the
bulk plasmon peak and the zero loss peak. According to theory, the
bulk plasmon energy E, increases with the square root of the valence
electron density.

3. Results

The electrical and optical properties of p-a-SiC are mainly deter-
mined by the amounts of (active) B and C present in the layer. In
our case, B increases the conductivity of a-Si up to 0g>1073S/cm
but also increases the absorption of photons by decreasing the Ey,
to ~1.6 eV. In contrast, alloying intrinsic a-Si with C increases the Egy4
to ~2.4 eV and decreases the oy far below 1071° S/cm.

We varied the flow rates of BoHg and CH,, whilst keeping the other
process conditions constant for a series of samples. An increase of CHy
has the same effect as a decrease of B,Hg, i.e. the dark conductivity in-
creases, but the band gap becomes lower. Fig. 3 shows the measured
Eo4 and E, of these samples; the ratio CH,4:SiH, varied between 0.2
and 2.0 and the ratio B,Hg:SiH4 between 0.3 and 3.2%. The data
point of C-free p-a-Si would be in the left corner at E,. <0.3 eV and
Eps~1.6 V. For this set of p-a-SiC samples, we have found evidence
for a linear correlation between the E,. and the Ey,. This means that
only a single line in (E., Eo4) Space is accessible. Although, the two
elements B and C have opposite effects, they don't cancel each other
completely. The combination of good dark conductivity and high
band gap is obtained at low amounts of addition to the a-Si deposition
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Fig. 3. The activation energy of dark conductivity as a function of the optical band gap
Eo4 for the series of p-a-SiC samples, with a variation in B and C concentrations. The
dashed line is a linear fit to the data.
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process. To determine the optimal, but also accessible, properties of
the p-a-SiC window layer, we have to resort to modelling, as simple
deduction (high optical band gap and low activation energy) is not
sufficient.

We have modelled a series of solar cells with ASA [9] to resolve the
competition between transmission (high band gap) and conductivity
(low activation energy). We varied the p-a-SiC by changing the Ey, for
constant values of E, and plotted the obtained efficiency m in Fig. 4.
With increasing E,, the m is subsequently lower for all values of
Eo4. At constant E,, the 1 increases with increasing Eq4, except for
high values of E, when the efficiency starts to drop, even though
the band gap is increasing. Particularly, the efficiency ) falls strongly
for E,.> 0.5 eV. Looking at the underlying JV-graphs, the drop in E,¢
is mainly due to a deteriorating fill factor.

Looking at the experimentally obtained data points, indicated in
Fig. 4 by the dashed line, the optimum efficiency is found for a p-
layer with an optical band gap of ~1.9 eV, a value just above that of
the intrinsic layer. The activation energy is for that point just lower
than 0.5 eV, in good agreement with published device quality values
[10]. At even higher band gap p-layers, the increase in transmission
is more than offset by the deteriorating fill factor, whereas at lower
band gap the absorption in the p-layer increases, thus the generation
of charge carriers in the i-layer is reduced.

We studied the B and C concentration profiles using core-loss EELS
TEM. Experimental and calculated background subtracted B K-edge
EELS spectra measured on the SiC test sample containing different B
concentrations are shown in Fig. 5. The B peak of the highly doped
sample is clearly recognisable and fits well with the simulated B
peak after adjusting for the crystallinity and the cluster size. The com-
position has been estimated using the Hartree-Fock cross-sections,
with 05;=14,1114+1411b and og=>52404+524Db, so the relative
error on the absolute boron concentration is ~20%. However, for con-
centration profiles (see Fig. 6) the errors on the cross-sections are
constant, thus the determination of the B profile, that is the variation
of the Si/B ratio, is much more accurate. As the B peak is quite narrow,
we used an 8 eV integration window to calculate the area below the
curves. For the intrinsic layer, no significant B concentration was
measured by EELS. The B concentration of the p*-a-SiC is 0.6+
0.1 at.%, whereas the p**-a-SiC has 2.0+ 0.4 at.%. For comparison,
SIMS measurements on the same sample yielded 0.6 and 3.0 at.%,
respectively.

Fig. 6 shows the B concentration in a nip a-Si solar cell close to the
ITO interface, measured with SIMS and with EELS applying a 5 nm
beam diameter, that is about half the p-layer thickness. A slightly
higher B concentration has been measured by EELS when compared
to the SIMS profiles. The SIMS data is intrinsically the average over
a relatively large area due to the size of the ion beam. This gives
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Fig. 4. Calculated efficiency of a-Si solar cells as a function of the optical band gap Ey, of
the p-a-SiC layer for seven values of the activation energy E,, see legend. The efficien-
cies for solar cells with Epy4 and E, of the p-a-SiC layer on the experimentally obtained
relationship (see Fig. 3) are given by the dashed line.
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Fig. 5. Background subtracted core-loss EELS spectra of each of the three layers of the
SiC stack. The dashed line shows the calculated profile of the boron core-loss peak.
The error on these spectra is expected to be <0.01%, as the shot noise at the boron
edge is ~0.003% and the noise from the CCD camera is ~0.005% after the iterative pro-
cess [7].

rises to slightly lower B concentration values and also slightly
wider peaks. The carbon concentration as determined with SIMS is
16 at.%.

Fig. 6 is the proof of principle for determining the B concentration
profile with EELS in the electron microscope on a sample with smooth
interfaces. The main advantages of EELS are shown when microscopic
details about the B concentration profile at the TCO/p or p/i interface
are obtained by decreasing the beam diameter on a sample with
rough interfaces (textured substrate).

We have used low-loss EELS to measure changes in plasmon energy
and assess whether these changes are associated with active dopant
concentration variations. The plasmon energy has been determined
by the method described in the Experimental procedures section. The
test sample consisted of a stack of three ~200 nm SiC layers with no
(i-SiC), standard (p*-SiC) and double (p**-SiC) amounts of B doping
sandwiched between standard back (ZnO/Ag) and front (ITO) contact
layers. In Fig. 7, the plasmon energy (open symbols) has been plotted
as a function of depth. For comparison the SIMS profile of the B concen-
tration is shown as solid line. To estimate the relative B concentration
obtained by SIMS, we assume that the total density of atoms is
5x10%2 cm, and typical error estimation for determining B in Si is
~10 at.% [11]. We clearly observe a strong relation between B concen-
tration and plasmon energy. By assuming that the density of atoms
and the carrier mobility are independent of the B-doping level, we
can consider that the increase of B concentration increases the valence
electron density. Furthermore, the TCO front and back contacts as well
as the Ag layer can also be identified by unique levels of the plasmon
energy at the expected depths (not shown in the graph).
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Fig. 6. Boron profiles determined by EELS (markers) and SIMS (lines). EELS data have
been collected with a 5 nm probe beam. SIMS data have been measured at two differ-
ent ion energies.
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Fig. 7. Plasmon energy (open circles) as a function of depth in the triple SiC stack. The
plasmon energy is determined from the low-loss EELS spectra, errors in energy
(14 meV) and depth (2.5 nm) are smaller than symbols. The dashed lines indicate
the locations of the interfaces. The B concentration profile (blue solid line) is shown
on the right axis as determined by SIMS (data is averaged over 5 nm).

4. Conclusion

The optical band gap Ey4 and the activation energy E, of p-a-SiC
has been controlled by varying the diborane and methane flows in
the deposition chamber. We have found a linear relationship between
the experimentally observed combinations of Ey, and E,.. Modelling
of a-Si solar cells with these p-a-SiC layers shows that the highest ef-
ficiency is calculated for a p-layer with high Ey, and low E,;. Restrict-
ing the data to points on the experimentally observed curve, we find
that with increasing Ey4 and E,, the efficiency slowly increases, until
above Eg;=2.0eV and E,;=0.50eV the maximum power drops
dramatically.

The potential of core-loss EELS for detecting B and C concentrations
as low as 10%° cm3 is assessed, both in dedicated test samples and in
“real” solar cells. As proof of concept, the B-concentration profile was
measured with a 5 nm probe beam on a 200 nm thick p-Si layer and
compared with the SIMS profile. The absolute concentration, as deter-
mined by EELS, is in reasonable agreement with the SIMS results. We
also applied the EELS-TEM technique to a functioning a-Si solar cell.
Again, the absolute concentrations are in good agreement. Since the

concentration is not averaged across the lateral dimensions, as is the
case with SIMS, EELS-TEM allows us to measure the B concentration
profile of thin layers on rough interfaces, for instance when textured
substrates have been applied.

Finally, low-loss EELS has been applied to study the plasmon energy
as a function of the dopant level. The experimentally derived plasmon
energy correlates well with the changes in B concentration in p-a-SiC
and also shows sharp transitions at the TCO/Si interfaces. Low-loss
EELS is thus an independent tool to study modifications of the band
structure at very high resolution, which is particularly useful for rough
interfaces and textured substrates.

To conclude, we have shown that high resolution TEM measure-
ments yield valuable information on doping level and band structure
of thin film Si solar cells. Future work will concern thin-film micro-
crystalline silicon solar cells where the electrical properties and the
chemical composition of growth defects are open questions.
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