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ABSTRACT

Undoped hydrogenated microcrystalline silicon (uc-Si:H) layers and solar cells have been
deposited by plasma-enhanced chemical vapour at low temperature and at different values of
VHF plasma power and silane to hydrogen dilution ratios. Transport and defect density
measurements on layers suggest that structural properties (e.g. crystalite shape and size) only
marginally influence the electronic transport properties. The latter are influenced strongly by the
Fermi level, which depends on the oxygen impurity content. Furthermore, they are best described
by the quallty parameter p°r° (deduced from photoconductivity and ambipolar diffusion length).
Cell efficiency correlates better with pu%t° than with the defect density as determined from sub-
bandgap absorption. Anisotropy of the transport propertiesin some pc-Si:H is also demonstrated
but does not seem to play amajor role in puc-Si:H cells deposited at high rates under VHF glow
discharge conditions.

INTRODUCTION

Microcrystalline hydrogenated silicon (pc-Si:H) deposited by plasma Chemica Vapour
Deposition (CVD) was introduced as early as 1969 by Veprek et Marecek [1]. Although Veprek
and co-workers very early studied the effect of oxygen contamination and were able to produce
material with arelatively low defect density [2, 3, 4], it is only recently that these questions have
been addressed systematically. Such recent work allowed for arapid development of pc-Si:H as
aphotovoltaically active material for solar cell applications. Efficienciesin excess of 8% have
been demonstrated on entirely microcrystalline p-i-n cells with no sign of light-induced
degradation [5, 6]. Despite a multitude of activitiesin thefield of puc-Si:H layers and cells, and
more precisely on the growth of thismaterial [7, 8, 9], knowledge on some more fundamental
aspects, such as electronic transport or defectsin the material, is still limited. Among critical
properties for the cells performance, optical properties are nowadays the best understood [ 10,
11]. On the opposite side, the factors limiting transport [12, 13, 14] and the exact nature of the
defectsin this heterogeneous material [15, 16] remain yet quite a mystery. Improved knowledge
in these topics would help optimising solar cells.

pc-Si:H isusual deposited by CVD using astrong dilution of silane in hydrogen. pc-Si:H is
not aunique and well defined material, but can exhibit various forms of microstructure [17],
which depend critically on the deposition conditions (i.e. mostly on silane to hydrogen dilution
ratio) and substrate [7]. Such variation in material morphology is expected to affect the layer
transport properties, the defects density as well as solar cell performance. In our pc-Si:H
material, hydrogen present during growth bounds mainly at the grain boundary surface [18]. We
assumethat it is the reason for the very low defect densities observed in puc-Si:H, dueto an
almost complete passivation of the grain boundary defects. As a consequence of this low defect
density, transport models developed for poly-Si material are not directly applicable to pc-Si:H.

The objective of this paper isto study transport properties such as dark conductivity Ogar,
photoconductivity ap,, ambipolar diffusion length Lam, (Measured from steady—state B)hotocarrler
grating (SSPG)), diffusion length Lp (measured from surface photovoltage (SPV)), 1 0
products, and defect densitiesin series of uc-Si:H layers, and to discuss them in the view of the
material structural properties. The comparison of the data obtained under various deposition
conditions is used to get insight into the factor limiting transport. The question of apossible
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anisotropy of the transport is thereby also investigated. Finaly, performance of solar cells
incorporating layers deposited under identical plasma conditions is compared with characteristics
of individual layer, so asto identify the most important properties that characterise a material for
its application as a photovoltaically active layer within solar cells.

EXPERIMENTAL

All pc-Si:H cells and layers were grown by the very high frequency glow discharge (VHF-
GD) deposition technique at a temperature around 200°C. Three series of layers were deposited
at afixed VHF power (6, 7 and 30 W) at various silane concentrations in hydrogen (1.25% to
7.5%, 1.25% to 8.6% and 5% to 8%, respectively), and two series were deposited at fixed silane
concentrations (5% and 7.5%) but at various VHF powers (9to 25 W and 30to 70 W,
respectively). The 6 W power series was deposited at 110 MHz, the 7 W power seriesat 70 MHz
while all other series were deposited at 130 MHz. A gas purifier was used in order to limit the
incorporation into the material of oxygen contaminants coming from the gas source. Layers were
either deposited on glass (Schott AF45) for steady-state photoconductivity (SSPC) and SSPG
measurements, or on Asahi type U or ZnO-coated glass for SPV_measurements. Measurements
of oph and Lanp Were performed at a generation rate of =1.7x10%° cm>s™ using aKr laser at a
wavelength of 647 nm. Defect densities were deduced from the true material optical absorption
at an energy of 0.8 eV; true absorption value were obtained by taking into account the light
scattering effect in absolute constant photocurrent measurements (A-CPM) [10, 11]. An
overview of the sample deposition conditions and resulting deposition ratesis given in Fig. 1.
From this figure we note that some of the samples deposited at high silane concentrations and/or
low powers are amorphous or may have alarge amorphous fraction.

The layers of the two series grown at the highest powers and therefore at the highest
deposition rates (i.e. the 7.5% silane concentration power series and 30 W dilution series) were
also incorporated (using identical deposition conditions) as i-layers of n-i-p cells. These samples
were deposited on TCO- (transparent conductive oxide-) coated glass substrates (Asahi type U
for the power series and ZnO-coated AF45 for the dilution series). The cells were terminated
either with ZnO or ITO (Indium Tin Oxide) top contacts. Transparent contacts on both sides
were thus provided for charge collection experiments. All cells of the 7.5% silane concentration
series were approximately 3.5 um thick, while the samples from the 30 W series were al
between 2.0 and 2.45 um. Current vs. voltage measurements were made under air mass 1.5
(AM1.5) conditions at 100 mW/cm, using a two-source solar simulator.
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Figure 1: Deposition rate as a function of silane concentration for 3 series of samples deposited
at 6, 7 and 30 W VHF power (left), and deposition rate as a function of VHF power for 2 series
of samples deposited at 5 and 7.5% silane concentration (right). The transition between

amor phous and microcrystalline material (as seen in optical absorption data) is schematically
indicated.
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RESULTSAND DISCUSSION

Structural properties

As already mentioned in the introduction, hydrogen dilution plays an important role in the
growth. Transmission electron microscopy (TEM) characterisation of the dilution series
deposited at 7 W (and 70 MHz) reveds alarge change in the microstructure of the material with
the change in silane concentration in H [17], as represented schematically in figure 2. With
increasing H dilution, the crystallite length increases from 30 nm to severa hundreds of
nanometers, while the diameter of the crystallites only increases from 8 nm to 25 nm. The
increase of crystallite length results also in an increase of the surface roughness as measured by
atomic force microscopy (AFM, see Fig. 2). All samples exhibit a pronounced preferential
orientation in the <220> direction, as shown in figure 3 for the 6 W dilution series and for the
7.5% power series, although this texture decreases with silane concentration in the case of the
7 W series[17]. Because of the favourable influence of VHF plasma conditions on crystal
growth, the transition from amorphous to microcrystalline growth becomes relatively sharp for
VHF deposition conditions [19], and the amorphous tissue content is here lower that 10% for
samples deposited at silane concentrations below 6% [20].
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Figure 2: Schematical representation of the evolution of the microstructure of layersas a
function of the silane concentration in the plasma gas phase for a series deposited at 7 W VHF
power and 70 MHz. The small black dots represent the amorphous phase [17] .
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Figure 3: X-ray diffraction (XRD) patterns for samples of the dilution series deposited at 6 W
(110 MHz), as well asfor a power series of samples deposited with a silane concentration of
7.5%. For all pc-S:H samples, a clear preferential growth along the <220> directionis
observed. XRD data for the 7 W VHF dilution series and 5% power seriesare similar and can be
found in Ref.17, respectively Refs. 22, 30.

Coplanar transport properties

Dark conductivity oq datafor the silane concentration and power seriesis plotted in figure 4.
With increasing silane concentration or increasing power, o4 decreases, except for the 7.5%
silane concentration series. While the strong drop in ogak €lose to the transition regime (around
7%, see Fig.1, left) is given by the increasing amorphous fraction in the material, the variation at
lower silane concentration is due to a shift of the Fermi level position which isin general
induced by achange in impurity incorporation. A variation in the deposition rate modifies the
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Figure 4: Dark conductivity gyark as a function of silane concentration for 2 series of samples
deposited at 6 and 30 W VHF power (left), and gyark as a function of VHF power for 2 series of
samples deposited at 5 and 7.5% silane concentration (right). Samples deposited at silane
concentration =7% and VHF powers <30 W are partially or totally amorphous while all other
are microcrystalline.
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incorporation of oxygen atoms which act as n-type dopants. A higher deposition rate means a
reduced impurity incorporation from the outgasing of the reactor [21]. However, in the case of
the 5% silane concentration series, the oxygen content (as observed by SIMS) remains rel atively
constant with values between 3x10™ and 7x10" cm’®; the variations in Ggai depends here on the
change in defect density (see Fig. 7) which affects the position of the Fermi level. In the case of
the 7.5% silane concentration, alarge oxygen content was observed (by SIMS), which built up
mainly after deposition by subsequent oxygen incorporation through the cracks present between

the crystallites (* post-oxydation effect”) [22].
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Figure 5: Photoconductivity gy, as a function of silane concentration for 2 series of pc-S:H
samples deposited at 6 and 30 W VHF power (left), and opn as a function of power for 2 series of
samples deposited at 5 and 7.5% silane concentration (right)

In figure 5, photoconductivity op, data for the same two dilution and two power series are
plotted. By comparing opn With the oga Values indicated in figure 4, it is quite obvious that ogn
depends to alarge extent in 04ak, and as a consequence on the position of the Fermi level. To
better illustrate this dependency, mobility x recombination time products for both electrons
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Figure 6: Mohility x recombination time product 11 as a function of b for the electrons (left)
and for the holes (right), for 4 series of pc-S:H samples. b, which is given by the ratio of the free
carriers densities times the ratio of their respective band mobilities, is another indication of the
Fermi level position Er (b=1 for a“ truly” intrinsic sample with Er at midgap). The typical
values of 117 obtained for a-Si:H samples are also indicated, as well asthetrends for pc-S:H
samples deposited at low deposition rates (low VHF power).
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Figure7: “ True’ optical absorption coefficient a(0.8 €V) at an energy of 0.8 eV for three series
of uc-S:H samples. a(0.8 V) can be used as a measure of the defect density in the material, and
was deduced from A-CPM;the qualification * true” indicates that the experimentally measured
absor ption coefficient was corrected for the effect of light scattering [ 10, 11] .

(deduced from opn) and holes el ectrons (deduced from Lanp) are showed in figure 6 as afunction
of the Fermi level position, the |atter being monitored by the value of the parameter b. b was
originally defined for amorphous hydrogenated silicon (a-Si: H) [23]; it isgiven by the ratio of
free carrier densities times the ratio of band mobilities, b=(p,%/ upo)(nf /p). b has the advantage
that it can be deduced directly from a combination of SSPC and SSPG measurements [23]. One
can here observe that transport in pc-Si:H layers tends to be better than that in a-Si:H layersfor
comparable generation levels and for comparable position of the Fermi level (i.e. for asimilar
value of b). Variations of opn Or Lamp @s afunction of b for pc-Si:H remain, at least for samples
deposited at low power (with limited post-oxidation), comparable to those in aSi:H, asalso
observed by Droz et a. [24].

In order to explain the disparity between transport properties of samples exhibiting the same
value of b, the defect densities of the various samples were also estimated from the determination
of the true optical absorption coefficient a at an energy of 0.8 eV [10, 11] as plotted in figure 7.
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Figure 8: Quality parameter £°1° as a function of silane concentration for 2 series of pc-S:H
samples deposited at 6 and 30 W VHF power (left), and 1’7’ as a function of power for 2 series
of samples deposited at 5 and 7.5% silane concentration (right). Dashed lines are guides for the

eyes.
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An approximate value of the defect densty can be obtained by multiplying a(0.8 eV) with the
calibration factor of 1.6x10" defects/cm™ [15].

In order to be able to compare in a more significant way transport properties of samples that
exhibit different positions of the Fermi level, one can combine both oy, and Lam,, and introduce
thereby a quality parameter p°t® which |S|ndependent of the Fermi level position (i.e.
independent of the value of b). Such a procedure, which was developed for the case of a-Si:H
[23] seemsindeed also valid for puc-Si:H, given the similarities in the transport processes [24, 25,
26]. Asseeninfigure 80 discrepancies between the various series disappear and we observe a
smooth variation of n°t’ as afunction of both the silane concentration and of the VHF power. If
we further plot p°t° as afunction of (0.8 V) (see Fig. 9), we observe an approxmaie power-
law dependency with a power-law factor of —1, or said in other words, we see that u°° varies
mainly with defect density.
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Figure 9: Quality parameter 1°7° as a function of the “ true” optical absorption coefficient
a(0.8 eV) at an energy of 0.8 eV, the latter being proportional to the defect density. The dashed
lineis given as a guide for the eye; it corresponds to a power-law with a —1 exponent.

At this stage, we were, thus, able to demonstrate that coplanar transport propertiesin
pc-Si:H layer, prepared by VHF-GD under alarge range of deposition conditions, can be
explained in terms of defect densities and impurity content alone. The important change in the
microstructure, i.e. crystallite shape and size, upon hydrogen dilution does not play here an
important role. This observation strongly suggests that transport is not controlled by the
crystallites but rather by the grain boundaries or by the amorphous tissue between the grains. It
also could explain why transport in puc-Si:H is so similar to theonein aSi:H.

Transversal transport properties

All transport properties were so far investigated in the coplanar configuration (i.e. transport
paralel to the surface of the sample. Asseenin figures 2 and 3, our pc-Si:H layers are composed
of elongated microcrystallites which extend in the direction perpendicular to the substrate.
Furthermore, these microcrystallites reveal a strong <220> texture. We could therefore expect a
possible anisotropy in the transport properties. Such an anisotropy can be checked by comparing
Lamb (coplanar transport) with the diffusion length Lp measured by the SPV technique
(transversal transport). For high-quality samples deposited at low deposition rate (i.e. at low
values of the VHF power), we observe a marked discrepancy between L, With Lp which
confirms the presence of an anisotropy in these films (see Fig. 10). This anisotropy was also
observed by comparing DC and AC conductivity for most samples of the 5% series, but it was
not observed in any of the samples of the 7.5% silane concentration series [27]. Note that no
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change in the XRD pattern as a function of VHF power was observed within the 5% silane
concentration series. For samples deposited at higher rates (samples of the 30 W VHF power
deposited at silane concentration between 5 and 7%), all Lp values are between 60 and 100 nm
while Lamp shows values between 180 and 240 nm. Such adiscrepancy is not yet understood, but
one of the possible reasons could be the large oxygen content (due to post-oxidation) located
near the film surface. This could strongly reduce the measured value of Lp, because SPV probes
the region near the surface. In any case, SPV is expected to be much more surface sensitive than
SSPG. Because of this, AC conductivity may be a better tool for analysing the anisotropy [28].
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Figure 10: Comparison between the diffusion length L (measured by SPV) and the ambipolar
diffusion length Lam, (Measured by SSPG) on the power series of pc-S:H layers deposited at 5%
silane concentration.

A further aspect of this anisotropy question is related to the observed structural variation in
Hc-Si:H layers as afunction of substrate material. It iswell known that pic-Si:H growth not only
depend on the deposition conditions, but also on the underlying substrate [7, 9]. Therefore,
pc-Si:H layers deposited on glass substrate (for coplanar transport measurements) could very
well be quite different from the layers deposited under identical deposition conditions on
conductive substrates (such as metal-coated glass or a transparent conductive oxide). For
example, the rms value of the surface roughness (determined from AFM imaging) of pc-Si:H
sample deposited at 30 W and 5% silane concentration is 25 nm on glass, but only 18 nm on flat
ZnO:Al coated glass; such achange reveals, in general, a structural change in the material (see
also Fig. 2). Furthermore, intrinsic material grown at silane concentration of 5 to 6% has a
structural morphology similar to material grown at lower silane concentrations (see picturesin
Refs. 17 and 29). Despite this fact, a correlation between coplanar and transversal transport is
still observed for most samples (see Fig. 10), supporting the idea that the structure itself plays a
marginal role for the transport properties. A last point in favour of this argument, is the fact that
steady-state (coplanar) transport and transient (transversal) transport measured by time of flight
(TOF) for co-deposited samples have avery similarly relation asis also observed in aSi:H,
namely minority carrier steady-state and transient ut values are amost equal while majority
carrier steady-state and transient ut values differ by roughly one order of magnitude [30].

Solar cdlls

As steady-state transport in layers can indeed be described by the quality parameter p°t® and
is not too influenced by the underlying substrate or growth conditions, ane should observe a
correlation between pc-Si:H cell efficiency and the quality parameter pt %1% Asseeninfigure 11,
such acorrelation is indeed observed for the two series on which both the layers and the
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corresponding cells were available. Note, that the relatively low efficiencies of these cellsis due
to the absence of an infra-red light back reflector (the back reflector was left out in order to alow
illumination through the back contact for detailed cell analysis). Due to the important scattering
of the layer quality parameter p°t° dataas a function of defect density (see Fig. 9), no correlation
is found between cell efficiency and a(0.8 eV), as shown in figure 12. The latter observations
underlines the usefulness of the quality parameter nt® astool for pc-Si:H cell development.
However, the absence of correlation between efficiency and defect density is disturbing.
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Figure 11: Solar cell efficiency as a function of the quality parameter 1/°7° of corresponding
i-layersfor the 30 WVHF power dilution series and the 7.5% silane concentration power series.
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Figure 12: Solar cell efficiency as a function of the optical absorption coefficient a(0.8 eV) of

corresponding i-layers for the 30 W VHF power dilution series and the 7.5% silane
concentration power series. No correlation is found between cell efficiency and a(0.8 eV).

Almost al pc-Si:H layers and cells deposited in our group under VHF conditions with
hydrogen dilution exhibit a <220> texture. With this material single-junction solar cell
efficiencies up to 8.5% have been obtained. On the other hand, Vetterl et al. have obtained
similar cell efficiencies[31] with pc-Si:H material also deposited under VHF conditions and
hydrogen dilution, but where no preferential orientation isfound [7]. Thisfact is afurther
support for the weak influence of material microstructure on the transport properties.

However, Dubail et al. were able to demonstrate the effect of the hydrogen to silane dilution
ratio on the pc-Si:H structure within a p-i-n solar cell (more exactly on the material structure at
the p-i interface where the initial growth of the i-layer takes place), as well as the influence of
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this on the cell performance [29]. Thisillustrates very well the difficulty we face for
understanding transport in solar cells, which originate in the fact that both the bulk of thei-layer,
aswell asthe interfaces may play arole, and both can be affected by the growth of the pc-Si:H
material. Therefore, direct and straightforward correlation between material quality and cell
performance will always be difficult.

CONCLUSIONS

In this study, we have shown that transport properties of pc-Si:H deposited under awide
range of hydrogen to silane dilution ratios and of VHF power values depend mainly on the defect
density and on the position of the Fermi level (which isrelated to the impurity content |n the
films and mainly to oxygen atoms density), and can be conveniently described by the 070
quality parameter. These experimental facts strongly suggest that transport in pc-Si:H is mainly
controlled by amorphous silicon tissue present at the grain boundaries or the grain boundaries
themselves. This conclusion seemsin most samples valid not only for coplanar transport, but
also for transport perpendicular to the substrate (transversal transport). An anisotropy in the
transport propertiesisfound on afew samples deposited at low VHF power values with very low
defect density. However, in this last case, no particular differences were found in the structural
properties (with respect to other layers) to identify and explain such an anisotropy.

Asfar as cells are concerned, a good agreement |s found (as expected from the layer
analysis) between intrinsic layer quallty parameters p°t° and cell efficiency, but the situation
hereisless“clear cut” due to the important role of interfaces on solar cell performance. One
should note that initial growth of the pc-Si:H i-layer critically affects the interface properties and
consequently the whole device performances. Preliminary results shows that a change in pc-Si:H
structural properties at the p-i interface of p-i-n cells, induced by avariation of the hydrogen to
silane dilution ratio, indeed affects the performance [29].
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