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Microcrystalline silicon (uc-Si:H) for solar cell applications is investigated with respect to
the material stability upon treatment of the material in various environments, followed by
annealing. The material can be separated into two groups: (i) material with high crystaline
volume fractions and pronounced porosity which is susceptible to in-diffusion of
atmospheric gases, which, through adsorption or oxidation affect the electronic properties
and (ii) compact materia with high or low crystaline volume fractions which show
considerably less or no influence of treatment in amospheric gases. We report the
investigation of such effects on the stahility of pc-Si:H films prepared by plasma enhanced
chemical vapour deposition and hot wire chemical vapour deposition.
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1. Introduction

Solar cdls containing pc-Si:H as an absorber layer show ther highest efficiency if the
materia is grown near the threshold beween microcrystalline and al-amorphous structure growth
[1 - 3]. This could be rdated to the defect density and porosity of pc-Si:H in materials with a high
crystaline volume fraction. It was aready reported in a very careful and detailed investigation on
ue-Si:H, by Vepiek and co-workers [4], that atmospheric gas adsorption and/or oxidation affect the
surface states, dectronic transport, and eectron spin density. A number of reports about such
phenomenain pc-Si:H have been presented in the meantime (see e.g. [5-10] and references therein).
It will be important to investigate and identify theses effects in state-of-the-art pc-Si:H materia
prepared by PECVD and HWCVD. In particular, asis generally observed, that deposition conditions
which lead to the technol ogically-needed higher deposition rates tend to enhance a porous structure
[9]. Also, attempts to grow material with a large grain size, usudly at higher deposition
temperatures, in order to improve the carrier mohility, frequently result in porous material with poor
grain boundary passivation.

We distinguish between type | and type Il material, which are in many but not all aspects
equivalent with porous (type |) and compact (type Il) materid. Compare the schematic presentation
inFig. 1. Intypel material which has usualy high crystalline volume fractions and large grain sizes,
we observe crystalline columns separated by deep cracks (visible in TEM cross section images),
strong Si-O absorption modes a around 1100 cm™ in the infrared spectra, and a predominant Si-H
stretching mode at 2100 cm™* indicative of H bonded on surfaces and high spin densities (Nsg), at or
above 10" cm®. Such materid, if implemented into solar cells, yidds poor efficiencies. Type I
material, which is prepared under conditions closer to all-amorphous growth and which has smaller
grain sizes and sometimes distinguishable amorphous volume fractions, aso shows a columnar
structure with deep cracks in cross section TEM. However, it does shows no (or very little) Si-O
absorption bands, has predominant 2000 cmi* Si-H stretching modes indicative of hydrogen in a
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compact environment, has spin densities as low as 10'°cm® and yidds higher solar cdl efficiencies.
It is dear that such simple categories will not be sufficient to resolve all instability effects. Some
phenomena occur in both types, but others may need a further detailed distinction, maybe even not
based on material structure festures.

Decreasing crystalline volume fraction

Silane concentration, power, frequency, temperature, ...

stationary
columnar growth

substrate

S orystallites @) amorphousregions \1 voids

Fig. 1. Schematic diagram showing the prominent microstructure features of pc-Si:H.
From left to right, the film compaosition changes from highly crystalline to predominantly
amorphous (from ref [1]).

2. Experimental details

The PECVD materid was prepared at 95 MHz. For HWCVD, we used tantalum wires.
Silane-hydrogen mixtures were used as process gases. The silane concentration SC = [SiH,] / ([SiH,]
+ [H,]) was varied to obtain materia in the entire range from highly crystalline to an amorphous
structure. The materiadl was deposited onto borosilicate glass for dectrica and Raman
measurements, and on Si-wafers for infrared measurements. For ESR measurements, the material
was deposited on Mo foil and glass substrates. Sampl es peeled off in flakes when the Mo foil was
bent, and were sealed in a He atmosphere in quartz tubes. The influence of different environments
during storage or annealing was studied by removing the samples from the He filled tubes and
sealing them in an Ar or O, atmosphere, or treating them in water. The ESR was measured at X-
band, at room temperature or at 40 K. Infrared spectroscopy was performed on co-deposited samples
on Si-wafers. The dectrica conductivity was measured with coplanar contacts in vacuum, soon after
deposition. The current-voltage characteristic was measured to assure Ohmic contact behaviour.
Samples were studied between 200K and 450K, in vacuum. They were stored aternatively in
vacuum or under atmosphere for certain periods of time, and then re-measured.

3. Results

3.1. Infrared Spectroscopy

The effect of the pronounced porosity is easily observed in the IR spectra. In Fig. 2, the IR
spectra of two pc-Si:H samples are shown. The Raman intensity ratios I.*, as semi-quantitative
measures of the crystalline volume fraction [11] are indicated in the figure. The type | sample shows
very strong Si-O modes around 1100 cm™, and a high 2100 cm™* absorption mode i ndi cative of Si-H
surface states. An additional absorption band at 2240-2250 cm™ is found, which is rdated to O, s-
Si-H [12]. The Si-O mode shows a dear time dependence and is not observed when the sampleis
measured directly after deposition or after storage in inet gas or N,. The type Il sample with
compact material shows little or no Si-O mode, and is stable with time. Also, the 2000 cm* mode
dominates over the 2100 cm™ mode. Note that the type Il (compact) sample has a higher 175, which
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underlines the problematic distinction of the materia into type | and Il categories. Similar
observations, i.e. indications for a strong oxidation effect in a porous material, have been made with
pe-Si:H prepared by PECVD [5, 6, 9, 10]
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Fig. 2. Infrared absorption spectra of two pic-Si:H type | and type Il films prepared by
HWCVD. The spectra are shifted with respect to each other, for clarity.

3.2. Electrical conductivity

Typel and type Il pc-Si:H samples show distinctly different influences of storagein air and
annealing on the dectronic dark conductivity op. In Fig. 3, the dark conductivity op is shown as a
function of 1000/T for the two samples in Fig. 1. After the storage in air of sample type I, the
conductivity decreases by up to 3 orders of magnitude. After anneded in vacuum at 180 °C, the
initid op is restored. ap remains at this value when the sampleis kept in vacuum. The conductivity
decreases again when the sampleis put back into air. This cycle can be repeated many times, without
any sign of fatigue (compare with ref. [4]).
Type Il samples show a different behaviour. When put in air, the conductivity increases.
Again this change in op can be restored when the sample is annealed in vacuum at 180°C. The
conductivity remains at this leve when kept in vacuum, and increases when the sampleis exposed to
air. For type Il the cyd es can again be repeated many times.

Similar observations have been made for materia prepared by PECVD [13-16].
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Fig. 3. Dark conductivity of (left) type | and (right) type Il samples from Fig 1, during
various annealing and storage cycles.
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3.2. Electron Spin Resonance
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Fig. 4. ESR signds and spin densities of (a) type I, highly crystalline and porous, (b) type

Ilg, highly crystalline and compact, and (c) type Ilb, from the transition between amorphous

and crystaline growth and compact material. The samples were divided into two parts of

approximately equal mass, and were annealed in Ar or O, atmospheres respectivey, after
exposure to air.

The powder material for the ESR measurements was deposited on Mo foil. The material
peded off easily when the foil was bent after deposition, and the powder could be collected into
guartz tubes and sealed in an inert gas atmosphere within a short time. Thus, prolonged exposure of
the powder to air, water or solvents, as in the case of the aternative deposition of powder material
on Al foil [10, 16-18], could be avoided. To investigate the influence of gas adsorption or oxidation
on pc-Si:H material with different structurd properties in a controlled manner, the powder could
a so be sedled in the respective gas atmospheres like oxygen.

InFig. 4 a-c, the influence of storage of PECVD uc-Si:H powder of typel and typell in air,
Ar or O, and subsequent annealing on the ESR signal is shown. The origina untreated materia
shows the well known ESR signal of undoped uc-Si:H, with contributions at g = 2.0043 and 2.0052
with line widths of about 6-8 G [16-18]. The microscopic origins of these two resonances are still
not clear. However, as we will show, the experiments described in the present report may help in the
identification of the corresponding states, and in their location in the material.

For type | materia, the initial spin density obtained after sealing the sample in He
atmosphere increased considerably after the quartz tubes were broken and the material was exposed
to air under ambient conditions for a few hours (Fig. 4a). When the material was refilled into an Ar
atmosphere and annea ed at 80°C, the initial lower spin density values could be restored. This cycle
could be repeated severa times. Spectral analysis showed that the changes occurred mainly for the
line contribution at g = 2.0052 [16]. In principle, there are two explanations for this observation: (i)
the creation and annealing of additional defects at g = 2.0052, and (ii) a change in the occupation of
the corresponding states, viaa Fermi leve shift. We shall discuss this bd ow.

Type Il materia shows very little or no change upon exposure to air and anneding in Ar, in
highly crystalline but compact material, which we will call Type“Ila’ (Fig. 4b). In compact material
grown close to the transition between amorphous and crystdline growth conditions (Type “11b”) we
observed little decrease in Nswith anneding in Ar (Fig 4c).

On the other hand, when the material was annealed in oxygen a 80°C, there was a non-
reversible change of the spin density for type | and type lla materia (Fig 4a&b). Type I1b material
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showed no effect upon annealing in oxygen (Fig. 4c). The spin density change happened at a higher
g-vaue, and a different spectral shape could be observed. The increase in Ns upon annealing in O,
or ar in porous type | material could be restored by an HF dip. Thisis shownin Fig. 5. In this case,
for ease of sample handing, a sample on glass was used. With the reduced sample volume, the
signal to noise ratio was considerably lower. Still, one could easily observe the increase in Ns after
annealing in air and the recovery after etching in HF. Because of the low signal intensity, the signal
was superimposed by signal traces from the borosilicate glass substrate, at around g = 2.001.
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Fig. 5. ESR signa of a porous pc-Si:H type | sample deposited on a glass substrate, and
after annealing in air and after HF etching.

4. Discussion

The instability and metastability phenomena in pc-Si:H are numerous, and should be a
matter of great concern for the understanding of the materiad properties as well as for possible
technol ogical applications of these materials.

Apparently, the porous structure of type | materid leads to in-diffusion of atmospheric
gases, which results in changes in the dectrical conductivity and the spin density. The results show
many similarities with those reported earlier [4]. For type |l materia, we are not aware of any
previous detailed reportsin the literature

In the meantime, adsorption or oxidation related effects have been aso studied in puc-Si:H
solar cells prepared by HWCVD and PECVD [19, 20]. In each group, there were cdls prepared
under conditions close to the transition to amorphous growth, resulting in compact materid, and
cdls containing high crystalline volume fraction material. The cdls were first anneded in vacuum or
indry air a 160°C. They were then treated in de-ionized water at 80°C for different lengths of time,
stored under ambient conditions and annealed again. A strong degradation of the -V parameters of
cdlswith highly crystallinei-layers was observed after treatment in de-ionized water. The cells with
a compact i-layer material, on the other hand, showed very little changes of their J-V parameters
[19-20].

We will briefly discuss how far the various observed meta-stability and instability effectsin
pe-Si:H of various structural compositions can be reated to each other and/or have the same origin.
The main effects to consider are adsorption and oxidation on surfaces.

Let us first compare the magnitude of the involved states which lead to the observations in
IR, conductivity and ESR studies. To be detectable in such a quantity as the Si-O absorption modein
the IR spectra of Fig. 2, the number of Si-O bonds has to be of the order of afew tenths of a percent
of the total number of bonds, which means a few times 10™°cmi®. This has to be compared with the
10"-10"cm™® spin states which appear as additional signal contributions in the ESR experiments.
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With a mobility gap defect density of a few times 10cm™eV™, the cregtion or recharging of a
similar numbers of states in the gap has a considerable influence on the Fermi leved pasition, which
results in the observed changes in the conductivity. Therefore the changes which are observed in the
ESR or conductivity aretypically related to many fewer states than those involved in the changesin
Si-O bonding which are detected in the IR spectra.

4.1. Oxidation

The presence of the Si-O absorption mode a around 1100 cm™ indicates an oxidation
process of pc-Si:H materid of type |. The magnitude of the Si-O modeislinked to the magnitude of
the 2100 cm™* absorption, which is indicative of Si-H surface states in the crystalline material. This
oxidation process is thermally activated. It aready starts a room temperature, but is considerably
faster at 80°C. Theresulting Si-O bonds are stable, i.e. the process is non-reversible up to annealing
temperatures of 200°C. Veptek et al. report the removal of the oxygen only above 1050°C [4]. The
non-reversible occurrence of additional spins upon annedling in oxygen can be reated to this
oxidation process. Si-O/Si interface dangling bond defects (P, centres) are the most likdy candidates
for this defect. If such an interpretation is correct, apparently only a fraction (10" to 10"’ cm™ of 10%°
cm®) of the Si-O states observed in the IR give rise to spin related states. The fact that the increase
of Ns after anneaing in O, or air can berestored with an HF dip supports the conclusion that thisisa
surface process. Note that by “surface” we refer to the surface of cracks within the film structure,
and not merdy to the macroscopic film surface

Compact type Il material, on the other hand, is not at al or much less affected by this
oxidation process, a least the effects are not visible in the IR. On the other hand, ESR does see an
increase of a possibly Si-O related state upon annealing in oxygen, of the order of 3x10°cm? for
type lla material (Fig 4b). Finally, compact material with a significant amorphous phase (type I1b)
shows no effect of oxidation in IR and ESR measurements.

Studies of the influence of irreversible oxidation on the conductivity in our materia are
under way [15]. It will have to be seen whether the magnitude of the reversible changes is influenced
by the amount of irreversible oxidation of the material [4].

4.2. Adsorption

Compared with the non-reversible oxidation effects, the effects of adsorption on the
conductivity and ESR signas are reversible by moderate temperature annealing in inert gas, or by
long time storage in inert gas or in vacuum. These effects can till be observed after many cycles,
with no sign of fatigue or accumulation of any irreversible effect. They can be rdaed to the
adsorption of water or O, [4]. Unlike the irreversible oxidation of type | material, the reversible
adsorption can not be detected in the IR spectra. The intensity is too low, or the involved states are
infrared vibrationally inactive [4].

The reversible change in Ns is only observed in type | materia, athough dl these ESR
experiments gpart from the HF dip were performed on powder materid with a presumably large
macroscopic surface area. Apparently, the large surface area of the powder is not similar to the
internal surface of the material with strong porosity of the type | structure. On the other hand, the
structure and reactivity of the internal surfaces of the porous material could be different from the
macraoscopi ¢ surfaces of the material.

As to the origin of the reversible changes in the ESR signal, one can only speculate. The
thermal energies during storage and annealing of the samples are too low for breaking up and
annealing of e.q. Si-db. If adsorption leads to strong band bending, this could result in bond breaking
via the weak-bond (WB) - dangling-bond conversion, similar to the field effect and doping induced
defect creation in a-Si:H [21]. However, it is difficult to associate the WB-db conversion to the up-
and down-changes of op and Ns. Band bending can aso result in a change of the occupation of
states which make the transition from diamagnetic to paramagnetic. Any explanation should
consider the corresponding changes in the conductivity. If conductivity changes are induced by
shifts of the Fermi levd, this will aso change the occupation of states and in general will changethe
ESR signal.
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For the conductivity changes, one can assume adsorption of oxygen or water [4]. The two
samples for which conductivity was measured here were both undoped. Such material generally
shows n-type conduction, as determined by the Hall effect. The adsorption of an dectron acceptor
molecule will creste a depletion layer at the surface, which will result in a lower overal
conductivity. This is equivalent to a movement of the Fermi level away from the conduction band.
States in the upper half of the gap get depopulated. When these states change their occupation from
(let us say) D™ (two e ectrons, no ESR) to D° (one dectron, ESR), one woul d observe an increase in
the ESR signal. The details are difficult to predict, as they will depend on the relati onships between
the effective correation energy of the defects, plus the energy positions and the distributions in
energy. What supports the picture of a changein occupation is:

1) The changes occur at g = 2.0052, a line contribution which is found together with the
superimposed signal at g = 2.0043 in all our pc-Si:H material [16-18]. We consider it as originating
from anintrinsic Si-db defect in the material.

2) Various findings, like the paralld existence of the db (g = 2.0043/52) and CE (g = 1.996)
states and the broad distribution in energy of the g = 2.0052 state upon a shift of the Fermi leved by
doping [16-18, 22], suggest that the g = 2.0052 states are located in the upper half of the mobility
gap, possibly only in parts of the material.

An dternative explanation for the incresse of the g = 2.0052 resonance would relate the
resonanceto states of the adsorbed species [4]. Further studies will be needed to conclusively decide
between these explanations.

The changesin op intype Il material remind one of similar effects known from high quaity
undoped aSi:H, which shows a higher op if exposed to the ambient atmosphere. This corresponds to
an accumulation layer induced by adsorption. Different grades of passivation of the surface states
between type | and type Il material could be the reason for the two opposite trends in op. We note
that for compact type Ilb materia, there is only a smal decrease of Ns upon exposure to air (Fig.
4c). Whether this can berdated to theincrease in op will have to be investigated.

The rather strong effect on op in both directions should be considered carefully in routine
measurements. A standard annealing procedure in vacuum seems compulsory for a rdiable and
reproducible measurement. Similarly, one should consider these effects for the evaluation of the spin
density. Also, long term stability could be a matter of concern for the transport behaviour of the pc-
Si:H material [15]. Finally the observation of related instability effectsin solar cells [19, 20] should
be considered for device applications.

5. Conclusions

In pc-Si:H prepared by HW- and PE-CVD we observe various reversible and irreversible
changes which effect the structure and dectronic properties of the material and the corresponding
solar cdls. The phenomena depend strongly on the structura composition of the material.
Adsorption and oxidation, which can be observed in IR, op and ESR measurements, show many
similarities to the earlier investigations made on material which was grown by the chemical transport
technique [4]. There are, however, some additional effects which have not been described before.
Investigation of these phenomena should be given serious attention in the future.
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