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ABSTRACT

Amorphous and microcrystalline silicon have beeavpn to be very interesting for low cost thin filphotovoltaic
devices. Usually these two materials are deposisaty the same large area plasma-enhanced cherajual deposition
reactors from silane and hydrogen gases. The timmsfrom amorphous deposition regime to microalste
deposition regime is generally done by reducing ¢hane concentration in the input gas flow and tmtimum
deposition parameters to achieve high performaeséced stands just at the transition between therigvostructures.
In the present work, a study of the transition Witftom amorphous to microcrystalline silicon is ggeted as a function
of the input silane concentration. It is shown tiat higher the input silane concentration, theewid the microstructure
transition. As a consequence, the process is lessitve to fluctuations of the silane concentmatiwhen silane
concentrations higher than 10 % are used and hetifrmity and reproducibility can be then achigve
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1. INTRODUCTION

Thin film silicon is one of the technologies provienbe capable to reduce the cost of photovoltaictecity compared
to the conventional first generation based on ailsé silicon. Silicon films are generally depesit by plasma-
enhanced chemical vapor deposition (PECVD) on varigpes of substrates including glass, polymenetallic sheets
with size than can reach several square meteiso®itan be deposited with two different microstoues, hydrogenated
amorphous silicon (a-Si:H) or hydrogenated micretaljine silicon fic-Si:H), sometimes also called hydrogenated
nanocrystalline silicon (nc-Si:H). Amorphous silicoan be used in single junctipr-n or n-i-p devices and due to its
direct bandgap, anlayer thickness of only about 200 nm is requiredabsorb efficiently the incoming light. Such
devices can achieve a stable conversion efficiempcto 9.5 % for laboratory scale cells [1] and abb@o for large area
commercial products. However, the major issue witBi:H is the light induced degradation, known laes Staebler-
Wronski effect [2], that may reduce the cell effisty by up to 20 % after several thousands of hander light
exposure. Considering the light induced degradatiorSi:H is very interesting because of its stahilidowever, its
indirect bandgap make its light absorption loweantta-Si:H and therefore efficient device can behed only with
sufficiently thick (2um) intrinsic absorbing layer. Amorphous silicon cencombined with microcrystalline silicon in a
tandem junction with a top a-Si:H cell and a botiaerSi:H cell. This structure enhances the spectispponse compared
to single junction silicon cells because of thded#nce in bandgap between a-Si:H aedSi:H. Such Micromorph cells
show stable conversion efficiencies up to 11.7 #ddboratory scale cells [3].

From the processing point of view, a-Si:H amctSi:H films are manufactured within the same lasgea PECVD
equipment from silane (Siiand hydrogen (k) gas mixture. Only the deposition parameters ared to deposit either
a-Si:H or pc-Si:H. Vetterlet al [4] have shown that to achieve high performancet@loltaic device, theic-Si:H
intrinsic layer has to be deposited just at thedition between the two microstructures. The usua to vary the
microstructure and to find the correct depositi@nameters is to vary the input silane concentrationydrogen from
high concentration to low concentration to crogstthnsition from microcrystalline to amorphougcsih.



This work presentthe study of the transition width from mocrystalline to amorphous silicon as a functiorhaf input
silane concentration. It is shown that the higlner silane concentran, the wider is the transition (Section 3). T
result is interpreted on the basis of anlytical plasma chemistry motlpresented in Sectior.

2. EXPERIMENTAL ARRANGEMENT

Experiments were performed in a K&lreactor manufactured by Oerlil-Solar AG. This large area plas-enhanced
chemical vapor deposition (PECVD) appar is based on the Plasma-Box concept withR&n(40.68 MHz) electrode
suspended in a grounded aluminum box as showngi. 1. The gases (SiHand B) were introduced through the F
electrode by the use of a showeyad and were pumped out from one side. This coripn guarantees a uniform ¢
distribution and composition over the whole sulistaea5].
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Figure 1: Side view of a PlasnBox type reactor with RF g-showerhead electrode and unilateral gas extra

Deposited films were characterized by m-Raman spectroscopy to determine the film crysigflidefined bythe ratio
(As10tAs20)/ (AsgotAs10tAs20), Where Asye, Asio and Aqgy are the integrated area of the Raman peaks as=cia
crystalline (52hm), defective crystalline (510 nm) and amorpheai89(nm) phase of silicon, respective
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Figure 2: Tansition width determination as a function of #ilane concentratio



The input silane concentration, determined as the silane flow rate to the totalvfi@te, was varied to cross the
amorphous to microcrystalline silicon depositioansition for 6 different ss of depositionparameters. The silane
concentration was varied by chamg the silane flow rie while keeping théotal flow rate constant by adjusting tH,
flow rate for every series. The deposition paransedee summarized in Table The microstructure transition wic in
terms of silane concentratiavas determineby the difference in silanconcentration used to deposit the films havil
Raman crystallinity of 70 % antD % as shown in Fig..

Concentratior Total flow Pressure

(%) (sccm) (mbar)
~2.t 1600 3.5
=4 1300 1.2

=~ 2C 210 1.2

~ 2¢ 230 1.5

~ 4E 160 1.8

~ 5(C 150 2.0

Tab. 1: Deposition parameters.

3.RESULTS

Figure 3 presents the microstructure transitionthvias a function of the input silane concentr: for the 6 sets of
deposition parameterst shows that for low input silane concentratioe thansition is ery narrow and as the inp
silane concentration increases, the transition wizhicomes wider until it reaches a plateau at 88 mean that a
variation of onlyl % of the input silane concentratiis sufficient to cross the microstructure trangi if the film is
deposited close to the transition with a silaneceatration lower than 5 %. For input :ne concentrations higher th
10 %, the microstructure of the films deposited clésethe transition is less ssitive to input silane concentration
fluctuations and a changes high as 8 % is needed modify the microstructure of the film from microcrystabirio
amorphous.
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Figure 3 Microstructure transition width measured as afiom of the input silane concentrat.



4. DISCUSSION

The effect of the input silane concentration ontierostructure transition width presented in thevpus section can
be interpreted on the basis of the role of therplagomposition in determining the deposited filmgstallinity. As
shown recently [6], the silane concentrationthe plasma, as opposed to the input silane concentratiors major
determining factor for the deposited film microsture. Above about 1 % in silane concentratiorhi plasmag,, the
deposited films are amorphous, and bellow thistliftnéy are microcrystalline. The microstructurengition is not a
sharp edge, but presents a certain width calledrémsition zone. The silane concentration in tlasmpa determines the
film crystallinity because it is directly linked tthe flow of radicals reaching the growing film [6The silane
concentration in the plasma determines especiadflow ratio between atomic hydrogen and silankceds which is of
crucial importance for the growth of silicon filmAccording to all existing silicon growth modelslgctive etching,
chemical annealing and surface diffusion [7]), tlaio has to be high enough to deposit microchysgasilicon.

The silane concentration in the plasma can be deoset and expressed as a function of the inputestancentration,
¢, and the silane depletiob, which is defined as the loss in silane densitthenplasma relative to the silane density in
the gas before discharge break-down:

¢, =c(1-=D). (1)

Using relation (1), the transition zone between gahous and microcrystalline silicon can be represgbas a function
of D andc (grey zone in Figure 4) and stands between twa,j$a,~0.5 % and,=1.2 %) curves determined empirically

[6].
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Figure 4: Silicon microstructure represented asnatfon of the silane depletioD, and silane input concentratian,

The experiments performed in this work can inteityv be represented by vertical lines (dashed lmeFig. 4)
corresponding to variation of the silane conceigratat constant silane depletio@D{oc=0). The width of the
microstructure transition zone can be then detezthioy the length of the vertical segment in thedition zone (grey
zone in Fig. 4). The resulting transition width dagence on the input silane concentration is repted by the dashed
line in Fig. 5. The calculated transition width éeds linearly on the input silane concentration tredagreement with
the experimental data is limited to input silan@eantration lower than 20 %. The intuitive appro&hherefore not
sufficient to explain the plateau in transition thidor silane concentrations greater than 20%.
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Figure 5: Experimental results and analytical meaélthe transition width dependence on the inpame concentration.

The intuitive approach used in the previous paragrgas based on the hypothesis that the silanetilmpland the input
silane concentration are independent. Howeverneildepletion measurements by Fourier transforméddarad
absorption spectroscopy [6] presented in Fig. Gastimt the silane depletion varies as a functiorthef input silane
concentration, while keeping all other depositiargmeters constant. Therefore, the trajectoriethenD, c) plane
corresponding to variations of the silane conceiomaare not vertical lines but linear curves withnegative slope
(oD/oc<0) as shown by the solid line in Fig. 4. The réagl microstructure transition width as a functiohthe input
silane concentration is given by the solid lind=ig. 5. The agreement between the experimentalatatahe simulated
transition width is almost perfect for the wholega of silane concentration from pure hydrogenGd/®silane if the
silane depletion dependencemis taken into account.

This dependence of the transition width on the ingilane concentration is of importance to choopprepriate

deposition parameters to deposit uniform microetlise layers for photovoltaic application. As th@crocrystalline

cells present better performances when the intritsyer is deposited close to the microstructusndition, the

uniformity of the layers over the large area suiss as well as the reproducibility between suceesiepositions is
especially delicate to achieve and is a crucialdsi®r a successful transfer of this technologynfiaboratory to mass
production scale. The results presented in Se&isimow that for high input silane concentratiors, higher than 10 %,
the crystallinity of the layer is less sensitivethe input silane concentration than conventiorgladition regimes using
very low silane concentration. Therefore, if foyarason, the gas distribution is not perfectlytomted over the whole
substrate area and induces some variation in sdaneentration, working with higher input silanencentration may be
sufficient to deposit uniform microcrystalline lage However, one has to carefully use high silaoacentrations

because of the risk of powder formation that map ahduce non-uniformities. Moreover, if we haved&al with both

non-uniform gas distribution and non-uniform eleetnagnetic field distribution resulting from impmpRF design, a
trade-off has to be found because crystallinitiess sensitive to electro-magnetic imperfectiongmitow input silane
concentration is used [8].

5. CONCLUSIONS

In this work, the transition width from amorphouws ricrocrystalline silicon has been shown to dependhe input
silane concentration. The higher the input silamecentration, the wider is the transition, untjplateau is reached for
silane concentrations above 20 %. The dependentieedfansition width on the input silane concetidrahas been
simulated analytically using the relation betwedw tsilane concentration in the plasma and the tiegufilm
crystallinity. An almost perfect agreement betweeodel and experiments has been shown if the depeadef the
silane depletion in the plasma on the input silaaacentration is taken into account. The consequefdhe wider
transition while using high input silane concentmatis that the film crystallinity is less senséito silane concentration
fluctuation in that case than for very low silarmncentration usually used to deposit microcrystalilicon. Therefore,



to reduce nontiformity of the crystallinity over large area stitateused nowadays in the photovoltaic industry or |
reproducibility that may rise from imperfect gastdbution in large area PECVD reactors, the irgilaine concentratio
should be higher than 10 %. However, one has toagtaytion to other sources non-uniformities such as the powd
formation or improper RF design that have moreuifice at high silane concentration than in the entional low
silane concentration regime.
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Figure 6 Silane depletion measured by Fourier transforméered absrption spectroscopy as a function of the inputng
concentration. Data taken from Ref. [6].
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