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ABSTRACT

Silane and hydrogen discharges are widely usedhfordeposition of silicon thin film solar cells large area plasma-
enhanced chemical vapor deposition reactors. Irc#ise of microcrystalline silicon thin film solaelks, it is of crucial

importance to increase the deposition rate in oimeeduce the manufacturing costs. This can biapeed by using high
silane concentration, and usually high RF power lsigt pressure, all favorable to powder formatiornhie discharge that
generally reduces the deposition rate as well asdéposited material quality. This work presentstualy of powder
formation using time-resolved optical emission $pescopy. It is shown that this technique is suéab detect different
regimes in powder formation ranging from powdeefdischarge to discharge producing large dustgbesti Intermediate
powder formation regimes include the formation wfafl silicon clusters at plasma ignition as wellasle of powder

growth and ejection out of the discharge, and lan¢hobservable by this low-cost and experimentaihyple technique.

Optical emission spectroscopy, silane-hydrogenhdisge, powder formation

1. INTRODUCTION

Cost reduction is a major issue in silicon thimfisolar cells manufacturing to compete with conieeratl electricity
sources. Therefore, the development of new prosessavell as new equipments is mandatory to erabliecrease in
deposition rates over large areas (>3.mhis is of major importance in the case of misooph cells, combining a thin
top amorphous silicon cell and a thick bottom micystalline silicon cell. Indeed, one of the magb@nsive parts in such
cells is the microcrystalline silicon layer becao$dés important thickness:(2 um), making the processing time very long
for standard deposition rates (< 0.5 nm/s) usimgmpha-enhanced chemical vapor deposition (PECVD) siiane (Sik)
and hydrogen (b as source gases.

Increase in the deposition rate for microcrystallprocesses is achieved mainly by playing withd#sgosition parameters.
The RF power [1], the SiHconcentration in KH[2], as well as the working pressure [3] have beeneased to achieve
higher SiH dissociation efficiency to raise the depositioteralowever, all three techniques, even separataye the
notable drawback to increase the powder formatiothé discharge. Powder formation starts by theeaggnce of poly-
silanes (SHe, SkHg,...) resulting from the gas phase reaction of thd,Siilane radicals [4] or anions [5] issued form
silane dissociation in the plasma with undissodiaitane. Once these poly-silanes formed, they tepdtlly to coarser
silicon particles associated to powder [6]. Themefehe techniques to increase the silane dissogiafficiency consisting
in increasing the silane dissociation rate by iasieg the RF power density or increasing the sitas@lence time in the
plasma by increasing the pressure or the silaneertration lead all to powder formation by promgtihe poly-silanes
generation.

Therefore, the detection of the onset of powdeméiion is of crucial importance in order to fina tptimum deposition
parameters, balanced between the beneficial effettie increase in RF power, pressure and silaneestgration on the
deposition rate and powder formation in the disgbarDifferent techniques have been proposed toctigtewder

formation such as electrical characterization efdischarge [5], laser light scattering [7] or magsctroscopy [8]. In this
work, optical emission spectroscopy is proposedeiect the powder formation in silane-hydrogentisges. It is shown
that this low cost and experimentally simple teguei allows the detection of electron density asl wsl electron

temperature perturbation by the presence of posol@pared to steady-state discharge in powder égienes.

Section 2 introduces the experimental basis foatfrpiisition and data treatment of time-resolveticapemission spectra.
The different effects of particles/powder on theission spectra are presented in Section 3.1. Theetedf an increase in
working pressure on the powder formation and diepedty OES is discussed in Section 3.2.
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2. EXPERIMENTAL ARRANGEMENT

The deposition reactor used in this work was a -M reactor manufactured by Oerlik-Solar AG. This large area
PlasmaBox type reactor has a showerhead RF electrode ghatantees uniform gas and power distribution.
precursors for silicon thin film depition were silane (Si,) and hydrogen ().

Time-resolved optical emission spectroscopy (OES) wasl us diagnose the plasma emission. Acquisitionse weade
from a viewport installed on the lateral side of the depositieactor. The light was guidecom the view port through a
UV/VIS optical fiber to the spectrometer (Ocean i©ptUSB2000+). Acquisitions were started prior tasma ignitior
with an integration time of 25 ms. Emissions reagltfrom molecular (Fulcher and Bg) and atomic (d and H)
hydrogen detailed in Tab. 1 were integrated aftek choise subtraction. Silane emission was morittneintegrating th
SiH emission line after dark and hydrogen backgdosubtraction following the method detailed by Hionglet al in Ref.
[9].
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Figure 1: Optical emission line and spectrum ftymcal Sik4-H, discharge

The timedependent electron density was measured followiagitethod presented in previous work [9]. It wasudated
from the subtracted SiH emission intensity andH, Fulcher integrated intensity that are given

lsin = Ko Ky (re)ljh(te Dh;im 1)
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respectively, wherg' are the timedependent emission intensitiK; constants accounting for collection, transmissiod
detection efficiencies of the emitted liglX; the electron temperature dependenission rate coefficient for electrc

impact excitation andy' the timedependent density of th specie. The timelependent electron density variatior
therefore given by
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wherec is the input silane concentration defiras the ratio of the silane flow rate to the tol@ahfrate
The electron temperature variation was qualitayitested by the ratio of different emissions of emnllar hydrogen [1i
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3. RESULTSAND DISCUSSION

This section presents and discusses the detedtipomaler formation by optical emission spectroscdfiyst, the different
effects of powder formation on the optical emiss&e reviewed. Second, measurements varying peessgth typical
deposition parameters suitable for microcrystalfinkar cell manufacturing are presented.

3.1 Zoology of powder effect on optical emission

Figure 2 presents two extreme cases of powder towmabservation by optical emission spectroscapi$). Figure 2a
presents the SiH and the Hulcher emission intensities for a discharge aitbw silane concentration (1.25 %) and a low
RF power input (300 W). The emission intensitieqdbvary in time because of the absence of pdanrses/powder in this
low power and low silane concentration case. Oncther hand, Fig. 2b presents a chaotic behavidhe®fSiH and H
Fulcher emission intensities at ignition due toyvstrong powder formation. In this case the disgbgrarameters were 50
% of silane, a RF power input of 1000 W and a pressf 6 mbar, all highly favorable to powder fotmoa. These two
extreme cases are the boundary of the presentavafintermediate cases are discussed in the neagnpghs.
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Figure 2: OES acquisitions at ignition of (a) a +pmwdery discharge (6 mbar, 1.25%, 350 W) with tamisemission intensities and (b)
a powdery discharge (6 mbar, 50 %, 1000 W) wittotlha@mission intensities.

Figure 3 presents OES acquisitions (emission iitieaselectron density variation and hydrogenristyy ratio) performed
with low silane concentration (5 %) and RF powed(Q4N) for two different pressures: 1.75 mbar (a)l Zhmbar (b).
Figure 3a.1 presents the same stability as the poWwde acquisition of Fig. 2a, and the same waseted for lower
pressures in the same conditions (not shown h&véen increasing the pressure to 2 mbar, the SiH Hné&ulcher
emission intensities show a different behaviomaition. The emissions present a peak at ignititiickvis neither due to
change in the RF power feed, nor in a change imtehing (fixed position of capacitances). Moregtiee emissions are
at steady-state ~2 seconds after ignition, whidferdi strongly compared to the case of Fig. 2b.{d@eanalysis of the
emission intensities shows (Fig. 3 a.2 and b.2)ttieelectron density varies also at ignition attear, whereas it remains
constant at 1.75 mbar. However, the intensitysatif molecular hydrogeng(iche/l cosg) and atomic hydrogen fu/lg) in
Figs. 3 a.3 and b.3 do not show a peak at ignitineaning that the electron temperature remaindestaiie peak in
electron density can probably be associated tofdhmation of silicon clusters in the discharge [4,hs soon as the
discharge is ignited. First, the electron densityaised due to the electronic ionization by etactimpact chain reaction,
but as soon as the Silradical density is large enough, clusters are éatn©nce formed, they accumulate negative charges
on their surface, hence, reducing the electronitjeits the plasma. Further experiments have shdvat the transition
between these two regimes happens between 1.8.@mdbhr with the used parameters. This suggestsh@dransition
between clean discharge and discharge containifgrsicluster is very narrow. This correlates wihatic plasma
experiments performed by Bamb al [6] showing that clusters are formed as soon ag-gitdnes are produced in the
discharge by Sikland SiH reaction.
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Figure 3: Emission intensities, electron density Aydrogen emission intensity ratio at ignition éopressure of 1.75 mbar (a) and 2
mbar (b).
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Figure 4: (a) SiH and Hrulcher emission intensities, (b) electron dengityation and (c) bIFulcher over HGyBy emission ratio for a
discharge performed with 4.5 mbar, 6.5 % of silamg a RF power input of 1050 W.



Figure 4 presents the OES acquisition results fdeposition performed at higher silane concentnaf®6 %), higher
pressure (4.5 mbar) and higher RF power input (M)5E&Emission intensities show a spike at ignitienim the case at 2
mbar in Fig. 3b and a step after 5 seconds duehaage in the RF matching position. During stesidye power feed, i.e.
after 5 seconds, small peaks with a frequency ofilh Hz can be observed for both the SiH and thEWtther emissions.
Those can be associated to larger particles thatl stusters discussed in Fig. 3 with cycle of gtiovand ejection out of
the plasma [5,7]. First, small clusters are fornaed due to their negative surface charge theyrappéd within the
plasma because of the drop of the electrical piateat the plasma boundary. While remaining in pteesma, their size
increases due to silicon deposition and as sodheadrag force from the gas flow is large enougkdmpensate for the
electrical repulsive force at the plasma boundmy,particles (no longer clusters) are expelledofuhe discharge. When
the particles are ejected, the electron densigsrixcause of the absence of particles in theatigehuntil they appear and
grow again, hence, reducing the electron densitg @lectron temperature does not show such oswillagdven if lower
frequency (~0.01 Hz) oscillation can be observed.

Figures 3 and 4 have shown that even in the casisegbresence of particles in the discharge thessam intensities are
relatively constant or at least that the frequesicthe oscillation induced by powder growth anccggn is stable. Figure 5
presents SiH and H-ulcher emission intensities for a discharge milsir conditions that the one presented in Fighut,
with a slightly higher silane concentration (9.1. %) this more favorable case for powder formatiwe, can observe first
that the discharge is stable and after 20 secasddl|ations can be observed as in the previous.adsout 2 minutes after
ignition, another behavior can be observed witHicytecansition from particle growth and ejectiorgime to powder free
regime with constant emission intensities. Note tha transition from one regime to the other hagpat a constant
frequency.

x 10°
WMWY W™ I T YW

~ 3t Fulcher
2
a 21
5
2 1 SiH

0

0 50 100 150 200

time (s)
Figure 5: Example for a non-stable discharge witlitiple oscillation frequencies.

To summarize, in this section it has been shownttime-resolved optical emission spectroscopy ie &b detect powder
formation in silane — hydrogen discharges. Morepdéferent features can be observed and can lem @fssociated to
electron interaction with particle present in thectiarge. The detection of powder necessitatestbelybservation of the
silane and hydrogen emission intensities, but deiapestigation to extract the electron temperaand density variations
is helpful to understand the mechanisms at theroafypowder formation.

3.2 Pressure series

In this section, a pressure series is presented patameters suitable for the growth of microctiise silicon at high
deposition rate. The parameters were a silane otnat®n of 13 % and a RF power of 1100 W:. Resaftoptical
emission spectroscopy measurements are given ir6Rigth the SiH and HFulcher emission intensities (left column) and
molecular (rucheflcosd and atomic lg/l4g) hydrogen emission ratios (right column). We chisesve that at 2 mbar the
peak at ignition associated to cluster formatiomligady present and that until 4 mbar this isdhly sign of particles
formation in the plasma measurable by OES. Whike hessure is increased, the dissociation effigiasfcsilane is
increased due to the longer gas residence timeeimischarge. The silane dissociation efficiencyéase combined with
the absence of powder between 2 to 4 mbar (evelnsfers are present) results in an increase inlépesition rate from
0.79 to 1.16 nm/s has shown in Fig. 7. When inéngathe pressure to 4.5 mbar, OES shows that copeséicles are
present in the discharge and are ejected out gfltema volume with a frequency of about 1 Hz. Asven in Fig. 7, the
use of silane radicals to form powder particled r@ pumped out makes the deposition rate loweaus® less silane
radicals contribute to the film growth. When irasang the pressure to higher values, the cyclgmowfder growth and
ejection are still observable even if less pronedndvoreover, the behavior at ignition becomes nuiraotic with
different time variation between SiH and emission suggesting the presence of large patighéch is confirmed by the
reduction in signal intensity due to depositiorpofvder particles on the view-port window. For vargh
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Figure 6: OES results for a pressure series gvtt8 % and RF power of 1100 W.
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pressures — 6 and 8 mbar — the emission intensiteesven more affected at ignition and rapid des@eén silane intensity
confirm the presence of coarse powder in the plasvtaeover, the electron temperature becomes vasgable with

strong oscillations at frequency smaller than titegration frequency (1/0.025=40 Hz). The strongnfition of powder

particle in these cases has for effect to reduastidally the deposition rate that falls back t640nm/s as shown in Fig. 7.
These results show that the electron temperatutesss affected than the electron density by powdenation in the

discharge. However, the right-hand side columnigf & shows that compared to powder free dischégabar), powdery
discharges presents variation of the electron teatpes during the 5 seconds following the plasnmitign. Therefore, this
feature can also be used to detect if powder imddror not in the discharge.
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Figure 7: Deposition rate as a function of the viglkpressure with the same parameters as in Fig. 6.

4. CONCLUSIONS

Time-resolved optical emission spectroscopy (OE&} wsed to detect the presence of powder formartiosilane-

hydrogen discharge in large area plasma-enhanceadichl vapor deposition reactor. It was shown thisttechnique was
suitable to detect different regimes of powder fation between the two extreme cases where the atigelis free of
powder and discharge leading to strong dust foonafl he first sign of powder formation can be obedreven at very
low pressure, RF power and silane concentration @ard be attributed to silicon cluster produced dliyeafter the

discharge ignition. For discharge more favorableptavder formation, i.e. at higher pressure, RF powe silane

concentration, cycle of particle growth and ejattaut of the discharge can also be observed by GE@&s shown that
powder has more influence on the electron denbiéy ton the electron temperature. However, the reledemperature
becomes very unstable when strong dust formatiasbserved. Finally, it was shown that as soon atesyof powder
growth and ejection are observed, the deposititen deops because of the loss of silicon radicaldléposition onto the
substrate.
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