
Fluid modelling of apaitively oupledradio-frequeny disharges: a reviewL L Alves1 and L Marques1;21 Instituto de Plasmas e Fus~ao Nulear, Instituto Superior T�enio, UniversidadeT�enia de Lisboa, 1049-001 Lisboa, Portugal2 Centro/Departamento de F��sia da Universidade do Minho, Universidade doMinho, 4710-057, Braga, PortugalE-mail: llalves�ist.utl.ptAbstrat. This paper reviews the basis and the suesses with the uid modellingof apaitively oupled radio-frequeny disharges, produed within a parallel-plateylindrial setup at (single) 13:56� 80 MHz frequenies, 6� 10�2 � 6 Torr pressures,and 50 � 1000 V rf-applied voltages, in SiH4-H2, H2, and N2. The two-dimensional,time-dependent model used in the simulations, aounts for the prodution, transport,and destrution of the harged partiles (via the eletron and ion ontinuity andmomentum-transfer equations, and the eletron mean energy transport equations) andof the exited speies and/or radials (via their rate balane equations, inluding veryomplete kineti desriptions with several ollisional-radiative prodution/destrutionmehanisms, oupled to the two-term eletron Boltzmann equation), aounting alsofor the self-onsistent development of the rf �eld (via the solution to Poisson'sequation). The harged partile transport equations are solved with and withoutorretive ux terms (due to inertia and frition e�ets), whose inuene in resultsis disussed. In the ase of silane-hydrogen mixtures, the model further inludesa phenomenologial desription of the plasma-substrate interation to alulate thedeposition rate of a-Si:H thin �lms. In general the model gives good preditions for theself-bias voltage, the oupled power and the intensities of radiative emission transitions(both average and spatially-resolved), underestimating the eletron density by a fatorof 3� 4.PACS numbers: 52.80.Pi, 52.70.-m, 52.65.Ww, 52.20.-jSubmitted to: Plasma Phys. Control. Fusion



Fluid modelling of rf disharges: a review 21. IntrodutionCapaitively oupled radio-frequeny (rf) disharges are still among the most powerfuland exible plasma reators, widely used both in researh and in industry. Themost popular appliations are perhaps those using reative mixtures of hydrogen withsilane or hydroarbons, to obtain the plasma enhaned hemial vapour deposition(pevd) of hydrogenated silion thin �lms for eletronis and photovoltais [1, 2, 3, 4℄or the diamond synthesis [5, 6, 7℄, respetively. The ontent of hydrogen in themixture provides a straightforward ontrol upon the nature of the �lms deposited,amorphous or mirorystalline. Nitrogen is another feature gas, due to its highreativity, and nitrogen-ontaining rf plasmas are urrently used in the proessing,modi�ation and funionalization of di�erent kinds of materials [8, 9, 10, 11, 12, 13, 14℄.Nitrogen/methane rf dusty plasmas (with CH4 onentrations below 10%) have alsobeen used in laboratory to study the hemistry of Titan's atmosphere, inludingthe synthesis of analogues of its organi solid aerosols [15℄. The obvious interest inthese disharges has justi�ed a ontinuous investment in their study, to understandthe phenomena desribing their behaviour, to optimize their operation and even toprojet modi�ed versions of rf reators (e.g. using multi-frequeny / multi-exitationapproahes). Part of these studies has been driven by the industry, in its demand forhigher throughputs, larger proessing areas, improved uniformity and �lm quality, andnew opto-eletroni properties.Among the di�erent modelling approahes available to haraterize rf disharges,two-dimensional uid models [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,32℄ provide a good ompromise solution between alulation runtimes within aeptablevalues (< 24 hrs) and (i) the use of a multi-dimensional desription, neessary to analyseuniformity issues and to provide a self-onsistent eletrial desription of the disharge,aounting for the driven-to-grounded surfae ratio; (ii) a harged partile transportdesription that aptures the essential features assoiated with the energy transfer to theplasma, the partile distribution within the reator and the dynamis of the spae-hargesheaths; (iii) a high-level of detail for omplex hemistries oupled to the base-model,thus allowing a minutia ontrol upon the behaviour of ative speies ontrolling theintended appliation. Referene [33℄ presents a good review and benhmarking of uid,partile-in-ell and hybrid models used in the numerial simulation of low-temperatureplasma disharges.For the past 10 years we have been working in the uid modelling of rfdisharges in di�erent gases or gas mixtures [27, 28, 29, 30, 32℄, produed in non-dust onditions within reators similar to the so-alled GEC ell [15, 34, 35℄, i.e. aparallel-plate ylindrial setup with radius R = 62� 69 mm and intereletrode distaned = 30 � 40 mm, where the plasma is on�ned by a grounded lateral grid [see Fig. 1℄.This paper reviews the basis and the suesses of these studies, highlighting the mostimpressive results obtained in omparing simulations to measurements. The latterinvolve (i) eletrial diagnostis of the rf applied voltage, the self-bias voltage and



Fluid modelling of rf disharges: a review 3the e�etive power oupled to the plasma, (ii) probe or resonant-avity diagnostisto measure the eletron density, and (iii) mass and/or optial emission spetrosopydiagnostis (both average and spatially-resolved) assoiated to the main exited speiesof the plasma. More details on these diagnostis an be found in [27, 28, 29, 30, 32℄.The two-dimensional, time-dependent model used in the simulations, aounts forthe prodution, transport, and destrution of the harged partiles (via the eletronand the ion ontinuity and momentum-transfer equations, and the eletron mean energytransport equations) and of the exited speies and/or radials (via their rate balaneequations, inluding very omplete kineti desriptions with several ollisional-radiativeprodution/destrution mehanisms, oupled to the two-term eletron Boltzmannequation), aounting also for the self-onsistent development of the rf �eld (via thesolution to Poisson's equation). These equations are solved subjet to appropriate uxonditions at the disharge boundaries. Boundary onditions for the neutral radialsan inlude a phenomenologial desription of the plasma-substrate interation, forexample to desribe the deposition of thin �lms. In general the ion transport is desribedonsidering some orretive terms in the orresponding momentum-transfer equation,but this orretion is usually disregarded in the eletron transport equations. Here wepresent alulation results obtained with and without ux orretions for both the ionsand the eletrons, beause they an eventually modify the urrent-voltage phase withonsequenes in the alulated power oupled to the plasma. Simulations over a widerange of working onditions: rf applied voltages Vrf = 50� 1000 V, (single) frequeniesf = 13:56� 80 MHz, and pressures p = 6� 10�2 � 6 Torr, in SiH4-H2 mixtures [27, 28℄and in pure H2 [29, 30℄ and N2 [32℄. This paper presents only a fration of these results,limiting the disussion to hanges in the applied voltage and frequeny.2. Model formulationTo model rf disharges we have oupled a 2D (r, z) time-dependent uid module(assuming azimuthal symmetry due to the on�guration of the rf reator) to veryomplete 2D or 0D kineti modules, for the di�erent gases or gas mixtures onsidered.The uid module solves (i) the ontinuity and the momentum-transfer equationsfor harged-partiles � (� = e; i for eletrons and ions, respetively)�n��t = � 1r �(r��r)�r � ���z�z + S� (1a)�eq = � (�eN)neEqN � 1N � [(DeN)ne℄�q + �orrq (1b)�iq = � (�iN)niEe�iqN � 1N � [(DiN)ni℄�q (� for +/- ions) ; (1)(ii) the eletron mean energy transport equations� (ne")�t = � 1r �(r�"r)�r � ��"z�z � ~�e � ~E � S" (2a)



Fluid modelling of rf disharges: a review 4�"q = � (�"N) "ne EqN � 1N � [(D"N)"ne℄�q ; (2b)and (iii) Poisson's equation1r ��r �r�V�r �+ �2V�z2 = � e"0  Xi ni � ne! : (3)Here, n� is the partile density; ��q are the q = r; z omponents of the partile ux;S� is the net prodution rate of partiles due to kineti mehanisms; N = p=kBTg isthe gas density (kB is the Boltzmann's onstant and Tg is the gas temperature); ��Nand D�N are the redued mobility and di�usion oeÆient, respetively; Ee�iq =N isthe q omponent of the so-alled redued e�etive eletri �eld [28℄; " is the eletronmean energy; �"q is the q omponent of the eletron energy ux; �"N and D"N are theredued mobility and di�usion oeÆient for energy transport, respetively; S" is thenet power density lost by the eletrons due to (elasti and inelasti) ollisions; V is therf potential whih relates to the rf eletri �eld through ~E = �~rr;zV ; e and "0 are theeletron harge and the vauum permittivity, respetively; and �orrq is a orretion tothe drift-di�usion approximation with the eletron partile ux.The redued e�etive eletri �eld (for the ions) is de�ned using [28℄�(Ee�iq =N)�t = � 1�iN �vir ��r + viz ��z� viq � �i�iN viq + �i  EqN � Ee�iqN ! ; (4)and the ux orretion (for the eletrons) writes�orrq = �ne�e ��veq�t + �ver ��r + vez ��z� veq + �eveq� ; (5)where v�q � ��q=n� is the q omponent of the �-partile drift veloity, �� � S�=n� isthe �-partile net prodution frequeny, and �� is the eletron/ion-neutral momentum-transfer ollision frequeny. The latter relates to the partile mobility, aording to��N = e=[m� (��=N)℄ withm� the �-partile mass. In many works alulations neglet:(i) for the ions, the �rst two terms on the right-hand side of equation (4), desribingnon-linear inertia e�ets and additional frition due to ollisions, respetively; (ii) forthe eletrons, the whole orretions �orrq with equation (5), whose terms on the right-hand side aount for the time-variation of the veloity, the inertia and the frition,respetively. Here we will test, for both eletrons and ions, the inuene on results ofthese ux orretions.Equations (1a)-(3) are solved within the plasma reator (orresponding to a 2Dworkspae delimited by the disharge axis at r = 0, the grounded lateral grid at r = R,the driven eletrode at z = 0, and the grounded eletrode at z = d, see Fig. 1),subjet to the following boundary onditions: (i) symmetry boundary onditions, atthe reator axis, for salar quantities (densities, mean energy, potential); (ii) the valueof the rf potential at eah physial boundary: 0 at the grounded eletrode and wallsand Vd + Vrf os(2�ft) at the driven eletrode, where Vd is the self-bias voltage, ano�set potential self-onsistently alulated within the model, whih develops in the ase



Fluid modelling of rf disharges: a review 5of an asymmetri reator (with more surfaes grounded than driven); (iii) onditionsfor the perpendiular omponent of the uxes (?) at the di�erent eletrodes and walls,assumed as totally absorbing boundaries [28, 36℄ (�e)? = (1=2)nehvi � �ePi(�i)? ;(�")? = (1=2)nehvui � �e"Pi(�i)? ; (�i)? = (1=4)nivthi + �ini (�iN)(Ee�i? =N), whereh:i represents an average value over the eletron energy distribution funtion (eedf) andu � mev2=(2e) is the eletron kineti energy (in eV), �e is the seondary eletron emissionoeÆient (here, we assume that seondary emission ours at the driven eletrode only,with �e = 0�1), vthi = (8kBTg=�mi)1=2 is the thermal veloity for the i-ion speies, and�i = 1; 0 for Ee�i? direted towards the wall and in the opposite diretion to the wall,respetively.The kineti module solves the stationary rate balane equations for the di�erentneutral (moleular and atomi) speies k onsidered [27℄,1r � (r�kr)�r + ��kz�z = Sk ; (6)where �kq = �Dk(�nk=�q) and nk are the speies ux q-omponent and density,respetively, Dk is the di�usion oeÆient, and Sk is a soure term aounting for thenet prodution of k-speies. The use of a stationary approah is justi�ed onsideringthe long evolution times (> 0:1 ms) of the heavy speies, ompared to rf periods of� 10� 80 ns. Moreover, onvetion uxes an be negleted when ompared to di�usionuxes (Pelet's numbers Pe � 1). The ux boundary onditions to equation (6) anbe used to desribe plasma-surfae interations, following a phenomenologial approah.In the ase of solid surfaes (eletrodes, walls) the boundary uxes are set to satisfy theMilne's ondition [37, 38℄�kq ��wall = �Dk �nk�q ����wall = �k1� �k=2 vthk4 nkjwall ; (7)where �k � sk + k is the total wall loss probability for the k-speies, with sk thestiking probability (representing the ontribution of a radial to deposition) and kthe reombination probability (representing the probability of reation between the k-speies and another adsorbed speies, to form a stable produt that returns to theplasma volume). In the ase of a partially transparent surfae (grid), with an opaityoeÆient A, we adopt a modi�ed form of equation (7) [39℄ to write the uxes at eahside of the surfae (designated by i; j = 1; 2)�kqi ��grid = �lk �nki�q ����grid = (�1)i �aknki � nkj� ; (8)where lk � (Dk=vthk)A(2�A+ 2rk + r2kA)=(1�A) and ak � 1 +A2(1� r2k)=[2(1�A)℄,with rk � 1 � �k the reexion oeÆient for the k-speies. Often the kineti modulesolves only the spae-average version of equations (6), to limit the alulation runtimedue to the high number of speies and kineti proesses onsidered, in whih ase weimpose the density pro�les of the di�erent neutral speies [30℄.The rate balane equations (6) are solved oupled to the two-term homogeneousand stationary eletron Boltzmann equation, aounting for inelasti and superelasti



Fluid modelling of rf disharges: a review 6ollisions. This yields the eedf and the eletron parameters (transport and rateoeÆients) with equations (1a)-(2b), (4)-(5) and the boundary onditions, whih arealulated as integrals of ross setions over the eedf [36℄. The spae-time dependene ofthese parameters is de�ned by adopting the loal mean energy approximation [28, 36℄,i.e. assuming that the spae-time variation of the eedf, f(u; r; z; t), is introdued viathe loal eletron mean energy pro�le f(u; r; z; t) = f(u)j "(r;z;t). The step-by-stepproedure is the following: �rst, the homogeneous and stationary eedf, f(u), is alulatedfrom the kineti module at various E=N , given the omposition of the gas/plasmasystem (inluding the vibrational distribution funtion); seond, the eedfs obtainedare used to alulate the di�erent eletron parameters, whih are then tabulated asa funtion of "eedf = R10 u3=2f(u)du; third, the loal values of the eletron mean energy"(r; z; t), obtained from the solution to the eletron energy balane equation (2a), areused in the table onstruted to de�ne the spae-time map of the eletron transportand rate oeÆients. Note that other authors [40, 41, 42℄ have preferred to adopta time-onsuming hybrid approah, alulating the spae-time pro�les of the eletronparameters by using a multidimensional, time-dependent Monte-Carlo ode oupled tothe uid equations.More details about the model equations and formulation, the proedure followedin the numerial solution, and the kineti data adopted (ollisional ross setions,rate oeÆients, and transport parameters) for the di�erent gases an be foundin [27, 28, 29, 30, 32℄.3. Results3.1. Silane-hydrogen mixturesHydrogenated amorphous silion a-Si:H thin �lms, extensively used in miroeletronis,an be obtained by pevd from a preursor mixture of SiH4-H2. Our study of thesedisharges foused on the deposition rate Vd of these �lms, a key parameter to ontrolin appliations, aiming to answer the following questions: (i) is it possible to preditVd using a simple phenomenologial approah?; (ii) what radials / ions ontribute themost for these depositions?Figure 2 presents the time-average axial pro�les of the harged partiles, plottingthe total densities of eletrons and ions in Fig. 2(a) (where one an observe the hargeseparation within the boundary sheaths) and disriminating the densities of the mostimportant ions with the SiH4-H2 plasma in Figs. 2(b)-() (where one an onludethat SiH+3 and H+3 are the dominant ion speies, even at low onentrations of silane).In general the harged partiles are produed in the sheath regions, although theirmaximum density is found at the disharge entre due to transport e�ets [see Fig. 2(a)℄.Note the di�erene between the pro�les of H+2 and of H+ and H+3 , the former beingonverted into H+3 just after its formation, whih ontributes to preserve the maxima ofthe H+2 density pro�le in the positions where this speies is originally produed.



Fluid modelling of rf disharges: a review 7Figure 3 shows simulations and measurements of the time-average axial pro�les ofthe SiH and SiH2 radial densities, obtained for di�erent work onditions. These resultsare an upgrade of those reported in [27℄, involving the validation of the model and theimprovement of its preditions. The main hanges are: (i) the rate oeÆient for thereation SiH2 + SiH4 �! Si2H6 now reads 2:2� 10�10[1� (1 + 1:72p)�1℄ m3 s�1 [44℄,where p is in Torr; (ii) we have onsidered the loss hannels for dimmers listed inTable 1 [43℄; (iii) the SiH2 wall loss probability was dereased to 0.6 [44℄. The resultsshow that the kineti model for silane needs further adjustments to improve radialdensity preditions.Table 2 summarizes the loss probabilities of radials adopted in the model, whihwere used to alulate the deposition rate of a-Si:H thin �lms. This quantity is writtenas a balane between the adsorption ux �j of Si-ontaining radials/ions j and theething ux �iH of hydrogen atoms/ions iHVd = 1ns  Xj Sj�j �XiH SiH�iH! ; (9)where ns is the surfae density of the a-Si:H �lm, Sj and SiH are stoihiometry fators,and �j = nj(vthj=4)�j(1� �j=2)�1(sj=�j) (a similar expression writes for �iH ), with njthe density of radial j. Model preditions for the radial pro�le of Vd are depited inFig. 4, where one an observe a good agreement with experimental values measured bypro�lometry. The ontribution of ions (mainly SiH+3 and SiH+2 ) for the deposition istypially of 9% for silane dominated onditions, in whih ase the thin �lm formation isontrolled in equal parts by the monomers SiH3 and SiH2, the dimmer radials havinga minor partiipation only.3.2. HydrogenHydrogenated mirorystalline silion �-Si:H thin �lms, used in solar ells prodution,an be obtained from SiH4-H2 mixtures under high dilution onditions for silane. Thiswas the main motivation driving our study of pure hydrogen plasmas, where we haveused frequenies above the standard 13:56 MHz to answer the following questions: (i)how does the power oupled to the plasma depends on the working onditions?; (ii) doesan inrease in the frequeny lead to an enhanement in the population of H-atoms, thusfavouring the fast deposition of high-quality �lms?Figure 5 presents, as a funtion of Vrf for various frequenies, the power oupledto the plasma We� , the time-average plasma potential at disharge entre Vp(0; d=2),and the self-bias voltage, alulated and measured for pure H2 disharges. The quantitypower oupled is de�ned as We� = f R (1=f)0 [Vd + Vrf os(2�ft)℄Irf(t)dt, where Irf is thetotal rf-urrent (ondution and displaement) olleted at the driven eletrode. Asantiipated, the oupled power inreases with both Vrf and f . One observes a goodagreement between simulations of measurements of We� and Vp (this behaviour extendsto frequenies up to 80 MHz and to other pressures) and an underestimation of thealulated jVdj with respet to experiment. The alulations were done inluding the



Fluid modelling of rf disharges: a review 8orretive terms in the ion ux equation (1). The impat on results of inluding theeletron ux orretive terms is minimal [f. short-dotted urves in Figs. 5(a),() andFig. 6(a)℄, whereas removing the orretive terms in the ion ux equation leads to aninrease of 21% in We� and a derease of 5% and 9% in jVdj and ne respetively, atVrf = 300 V, f = 13:56 MHz and p = 0:3 Torr (these orretions are higher at high Vrfand f , and at low p).Figure 6 plots the time-average densities of the eletrons and the H atom (atgiven positions in the disharge), as a funtion of Vrf for various frequenies. Asusually observed in the uid modelling of rf disharges, simulations underestimatethe measured values of ne by a fator of 3�4, with impat on the densities of all speies(suh as H) that depend on the eletron kinetis. However, the model predits a orretqualitative variation for ne and nH with Vrf and f (and also with p), only possible dueto the use of in-situ measurements for the wall reombination probability of H [30℄,on�rming an inrease in the population of H-atoms with the rf frequeny.The disagreement between alulated and measured values of Vd indiates thatmodel preditions overestimate the ion ux towards the boundaries. This is probablyassoiated with an overestimation of the spae-harge �eld intensity at the reator walls,hene an extraordinary energy onsumption for its maintenane. Ultimately this an beresponsible for limiting the energy available for eletron prodution, justifying the loweletron density values obtained in the simulations.3.3. NitrogenRadio-frequeny disharge plasmas produed in nitrogen and nitrogen mixtures arebeoming inreasingly popular, beause they exhibit a high hemial reativity leading tothe prodution of ative radials and ions, even at low pressure and ambient temperature.We have engaged a step-by-step methodology to study nitrogen-ontaining rf plasmas(e.g. produed using N2-H2 and N2-CH4 mixtures), whih started with the modelling ofpure N2 plasmas addressing the following basi questions: (i) is it possible to desribethe main kineti features with these plasmas, by oupling our uid model to a veryomplete ollisional-radiative model for nitrogen?; (ii) is it reasonable to use suha highly-omplex sheme, onsidering the unertainties assoiated with some of theollisional data required?Figure 7 presents the axial pro�le of the radiative intensity with the N2 SPS(0,0)band, measured (along the disharge ross setion) and alulated (applying a time-and radial- average), whereas Fig. 8 plots, as a funtion of We� , the spae-time averageradiative intensities of the SPS(0,2) and the FNS(0,0) bands with N2, obtained atvarious pressures. These �gures ontribute to validate the transport-kineti featuresdesribed by the 2D uid model, whose preditions for the nitrogen radiative intensitiesare in reasonable good agreement with both spatially-resolved and spatially-averagedspetrosopy measurements. Notie that this experiment is diÆult to ontrol, not onlydue to the extreme dependene of the emitted light intensity with position but also



Fluid modelling of rf disharges: a review 9beause of the limitations in de�ning a preise referene frame between the eletrodes.Notie further that, at low pressures, the inlusion in equation (4) of the non-linearinertia terms for N+4 introdues numerial instabilities in model onvergene.The kineti sheme adopted (for N2 and the other gases) depends on severalparameters (branhing ratios, seondary emission oeÆient, wall loss probabilities),whose high unertainty an inuene the model results. In the partiular ase of N2disharges, simulations tests show that: (i) the branhing ratios for the ion and theatom prodution an vary between 0 � 1 with little inuene upon the results; (ii)variations, between 0 and 0:5, in the seondary eletron emission oeÆient produenegligible hanges in the eletron density, reduing jVdj by � 10% at 0:38 Torr and10 W; (iii) the wall atomi reombination probability has a diret e�et upon thedissoiation degree, whih dereases by a fator of � 102 (leading to an inrease of� 12% in ne) when that probability varies between 10�3 and 1; (iv) an inrease in thewall vibrational deeexitation probability from 4:5 � 10�4 to 1 at 0:38 Torr and 10 Wdereases the dissoiation degree by � 93% and inreases ne by � 45%. Notie thateven if these probabilities are set to unity the dissoiation degree remains low (< 4%)and ne inreases not more than 45%. This shows that the highly-omplex kineti shemeproposed here is able to apture the main plasma features (within experimental errors),even onsidering the unertainties assoiated with some of the ollisional data.4. Final remarksThe 2D time-dependent uid modelling of rf plasma reators gives a orret overalldesription of their main operation features, over a wide range of operation onditions: rfvoltages, frequenies, pressures and mixture ompositions. The main simulation resultsare (i) eletrial quantities, suh as the plasma potential, the self-bias voltage and thee�etive eletrial power oupled to the plasma, and (ii) the densities and uxes of thedi�erent plasma speies (neutral and harged), from whih one an dedue the intensitiesof radiative emission transitions and the deposition/ething rates (if the model inludessome desription of the plasma-substrate interation). Modelling results are meaningfulonly if validated by omparison with experimental values, hene the researh studyjustifying the present paper.In general, the deviations of model preditions with respet to measurements aremainly related to unertainties in the volume and surfae kineti data and to limitationsin the desription of boundary phenomena. Changes in the rate oeÆients and/or thereations with the volume and the surfae kinetis have a diret impat on results,thus justifying a ontinuous investment in the de�nition of the ollisional-radiativemehanisms ontrolling these gas disharges. Corretions depend on the spei� systemunder analysis, as disussed here in the alulation of the silane radial populations, inthe estimation of the hydrogen and nitrogen density atoms, and in the analysis of theharged partile ux orretions, whose impat on results is negligible for hydrogen andmay be relevant for nitrogen.



Fluid modelling of rf disharges: a review 10Fluid models are powerful tools for the modelling of rf disharges, beause they areable to provide an adequate desription of the omplex physial/hemial mehanismsrelevant for many proessing appliations. However they have some limitations not fullyaddressed yet. More work is needed to orretly estimate the spae-time dependenewith the eletron transport parameters, whose modi�ation an lead to onsiderablehanges in both the partile and the energy balane. Note that the validity ofthe loal mean energy approximation has never been theoretially demonstrated inthe low-pressure region adopted here. Even with these limitations, uid simulationsprovide a good ompromise solution between fast alulations and a detailed physialharaterization of rf disharges.AknowledgmentsWork partially supported by the FCT under the Pest-OE/SADG/LA0010/2011 and thePest-C-FIS/UI607/2011 projets.
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Figure 1. Shemati diagram of the plasma hamber with the apaitively oupledreators used in this work. CB represents the bloking apaitor that imposes Vd.
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Figure 2. Time-average axial pro�les of the harged partile densities at r = 0,for a 7%-SiH4:93%�H2 disharge at Vrf = 450 V and p = 0:3 Torr. (a) Total iondensity (solid urve), eletron density (dashed). (b) Silane ion densities: SiH+3 (solid),SiH+2 (dashed), SiH�3 (dotted). The SiH+2 and SiH�3 densities are multiplied by 10.() Hydrogen ion densities: H+3 (solid), H+2 (dashed), H+ (dotted). The H+2 and H+densities are multiplied by 3.
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Figure 3. Time-average axial pro�les of the SiH (a) and SiH2 (b) densities, alulated(urves) and measured by LIF (points) in the following onditions: 83%-SiH4:17%�H2at Vrf = 160 V and p = 68 mTorr (solid urves and irles); 60%-SiH4:40%�H2 atVrf = 490 V and p = 68 mTorr (dashed and squares).
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Figure 4. Deposition rate of the a-Si:H thin �lm, along the radius of the substrate,alulated (urves) and measured by pro�lometry (points) in the same onditions ofFig. 3.
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Figure 5. Eletrial parameters as a funtion of Vrf for a H2 disharge at p = 0:3 Torr.(a) E�etive power oupled to the plasma; (b) time-average plasma potential atr = 0 and z = d=2; () self-bias voltage. The urves (simulations) and the points(measurements) were obtained at frequenies 13:56 MHz (solid urves and irles),27:12 MHz (dashed and squares), and 40:68 MHz (dotted and triangles). The short-dotted urves in (a) and () (almost oiniding with the solid urves) were obtainedat 13:56 MHz inluding all orretive terms in the ion and the eletron ux equations.
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Figure 6. Time-average densities of the eletrons (at r = 0 and z = d=2) (a) andthe H atom (at r = 0 and z = 12 mm) (b), as a funtion of Vrf , for a H2 disharge atp = 0:3 Torr. The urves and the points are as in Fig. 5. The experimental ne valueswere obtained using a planar probe (losed symbols) or a ylindrial Langmuir probe(open) in (a) and TALIF measurements in (b). Simulations were multiplied by 3 forne and by 4 for nH.
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Figure 7. Time- and radial- average radiative intensity of the SPS(0,0) band witha N2 disharge, measured (points) and alulated (lines) between the eletrodes forthe following work onditions (at Vrf ' 145 V): p = 0:75 Torr and We� = 4 W (solidline and losed squares); p = 0:15 Torr and We� = 16 W (dashed and open irles).For eah ondition, the maxima of the experimental and the alulated urves werenormalized to the same value.
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Figure 8. Spae-time average radiative intensities, as a funtion of We� , of theSPS(0,2) band (a) and the FNS(0,0) band (b) with a N2 disharge, alulated (urves)and measured (points) for the following pressures (in Torr): 0:75 (solid line andsquares); 0:45 (dashed and irles); 0:15 (dotted and triangles). Within eah sub�gureall simulation values are normalized to one experimental point obtained at: � 7 Wand 0:45 Torr for the SPS(0,2); � 7 W and 0:15 Torr for the FNS(0,0). Simulationswere averaged radially, over the entire disharge ross setion, and axially, over 1=3of the intereletrode distane below the driven eletrode (orresponding to the regionwhere the OES measurements were arried out).



Fluid modelling of rf disharges: a review 19Tables and table aptionsTable 1. Extra loss hannels for dimmers onsidered in model update. p is thepressure in Torr.Reation Rate oeÆient (m3 s�1)SiH4+Si2H2 �! H2+Si3H4 2� 10�10SiH4+Si2H3 �! H2+Si3H5 2� 10�10SiH4+Si2H4 �! Si3H8 3� 10�10(1� (1 + 0:5p)�1)H+Si2H5 �! H2+Si2H4 2� 10�11SiH3+Si2H5 �! SiH4+Si2H4 1:5� 10�10Si2H5+Si2H5 �! SiH2+Si3H8 1:5� 10�10
Table 2. Loss probabilities of radials on an a-Si:H overed surfae.Speies �  seletrons, ions 1 1 0H 0:7 0:7 0SiH3, Si2H5 0:26 0:17 0:09SiH2, Si2H4 0:6 0 0:6SiH, Si2H3 0:95 0 0:95Si, Si2H2 1 0 1
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